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Abstract	
	
Titanium,	thanks	to	its	good	mechanical	properties	and	an	excellent	biocompatibility	and	
osseointegration,	 is	 used	 in	 the	 manufacture	 of	 dental	 implants.	 Nevertheless,	 after	
insertion	 into	 the	 human	 body,	 these	 implants	 can	 cause	 some	 issues	 such	 as	 peri-
implantitis,	 an	 inflammatory	 reaction	 caused	 by	 a	microbial	 biofilm,	which	 leads	 to	 the	
progressive	loss	of	the	implant.	Thus,	the	objective	of	this	project	is	to	carry	out	different	
surface	 treatments	 of	 titanium	 used	 in	 biomedical	 applications	 in	 order	 to	 study	 the	
influence	of	surface	properties,	especially	roughness,	on	bacterial	adhesion.		
	
First	of	all,	the	main	surface	treatments	with	their	advantages,	limitations	and	parameters	
to	 be	 controlled	 were	 discussed.	 In	 this	 project,	 three	 were	 carried	 out,	 namely	
'Sandblasting',	'SLA	(Sandblasting,	Large-grit,	Acid	Etching)’	and	'Alkali	treatment'.	Before	
these	treatments,	the	titanium	discs	were	polished.	At	the	end,	nine	different	surfaces	were	
produced.		
	
The	samples	were	observed	with	a	Scanning	Electron	Microscope	(SEM)	and	characterised	
in	 terms	 of	 roughness	 and	 surface	 energy.	 The	 topography	 and	 surface	 roughness	were	
studied	with	 equipment	 using	 the	 Chromatic	 Confocal	 principle.	 In	 addition,	 the	 surface	
tension	was	 calculated	 using	 the	 Fowkes'	 theory	 on	 a	 contact	 angle	 database,	 obtained	
thanks	 to	 three	 different	 probe	 liquids	 (water,	 diiodomethane	 and	 formamide).	 The	
bacterial	 adhesion	 on	 these	 surfaces	 was	 then	 studied.	 Furthermore,	 the	 bacteria	 were	
fixed	and	observed	at	the	SEM.		
	
After	analysing	the	results,	a	correlation	between	surface	roughness	and	bacterial	adhesion	
was	noticed:	the	rougher	the	surface	increases,	the	more	bacteria	adhere	to	it.	Moreover,	
bacteria	adhere	mainly	in	grooves	and	holes	in	the	case	of	rough	surfaces.	High	roughness	
provides	a	larger	surface	for	bacteria	adhesion.	Thereby,	smooth	surfaces	are	more	difficult	
to	colonize	than	rough	surfaces.	On	the	other	hand,	 it	has	been	shown	that	surfaces	that	
have	undergone	an	Alkali	treatment	are	super-hydrophilic.	
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Resumen	
	
El	titanio,	gracias	a	sus	buenas	propiedades	mecánicas	y	a	su	excelente	biocompatibilidad	y	
osteointegración,	 se	 utiliza	 en	 la	 fabricación	 de	 implantes,	 principalmente	 dentales.	 No	
obstante,	tras	su	inserción	en	el	cuerpo	humano,	estos	implantes	pueden	causar	problemas	
como	la	peri-implantitis,	una	reacción	inflamatoria	causada	por	un	biofilm	microbiano	que	
lleva	a	la	pérdida	progresiva	del	implante.	Así,	el	objetivo	de	este	proyecto	es	llevar	a	cabo	
diferentes	tratamientos	superficiales	del	titanio	utilizados	en	aplicaciones	biomédicas	para	
estudiar	 la	 influencia	de	 las	 propiedades	 superficiales,	 especialmente	 la	 rugosidad,	 en	 la	
adhesión	bacteriana.		
	
En	primer	lugar,	se	discutieron	los	principales	tratamientos	de	superficie	con	sus	ventajas,	
desventajas	 y	 parámetros	 a	 controlar.	 En	 este	 proyecto,	 se	 llevaron	 a	 cabo	 tres	
tratamientos,	a	saber,	‘Sandblasting’,	‘SLA	(Sandblasting,	Large-grit,	Acid	Etching)’	y	‘Alkali	
treatment’.	Antes	de	estos	tratamientos,	los	discos	de	titanio	han	sido	pulidos.	Finalmente,	
se	produjeron	nueve	superficies	diferentes.		
	
Las	 muestras	 se	 observaron	 con	 un	 microscopio	 electrónico	 de	 barrido	 (MEB)	 y	 se	
caracterizaron	en	términos	de	rugosidad	y	energía	superficial.	La	topografía	y	la	rugosidad	
superficial	 se	 estudiaron	 con	 un	 equipo	 que	 utiliza	 la	 microscopía	 confocal	 cromática.	
Además,	la	tensión	superficial	se	calculó	utilizando	la	teoría	de	Fowkes	sobre	una	base	de	
datos	de	ángulos	de	contacto	obtenida	con	tres	líquidos	diferentes	(agua,	diiodometano	y	
formamida).	Se	estudió	entonces	la	adhesión	bacteriana	en	estas	superficies.	Asimismo,	las	
bacterias	fueron	fijadas	y	observadas	en	el	MEB.		
	
Tras	 el	 análisis	 de	 los	 resultados,	 se	 observó	 una	 correlación	 entre	 la	 rugosidad	 de	 la	
superficie	y	la	adhesión	de	las	bacterias:	en	efecto,	cuanto	más	rugosa	sea	la	superficie,	más	
se	adhieren	las	bacterias	a	ella.	Adicionalmente,	 las	bacterias	se	adhieren	principalmente	
en	las	ranuras	y	agujeros	en	el	caso	de	superficies	rugosas.	Una	alta	rugosidad	presenta	una	
mayor	superficie	para	que	las	bacterias	se	adhieran.	Por	lo	tanto,	las	superficies	lisas	son	
más	difíciles	de	colonizar	que	las	superficies	rugosas.	Por	otro	lado,	se	ha	demostrado	que	
las	superficies	que	han	sido	sometidas	a	un	‘Alkali	treatment’	son	súper-hidrófilas.	
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Résumé	
	
Le	 titane,	grâce	à	de	bonnes	propriétés	mécaniques	et	une	excellente	biocompatibilité	et	
osseointegration,	 est	 utilisé	 dans	 la	 fabrication	 d’implants,	 majoritairement	 dentaires.	
Néanmoins,	 après	 insertion	 dans	 le	 corps	 humain,	 ces	 implants	 peuvent	 causer	 des	
problèmes	 tels	 que	 la	 péri-implantite,	 une	 réaction	 inflammatoire	 causée	par	 un	biofilm	
microbien	 qui	mène	 à	 la	 perte	 progressive	 de	 l’implant.	 Ainsi,	 l’objectif	 de	 ce	 projet	 est	
d’effecteur	 différents	 traitements	 de	 surface	 du	 titane	 utilisés	 dans	 des	 applications	
biomédicales	 afin	 d’étudier	 l’influence	 des	 propriétés	 de	 la	 surface,	 et	 notamment	 la	
rugosité,	sur	l’adhésion	bactérienne.		
	
Tout	d’abord,	les	principaux	traitements	de	surface	avec	leurs	avantages,	inconvénients	et	
paramètres	 à	 contrôler	 ont	 été	 abordés.	 Dans	 ce	 projet,	 trois	 ont	 été	 réalisés,	 à	 savoir,	
‘Sandblasting’,	 'SLA	 (Sandblasting,	 Large-grit,	 Acid	 Etching)’	 et	 ‘Alkali	 treatment’.	 Avant	
d’effectuer	 ces	 traitements,	 les	disques	de	 titane	ont	 subi	un	polissage.	 Finalement,	 neuf	
surfaces	différentes	ont	été	produites.		
	
Les	 échantillons	 ont	 été	 observés	 au	 microscope	 électronique	 à	 balayage	 (MEB)	 et	
caractérisés	en	termes	de	rugosité	et	d’énergie	superficielle.	La	topographie	et	rugosité	de	
surface	 ont	 été	 étudiées	 avec	 un	 équipement	 utilisant	 la	 technologie	 du	 confocal	
chromatique.	Par	ailleurs,	la	tension	superficielle	a	été	calculée	en	utilisant	notamment	la	
théorie	de	Fowkes	sur	une	base	de	données	d’angles	de	contact,	obtenue	à	l’aide	de	trois	
liquides	 différents	 (eau,	 diiodomethane	 et	 formamide).	 L’adhésion	 bactérienne	 sur	 ces	
surfaces	a	ensuite	été	étudiée.	D’ailleurs,	les	bactéries	ont	été	fixées	et	observées	au	MEB.		
	
Après	 analyse	 des	 résultats,	 une	 corrélation	 entre	 la	 rugosité	 de	 surface	 et	 l’adhésion	
bactérienne	a	été	remarquée	:	plus	la	rugosité	d’une	surface	augmente	et	plus	le	nombre	de	
bactéries	 qui	 y	 adhèrent	 augmente	 également.	 De	 plus,	 les	 bactéries	 adhèrent	
principalement	 dans	 les	 rainures	 et	 les	 trous	 dans	 le	 cas	 des	 surfaces	 rugueuses.	 Une	
rugosité	 élevée	 offre	 une	 plus	 grande	 surface	 pour	 l’adhésion	 des	 bactéries.	 Ainsi,	 les	
surfaces	«	lisses	»	sont	plus	difficiles	à	coloniser	que	les	surfaces	rugueuses.	D’autre	part,	il	
a	été	démontré	que	les	surfaces	ayant	subi	un	‘Alkali	treatment’	sont	super-hydrophiles.		
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1. Introduction	and	objectives	
	
The	use	of	implants	or	prostheses	can	cause	several	issues	after	insertion	into	the	human	
body.	 Indeed,	a	microbial	biofilm	developed	on	 implant	surfaces	can	cause	 inflammation	
and	lead	to	many	complications	(short	and	long-term)	like	peri-implantitis	 in	the	case	of	
dental	 implants,	which,	 in	the	absence	of	prevention	and	therapy,	can	cause	implant	 loss	
[1].	 Peri-implantitis	 is	 an	 infectious	 disease,	 caused	 by	microbial	 biofilm	 that	 affects	 the	
supporting	 soft	 and	 hard	 tissues	 around	 an	 osseointegrated	 implant.	 The	 inflammatory	
process	leads	to	the	progressive	loss	of	the	implant	[2].	This	disease	occurs	in	around	one-
sixth	of	patients	with	one	or	more	dental	implants	[3][4].	
	
Thus,	microbial	biofilm	is	one	of	the	main	reasons	of	implants	failure.	That’s	why	it	is	really	
important	 to	 develop	 implant	 surfaces	 that	 reduce	 bacterial	 attachment	 and	 biofilm	
formation.		
	
Most	of	the	experiments	carried	out	on	this	subject	and	available	in	the	literature	are	based	
on	in	vitro	studies.	In	fact,	these	experiments	are	easy	to	produce	and	the	various	factors	
(bacterial	 populations,	 species…)	 are	 controlled.	 In	 this	 master	 thesis,	 an	 in	 vitro	
experiment	will	also	be	realized.	Nevertheless,	in	the	human	body	and	in	the	oral	cavity	for	
instance,	the	microbial	community	is	more	complex	with	hundreds	of	different	species.	As	
a	 result,	 the	 interaction	of	bacteria	with	 implant	 surfaces	 in	 the	mouth	 is	more	 complex	
than	in	vitro	studies	[1].		
	
Although	 this	 is	 not	 the	 only	 factor,	 an	 efficient	 surface	 topography	 can	 improve	
osseointegration,	 provide	 a	 surface	 with	 minimal	 microbial	 biofilm	 and	 consequently	
prevent	the	onset	and	progression	of	diseases	such	as	peri-implantitis;	this	is	the	objective.	
To	do	that	and	prevent	the	development	of	microbial	biofilm,	the	roughness	and	its	high	
correlation	with	 bacterial	 adhesion	will	 be	 studied.	 However,	 it	 is	 important	 to	 keep	 in	
mind	that	bacterial	species	and	simple	microbial	associations	are	more	easily	influenced	by	
roughness	than	biofilm	formed	by	complex	communities	(in	vivo)	[1].	
	
On	the	other	hand,	the	bone-implant	contact	(BIC,	%	contact	resulting	from	bone	ongrowth	
and	 bone	 remodelling)	 is	 very	 important	 in	 long-term	 success	 of	 dental	 implants.	 A	
response	related	to	direct	bone-implant	contact	without	an	intervening	connective	tissue	
layer	 is	 called	 osseointegration	 [5][6].	 Therefore,	 the	 quality	 of	 osseointegration	 and	
biomechanical	 fixation	 in	 titanium	implants	 is	related	to	 their	surface	properties	such	as	
composition,	hydrophilicity	and	mainly	roughness	[5].	
	
Several	studies	have	already	prove	that	rough	implants	surface	demonstrate	better	bone	
apposition	 and	 bone-implant	 contact	 than	 implants	 with	 smooth	 surfaces.	 Indeed,	
intensified	roughness	can	increase	the	surface	area	of	the	implant,	improve	cell	migration	
and	 attachment	 to	 implant	 and	 enhance	 osseointegration	 process	 at	 the	 same	 time.	
Thereby,	rougher	titanium	surfaces	supports	bone	anchoring,	biomechanical	stability	and	
promotes	shorter	healing	process.	Thus,	there	is	an	optimal	range	of	surface	roughness	for	
dental	implant,	between	1	and 4 µm [5][7].	 
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In	 short,	 a	good	surface	with	 the	 right	 roughness	and	mechanical	properties	of	 titanium	
might	lead	to	successful	dental	implants.	In	dental	industry	and	for	each	case,	the	difficulty	
lies	 in	 finding	 the	 right	 roughness	 value	 that	 allows	 a	 significant	 BIC	 and	 therefore	 an	
efficient	 osseointegration	 while	 avoiding	 the	 formation	 of	 a	 microbial	 biofilm	 and	 then	
peri-implantitis.	Nowadays,	 the	 results	 in	 the	 literature	 still	 show	difficulties	 in	deciding	
the	optimum	value	of	 surface	 roughness	 for	better	osseointegration	at	 the	 same	 time	as	
decreasing	bacterial	adhesion	[7].	Surfaces	are	considered	as	beneficial	when	they	greatly	
reduce	 the	 risk	of	 complications.	All	 implant	 surfaces	allow	 the	 formation	of	a	microbial	
biofilm.	 Nevertheless,	 the	 bacterial	 count,	 depth,	 morphology	 and	 viability	 differed	
between	the	various	surfaces	[8].		
	
The	purpose	of	this	project	is	to	study	different	surface	treatments	on	titanium	(grade	2)	
and	determine	how	these	treatments	affect	the	surface	properties	(topography,	roughness,	
surface	energy	etc.)	and	especially	bacteria	adhesion/biofilm	formation.		
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2. State	of	the	art	

2.1. Titanium		
	

2.1.1. Generalities	and	properties	
	
Titanium	Ti	is	a	metallic	non-ferrous	element	that	is	part	of	the	light	metals.	It	is	the	ninth	
most	abundant	element	on	the	planet	and	more	importantly,	the	fourth	most	present	metal	
in	the	earth’s	crust.		
	
The	element	titanium	is	known	above	all	for	its	properties.	Indeed,	it	has	a	relatively	low	
Young	modulus	(E	=	105	GPa),	with	a	tensile	strength	equivalent	to	that	of	steels,	that	is	to	
say,	from	210	to	1380	MPa,	depending	on	the	alloying	elements.	Its	melting	temperature	is	
1670	°C.	However,	its	excellent	resistance	to	corrosion	and	its	low	density	(4.5	g/cm3,	half	
of	the	iron	density	for	instance)	are	the	properties	that	distinguish	the	most	titanium	from	
other	metals.	The	high	corrosion	resistance	is	due	to	an	oxide	(TiO2)	layer	formed	on	the	
titanium	 surface	 thanks	 to	 its	 high	 affinity	 with	 oxygen.	 Also,	 this	 impervious	 titanium	
oxide	layer	acts	as	a	barrier	to	chemical	attack,	particularly	from	fluids	in	the	human	body.	
Moreover,	titanium	has	a	low	electrical	conductivity.	All	these	properties	allow	titanium	to	
be	used	in	biomedical	applications,	especially	in	the	fabrication	of	knee	or	hip	prostheses	
and	dental	implants.	Thus,	it	has	excellent	biocompatibility	and	osseointegration:	titanium	
does	not	cause	allergic	reactions,	has	a	low	toxicity	and	finally	has	high	tolerance	to	bones	
and	tissues	[9][10].		
	
The	most	important	disadvantage	of	titanium	is	its	cost.	Indeed,	titanium	is	not	as	widely	
used	as	other	metals	like	steel	or	aluminium	because	of	its	price.	For	example,	its	price	is	
30	 times	higher	 than	 the	 steel	one.	Titanium’s	high	 cost	 is	due	 to	 its	difficult	 extraction,	
refining	process	and	manufacture	[9].		
	
Moreover,	 the	 atomic	 radius	 of	 titanium	 is	 0.147	 nm	 and	 titanium	 has	 two	 allotropic	
phases	as	follows	in	the	figure	1.	

	
Figure	1:	Allotropic	phases	in	titanium	(HCP:	Hexagonal	Close-Packed;	BCC:	Body-Centered	Cubic)		[9]	
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The	allotropic	transformation	temperature	 is	882.5	°C.	The	addition	of	alloying	elements	
can	change	the	stability	of	the	phases	the	microstructure	and	its	mechanical	behaviour.	
	
To	 conclude,	 titanium	 and	 its	 alloys	 are	 widely	 used	 in	 the	 biomedical	 field.	 Indeed,	
commercially	 pure	 (CP)	 titanium	 has	 the	 highest	 resistance	 to	 corrosion	 and	 is	 often	
regarded	 as	 the	 most	 biocompatible	 metal	 due	 to	 its	 stable	 and	 inert	 oxide	 layer.	 CP	
titanium	is	mostly	made	of	titanium	with	no	alloying	element	and	with	trace	amounts	of	
carbon,	oxygen,	nitrogen,	hydrogen	and	iron.	Titanium	grades	are	defined	in	a	number	of	
standards	in	four	grades.	In	this	Master	Thesis,	Titanium	‘Grade’	2	is	the	material	used	in	
the	experimental	tests.	
	

	
Table	1:	Composition	of	Pure	Titanium	and	Ti6Al4V	alloy		

ASTM	F	67,	UNE-EN	ISO	5832-2	[9][11]	
	

Table	 1	 shows	 some	 differences	 in	 terms	 of	 composition	 between	 the	 various	 titanium	
grades.	Therefore,	when	 titanium	 is	 treated	with	a	 chemical	or	a	physical	process,	 these	
slight	chemical	differences	could	have	a	significant	impact	on	surface	properties	and	as	a	
result,	 on	 the	 early	 bacterial	 attachment	 [8].	However,	 this	 factor	will	 not	 be	 taken	 into	
account	in	the	project.		
	
Finally,	the	figure	2	and	table	2	below	demonstrate	the	effect	of	interstitial	elements	on	the	
mechanical	properties.	
	

	
Figure	2:	Effects	of	interstitial	elements	on	the	strength	and	ductility	of	unalloyed	titanium	[10][12]	
	



Surface	treatment	of	titanium	with	antibacterial	properties	for	biomedical	applications	
	 	

	 	 15	

	
Table	2:	Mechanical	properties	of	Pure	Titanium	

ASTM	F	67,	UNE-EN	ISO	5832-2	[9]	
	

2.1.2. Biomedical	applications	of	titanium		
	
The	advances	made	in	the	design	of	and	materials	used	in	dental	implants	and	associated	
components	for	replacing	lost	tooth	or	teeth	have	contributed	significantly	in	transforming	
implant	dentistry.	Firstly,	 the	 figure	3	shows	a	schematic	of	a	 restored	 tooth	 through	an	
implant	anchored	 into	the	bone	with	an	abutment	held	by	a	screw	onto	the	 implant	and	
supporting	the	screw	[13].	

	
Figure	3:	Restoration	of	single-tooth	functionality	using	a	dental	implant	with	abutment	

	and	retaining	screw	[13]	
	
As	 shown	 before,	 the	 ability	 to	 withstand	 functional	 loads,	 osseointegration,	
biocompatibility	 without	 any	 undesirable	 reaction	 with	 body	 fluids,	 and	 corrosion	
resistance	 are	 the	 properties	 that	 determine	whether	 a	material	 is	 suitable	 for	 implant	
dentistry	or	not.		
	
Restorative	implant	dentistry	involves	the	use	of	dental	components	above	the	soft	tissue	
line.	 It	 includes	 especially	 abutments,	 screws,	 bars	 and	 overdentures.	 The	 appendix	 1	
shows	products	 in	dental	 practice	 that	 are	 commonly	used.	The	 abutment	 affixes	 to	 the	
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prosthetic	 component	 of	 the	 anchoring	 implant.	 There	 are	 various	 types	 of	 abutments	
depending	on	the	purpose:	healing,	casting	moulds	and	definitive	abutments.	Furthermore,	
screws	are	used	to	affix	the	abutment	to	the	anchoring	implant	in	order	to	achieve	a	proper	
interface	between	 the	abutment	and	 the	 implant.	 In	addition,	dentures	are	developed	 to	
regain	 a	 fully	 functional	 mouth	 and	 jaw	 and	 bars	 are	 commonly	 used	 to	 support	 the	
overdenture	[9][13].		
	
On	 the	 other	 hand,	 surgical	 implant	 dentistry	 involves	 procedures	 below	 the	 soft	 tissue	
line.	The	aim	of	the	titanium	implants	in	this	area	is	to	mimic	the	functionality	of	a	natural	
tooth	 root	 by	 acting	 as	 an	 anchor	 and	 to	 provide	 features	 to	 support	 a	 prosthetic	
connection.	Nevertheless,	a	feature	of	metals	must	be	taken	into	account.	Indeed,	the	elastic	
modulus	of	metals	(105	GPa	for	titanium)	is	much	higher	than	that	of	the	cortical	bone	(15-
30	GPa)	[14].	Therefore,	this	difference	can	lead	to	a	change	in	the	distribution	of	stresses;	
this	 phenomenon	 is	 called	 stress-shielding.	 Stress-shielding	must	 be	 absolutely	 avoided	
because	the	patient	runs	the	risk	of	reducing	bone	density	in	the	implant	area,	or	even	a	
total	 implant	 loosening	 [15].	 To	 reduce	 the	 phenomenon,	 a	 macroporosity	 can	 be	
incorporated.	 In	 that	 case	 the	 primary	 fixation	 of	 the	 implant	 to	 the	 surrounding	 bone	
tissue	will	increase	significantly	[16].		
	
Although	titanium	and	its	alloys	are	mainly	used	for	dental	implants,	they	are	also	used	for	
the	manufacture	 of	 knee	 and	 hip	 prostheses.	 In	 addition,	with	 the	 evolution	 of	 additive	
manufacturing	techniques	and	in	particular	DMLS	(Direct	Metal	Laser	Sintering)	and	MBJ	
(Metal	Binder	Jetting),	titanium	can	be	used	for	the	manufacture	of	maxillofacial	implants.	
The	figure	4	shows	an	example.		
	

	
Figure	4:	Temporomandibular	articulation	prosthesis	[17]	
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2.2. Influence	of	surface	roughness	
	

2.2.1. Micro-topography	
	
The	physic-chemical	characteristics	of	the	surface	implant,	and	mainly	its	roughness,	affect	
significantly	 early	 bacterial	 colonization,	 biofilm	 formation	 and	maturation	 and	 improve	
osseointegration.	 Indeed,	 surface	 roughness	 is	 considered	 as	 the	main	 feature	 favouring	
biofilm	development	in	vitro	[18].	
	
First	of	all,	the	arithmetical	mean	roughness	Sa	(or	Ra)	is	a	parameter	measured	via	stylus	
profilometry	 and	 used	 to	 describe	 the	 implant	 surface	 roughness	 [8].	 Ra	 is	 a	 two-
dimensional	 characteristic	 from	 a	 line	 profile	 and	 Sa	 is	 a	 three-dimensional	 calculation	
from	an	area	scan,	defined	as	“Absolute	Mean	Height	Deviation”	[13].	
	
According	to	a	systematic	review	of	38	applied	titanium-based	materials	for	dental	studies	
and	 including	 various	 bacteria	 species,	 surface	 topographies	 with	 various	 degrees	 of	
roughness	has	a	good	effect	on	the	ability	to	allow	low	microbial	biofilm	[8].	The	studies	
focused	on	the	surface	topography	and	modifications	of	titanium	materials,	and	compared	
against	the	amount	of	bacterial	biofilm	attachment	on	the	surfaces.	As	a	result,	the	majority	
of	 the	 titanium	 surfaces	 with	 beneficial	 surfaces	 had	 a	 roughness	 value	 Sa	 significantly	
lower	than	1	µm.		
	
On	top	of	that,	the	experiences	realised	by	Bevilacqua	L	[18]	support	this	link.	Indeed,	the	
experiments	were	based	on	in	vitro	studies	availed	of	biofilm	developed	by	Pseudomonas	
aeruginosa	or	by	salivary	bacteria	from	volunteer	donors	and	the	purpose	was,	once	again,	
to	 evaluate	 how	 implant	 surface	 roughness	 and	 micro-topography	 can	 affect	 biofilm	
formation.	The	bacteria	Pseudomonas	aeruginosa	ATCC	27853	was	chosen	because	it	has	
been	isolated	from	some	peri-implantitis	and	is	considered	as	a	model	organism	for	biofilm	
formation,	although	it	is	not	a	cause	of	implant	loss	[18].		
	
To	illustrate	the	microbial	biofilm	formation,	a	Confocal	Laser	Scanning	Microscopy	(CLSM)	
is	used,	as	shown	in	figure	5	below.	The	machined	surfaces	M	had	a	roughness	of	0.5-1	µm	
whereas	the	sandblasted	(by	Al2O3)	surfaces	SB	had	a	roughness	greater	than	2	µm.	
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Figure	5:	CLSM	images	of	biofilm	developed	by	P.	
aeruginosa	 on	 M	 discs	 (a)	 and	 by	 salivary	
bacteria	on	SB	discs	(b)	without	pre-coating	with	
sterile	saliva	[18]	
	
	
	
	
	
	
	
	
	
	
	
	

The	CLSM	images	show	that	bacteria	produce	more	biomass	and	develop	thicker	biofilms	
on	 SB	 titanium	 (roughness	 >	 2	 µm)	 than	 on	 machined	 ones	 (roughness	 0.5-1	 µm).	
Therefore,	this	result	supports	the	fact	that	smooth	surfaces	are	more	difficult	to	colonize	
than	 rough	 ones.	 The	 rough	 SB	 surfaces	 retain	 more	 saliva	 and	 bacteria	 due	 to	 its	
microcavities	 [18].	A	high	 roughness	not	only	provides	a	 large	surface	area	 for	bacterial	
adhesion	and	additional	niches	but	also	reduces	shearing	forces.	Consequently,	roughness	
assists	bacteria	 to	 escape	 from	 the	host	defence	mechanisms	during	 the	 initial	 adhesion	
phase	[8].	Indeed,	 in	vivo	experiments	demonstrated	that	bacterial	colonisation	starts	on	
sites	where	the	surface	shows	grooves	or	holes,	 thus	confirming	that	bacteria	preferably	
attach	to	sites	where	shear	forces	are	low	[18].	Furthermore,	the	figure	6	summarises	all	
the	results	obtained	during	these	experiments.		
	

	
Figure	6:	Features	of	biofilms	developed	in	vitro	on	titanium	discs	by	P.aeruginosa		

and	salivary	bacteria	[18]		
	



Surface	treatment	of	titanium	with	antibacterial	properties	for	biomedical	applications	
	 	

	 	 19	

Firstly,	 this	analysis	agrees	with	 the	CLSM	 images:	 the	bacteria	Pseudomonas	aeruginosa	
produce	more	biomass	and	develop	thicker	biofilms	when	the	surface	is	rough	(SB	discs)	
than	 when	 the	 surface	 is	 smooth	 (M	 discs).	 Secondly,	 this	 analysis	 shows	 that	 biofilm	
developed	by	single	bacterial	species	are	more	easily	influenced	by	surface	topography	and	
roughness	than	biofilm	formed	by	complex	communities.	 Indeed,	considering	the	biofilm	
developed	 by	 the	 mixed	 salivary	 bacteria,	 the	 machined	 surface	 still	 was	 the	 one	 with	
smaller	 amounts	 of	 biomass,	 but	 the	 difference	 with	 the	 other	 surfaces	 was	 less	
pronounced	than	in	the	case	of	Pseudomonas	aeruginosa.	The	presence	of	various	bacterial	
species	might	promote	colonization	by	microbial	interaction	[18].		
	
Finally,	the	research	of	Bermejo	P,	Carmen	Sánchez	M,	Llama-Palacios	A,	Figuero	E,	Herrera	
D,	 Sanz	 Alonso	 M	 compares	 a	 multispecies	 in	 vitro	 biofilm	 formation	 on	 two	 different	
titanium	 dental	 implant	 surface;	 a	 minimal-roughness	 surface	 (Sa	 =	 0.5-1.0	 µm)	 and	 a	
moderate-roughness	 surface	 (Sa	 =	 1.1-2.0	 µm)	 [19].	 After	 a	 Confocal	 Laser	 Scanning	
Microscopy	(CLSM)	analysis,	a	biofilm	is	observed	on	both	implant	surfaces.	However,	the	
moderate-roughness	 surface	 implant	 has	 a	 greater	 biomass	 (0.028	 μm2/μm3)	 in	
comparison	with	the	minimum-roughness	surface	(0.015	μm2/μm3).	These	results	support	
those	of	 the	previous	articles.	Moreover,	 it	 is	 important	 to	note	 that	pathogenic	bacteria	
such	as	F.	nucleatum	and	A.	actinomycetemcomitans	are	present	in	greater	numbers	in	the	
case	of	moderate-roughness	surface.	Therefore,	it	could	be	very	dangerous	and	lead	to	an	
inflammatory	reaction.	
	
In	addition,	the	figure	7	demonstrates	an	image	obtained	by	Scanning	Electron	Microscopy	
(SEM)	 where	 moderate-roughness	 surfaces	 contain	 bacterial	 cells	 inside	 their	
characteristic	 pores.	 The	 blue	 arrow	 shows	 complex	 networks	 grouped	 in	 colonies	
whereas	the	white	arrows	show	bacteria	introduced	inside	the	bigger	pores	[19].		
	

	
Figure	7:	Image	SEM	showing	biofilms	in	moderate-roughness	surface	dental	implants	(moderately	

rough	coating	of	highly	crystalline	titanium	enriched	with	phosphorus;	
	Sa	=	1.1-2	µm)	[19]	
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2.2.2. Nano-topography	
	
A	 nanomaterial	 is	 defined	 as	 a	 structure	 that	 has	 at	 least	 one	 characteristic	 dimension	
between	1	and	100	nm.	This	scale	can	significantly	contribute	to	increase	the	surface	area	
of	implant	adjacent	to	bone,	improve	cell	attachment	to	the	implant	surface,	increase	bone	
present	 at	 the	 implant	 surface	 and	 finally	 improve	biomechanical	 interaction	 of	 implant	
with	bone.	Indeed,	nanotopography	influences	different	cellular	processes	as	cell	adhesion,	
alignment,	 differentiation,	 migration	 and	 proliferation	 by	 regulating	 cell	 behaviour.	
Osteoblasts	 preferably	 adhere	 to	 nanostructure	 in	 comparison	 with	 smooth	 surface.	 In	
other	 words,	 nanoroughness	 enhances	 considerably	 surface	 properties	 that	 increase	
osseointegration	 [20][21].	 Nanoroughness	 has	 an	 effect	 on	 biofilm	 accumulation.	 The	
rough	 surfaces	 revealed	 significantly	more	 bacteria	 to	 the	 smoother	 surfaces	 due	 to	 its	
larger	surface	area	[22].		
	
Moreover,	 nanostructured	 surfaces	mimic	 that	 of	 a	 lotus	 leaf	 or	 sharkskin	 for	 instance.	
These	surfaces	demonstrated	desirable	properties,	such	as	preventing	bacterial	adhesion	
and	 biofilm	 formation	 without	 the	 need	 to	 use	 bactericidal	 agents.	 Nanoroughness	 is	
partially	responsible	for	super-hydrophobicity	and	low	adhesion.	Indeed,	this	is	seen	with	
two-layer	 morphology	 (comprised	 of	 micro-	 and	 nanoroughness)	 lotus	 leaf,	 where	 the	
hydrophobic	 chemistry	 of	 the	 leaf	 produces	 a	 high	 contact	 angle.	 Although	 they	 were	
unable	 to	 avert	 attachment	 and	 colonisation	 by	 the	 Staphylococcus	 aureus	 cells,	 these	
super-hydrophobic	 surfaces	 were	 reported	 to	 be	 highly	 effective	 in	 preventing	
Pseudomonas	aeruginosa	 [23].	The	 technique	used	 to	create	 lotus	 leaf	morphology	 is	 the	
Femtosecond	 Laser	 Ablation,	 which	 transforms	 the	 moderately	 hydrophobic	 titanium	
surface	 (θ	 =	 73°)	 into	 a	 superhydrophobic	 surface	 (θ	 =	 166°).	 Effective	 tool	 to	 achieve	
surfaces	 with	 gradient	 roughness	 ratios	 on	 the	 micro-	 and	 nanoscale.	 By	 way	 of	
comparison,	the	figure	8	demonstrates	a	lotus	leaf	surface	as	well	as	a	femtosecond	laser	
structured	titanium	surface.		
	

	
Figure	8:	Images	SEM	of	the	water-repellent	surface	of	lotus	leaf	(i)	and	a	water	droplet	on	a	lotus	leaf	
(ii);	and	femtosecond	laser	structured	titanium	surface	(iii)	and	water	droplet	on	this	surface	[23]	

	
Various	 other	 techniques	 (chemical	 and	 physical)	 can	 generate	 nanoscale	 topographic	
features	 to	 titanium	 implants	 such	 as	 Sputtering,	 Ion	 implantation,	 Hydrogen	 peroxide	
treatment,	Sol-gel	method	and	especially	the	Alkali	treatment	[21][24][25].		
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2.3. Surface	treatments	
	
Different	surface	treatments	can	be	used	on	implant	surfaces.	Every	single	technique	has	
its	 own	 advantages	 and	 limitations.	 In	 this	 section,	 the	 various	 procedures	 available	 for	
titanium	implants	are	described	in	a	general	way.	Figure	9	shows	the	surface	treatments	
commonly	used	in	titanium	dental	implants.	The	percentage	corresponds	to	the	proportion	
of	use	in	the	dental	implant	sector.		
	
First	of	all,	there	are	two	categories:	the	addition	and	subtraction	procedures.	The	additive	
methods	are	adding	materials	to	the	surface,	either	superficial	or	integrated	whereas	the	
subtractive	 techniques	 are	 the	procedure	 to	 either	 remove	 the	 layer	 of	 core	material	 or	
plastically	deform	the	superficial	surface	[6][7].	
	

Ø Surface	 treatments	 by	 addition:	 Titanium	 Plasma	 Spray	 (TPS),	
Hydroxyapatite	(HA)	Plasma	Spray.	

Ø Surface	 treatments	by	subtraction:	Acid	etching,	Sandblasting,	Grit	blasting,	
Sandblasting	and	acid	etching	(SLA),	Anodizing.	
	
	

	
Figure	9:	Surface	treatments	commonly	used	in	titanium	dental	implants	[7]		

	
According	to	the	figure	9,	the	greatest	interest	has	been	noted	in	the	use	of	plasma	spaying	
and	acid	etching	techniques.	
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2.3.1. Addition	procedures	
	

2.3.1.1. Plasma	Spray	Coating	(Titanium	and	Hydroxyapatite)		
	
This	method	consists	in	injecting	titanium	or	hydroxyapatite	(HA)	powders	into	a	plasma	
torch	 at	 high	 temperature.	 Therefore,	 the	particles	 are	 projected	 on	 the	 implant	 surface	
where	 they	 condense,	 fuse	 together	and	 finally	 form	a	 coating	 [5].	The	 resulting	 coating	
increases	 the	surface	area	of	 the	 implant.	The	 figure	10	below	 is	a	diagram	showing	 the	
principal	components	and	features	of	the	process.	
	

	
	

Figure	10:	Diagram	of	the	plasma	spray	process	[26]		
	
The	process	is	based	on	a	working	gas	like	an	argon/hydrogen	mixture	that	goes	through	a	
powerful	electric	arc	discharged	 formed	 in	 the	gap	between	the	cathode	and	anode.	The	
energy	 released	 heats	 up	 considerably	 the	 gas	 mixture,	 which	 is	 converting	 to	 high-
temperature	 plasma	 at	 about	 14000	 K.	 The	 use	 of	 this	 gas	 mixture	 allows	 no	 only	 to	
increase	 the	plasma	temperature	but	also	 to	minimise	oxides	without	compromising	 the	
quality	of	 the	 coating.	The	 coating	material,	 initially	 in	powder	 form,	 is	 injected	 into	 the	
plasma	jet	and	finally	propelled	at	high	speed	towards	the	substrate.	This	speed	is	due	to	
the	intense	heat	and	a	rapid	expansion,	giving	a	high	nozzle	speed	[27].		
	
Moreover,	a	HA	coating	on	Ti	substrate	 is	a	good	combination	thanks	to	their	properties	
such	 as	 a	 great	 biocompatibility	 and	mechanical	 properties.	 Indeed,	 hydroxyapatite	 is	 a	
mineral	whose	 composition	 and	 structure	 is	 very	 similar	 to	 that	 of	 the	bone	 and	dental	
mineral	(dentine	and	enamel)	[6].	HA	coatings	promote	better	cell	proliferation	and	their	
mechanical	properties	can	be	improved	by	the	addition	of	yttria-stabilized	zirconia	(YSZ).	
	
The	 Titanium	 Spray	 Coating	 TPS	 is	 the	 technique	 that	 induces	 the	 highest	 surface	
roughness	(providing	porous	surfaces)	compared	to	the	other	surface	modifications	with	a	
BIC	of	30-40%	[7][20].	However,	with	this	procedure,	contaminations	during	the	process,	
losses	of	coatings	due	to	a	low	adhesion	strength	of	the	coating	to	the	surface,	and	in	the	
medium	 term,	 issues	 of	 peri-implantitis	 can	 happen	 if	 the	 process	 parameters	
(temperature,	 powder	 particle	 size	 distribution,	 electric	 arc	 discharge	 power,	 spray	
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distance,	 speed	 and	 number	 of	 spraying	 passes,	 preparation	 of	 the	 surface	 before	
projection…)	 are	 not	 well	 controlled	 [6][20][27].	 A	 better	 understanding	 of	 these	
parameters	during	the	process	is	necessary	in	order	to	control	these	problems.	
	
Finally,	prior	to	plasma	spray	procedure,	the	substrates	are	normally	pre-treated	to	ensure	
the	surfaces	are	free	from	contaminations	[7].	In	most	industrial	cases,	the	pieces	are	new	
or	covered	with	old	coatings.	Thus,	each	piece	has	to	be	cleaned	and	the	surface	roughened	
by	 abrasive	 grit	 blasting.	 Indeed,	 this	 preparation	 ensures	 a	 great	 mechanical	 bond	
between	the	coating	and	the	substrate	[27].		
	
	

2.3.2. Subtraction	procedures	
	
One	 of	 the	 advantages	 of	 these	 processes	 is	 the	 increase	 of	 the	 titanium	 surface	 by	
minimising	the	risk	of	contamination	by	additive	micro-particles	[20].	
	

2.3.2.1. Sandblasting	/	Grit	blasting	
	
Another	 technique	 for	 roughening	 the	 titanium	 surface	 consists	 in	 blasting	 the	 surfaces	
with	hard	ceramic	particles.	These	particles	are	projected	through	a	nozzle	at	high	velocity	
by	means	of	compressed	air	and	are	generally	medium	grain	particles	(between	250	and	
500	µm)	[5][20][28].	 	Different	surface	roughness	can	be	obtained	thanks	 to	 the	various	
parameters.	Indeed,	blasting	depends	on	the	particle	size	distribution	of	particles	or	“grits”,	
the	distance	between	the	surface	to	be	treated	and	the	nozzle	of	the	blasting	machine,	the	
air	 pressure	 and	 especially	 the	 nature	 of	 the	 particles.	 The	 blasting	 material	 must	 be	
chemically	stable	and	biocompatible.		
	
Firstly,	 alumina	Al2O3	 is	 commonly	used	 as	 a	 blasting	material	 because	 it	 is	 the	hardest	
particle	 and	 increases	 surface	 roughness	 but	 might	 contaminate	 the	 implant	 surface.	
Moreover,	 alumina	 has	 a	 low	 biocompatibility	 and	 bioactivity[20].	 For	 all	 these	 reasons	
and	 prevent	 the	 particles	 from	 interfering	 with	 the	 subsequent	 osseointegration	 of	 the	
implant,	the	process	of	sandblasting	with	resorbable	bioceramic	particles	such	as	titanium	
dioxide	TiO2,	 calcium	phosphate,	 tricalcium	phosphate	and	obviously	hydroxyapatite	HA	
with	a	chemical	formula	of	Ca10(PO4)6(OH)2	has	been	developed	in	the	past	few	years.	The	
presence	 of	 these	 particles,	which	 some	 of	 them	 are	 naturally	 part	 of	 the	mineral	 bone	
phase,	seeks	to	improve	and	accelerate	the	osseointegration	phase.	In	fact,	they	remain	on	
the	surface	and	can	absorb	proteins	[28].		
	
Blasting	methods	has	an	effective	role	in	inducing	optimum	roughness	of	dental	implants	
surface	 but	 not	 in	 terms	 of	 osseointegration	 itself	 and	 tissues	 response	 [7].	 The	 bone-
implant	contact	BIC	can	vary	from	20%	to	40%	for	the	highest	roughness.	
	
To	 conclude,	 an	acid	etching	often	 follows	sandblasting	 in	order	 to	 remove	 the	eventual	
residual	blasting	particles.	
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2.3.2.2. Acid	Etching	
	
This	process	corrodes	the	 implant	surface	by	immersion	in	baths	of	strong	acids	such	as	
sulphuric	acid	H2SO4,	nitric	acid	HNO3,	hydrochloric	acid	HCl,	hydrofluoric	acid	HF	or	a	mix	
of	theses	acids.	First	of	all,	when	a	machined	titanium	surface	gets	exposed	to	air,	it	directly	
forms	 a	 titanium	oxide	 layer	 that	 becomes	 a	 barrier	 against	 chemical	 attack	 and	makes	
titanium	highly	biocompatible.	Hence,	a	mixture	of	these	acids	with	water	can	be	used	as	a	
first	step	to	break	this	layer	and	make	easier	the	modification	of	a	titanium	surface	through	
chemical	processes.	
	
The	use	of	acids	on	metal	surfaces	is	not	only	to	clean	the	surface	but	also	to	modify	the	
roughness.	 The	 titanium	 surface	 is	 immersed	 in	 one	 or	 more	 acid	 baths	 with	 different	
composition.	 Furthermore,	 the	 temperature	 of	 the	 bath,	 its	 composition,	 the	 etching	
duration	and	the	initial	roughness	of	the	implant	before	treatment	are	the	most	important	
parameters	to	be	controlled.	The	rate	of	etching	depends	on	the	type	and	concentration	of	
the	 acid	 used.	On	 the	 other	 hand,	 the	 production	 of	 hydrogen	molecules	 (H2)	 can	 cause	
weakening	of	 the	metallic	material	 and	 cracks	on	 the	 surface	of	 the	 implant	 [7][6].	As	 a	
result,	 in	a	biological	environment,	 the	absorption	of	hydrogen	by	titanium	can	 lead	to	a	
decrease	 in	 the	 fatigue	 resistance,	 in	 the	 ductility	 of	 the	 implants	 and	 finally	 to	 the	
occurrence	of	 fracture	mechanisms	[5].	Titanium	samples	etched	by	sulphuric	acid	show	
an	increase	in	surface	roughness.	The	more	concentrated	the	bath,	the	easier	it	will	be	to	
roughen	the	surface,	especially	for	biological	applications	[7].	Acid	etching	creates	usually	
microroughness	between	0.5	and	3	µm	and	irregular	pitting	[5][20].		
	
Moreover,	 acid	 etching	 has	 been	 demonstrated	 to	 greatly	 enhance	 osseointegration.	
Indeed,	 the	 bone-implant	 contact	 is	 often	 higher	 than	 70%	 and	 there	 is	 less	 bone	
resorption	compared	to	the	other	techniques	[6].	
	
On	top	of	that,	there	is	also	the	process	called	Dual	Acid	Etching	(DAE).	In	this	process,	the	
titanium	implant	is	immersed	in	a	mixture	of	concentrated	HCl	and	H2SO4	or	HF	and	HNO3	
for	 several	minutes	and	heated	above	100	 °C	 [9].	By	doing	 this,	 a	microrough	surface	 is	
created	 with	 a	 topography	 based	 on	 craters	 and	 microwells,	 which	 promotes	 rapid	
osseointegration	 while	 maintaining	 long-term	 success	 over	 3	 years	 and	 avoiding	 the	
formation	 of	 a	microbial	 biofilm	 [5][7][28].	 A	 high	 temperature	 creates	 a	 homogeneous	
micro-porous	surface	[5].	Thus,	 this	 technique	allows	not	only	to	 increase	the	roughness	
but	 also	 to	 remove	 surface	 contaminating	 particles	 derived	 from	 sandblasting	 or	 its	
manufacture.	The	figure	11	shows	a	comparison	between	a	machined	surface	and	a	dual	
acid	etching	surface.	
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Figure	11:	Titanium	implant	with	(a)	a	machined	surface	and	(b)	treated	dual	acid	etching	

	(48%	HF	+	HCl/	H2SO4)	[5]		
	

2.3.2.3. SLA	(Sandblasting,	Large-grit,	Acid	Etching)	
	
SLA	surface,	developed	by	the	company	Straumann,	has	become	one	of	the	best	known	and	
documented	 rough	 surfaces	 in	 implantology.	 Over	 the	 years,	 it	 has	 demonstrated	many	
advantages	 and	 a	 clinical	 efficacy	 in	 comparison	 to	 other	 rough	 surfaces.	 Indeed,	 SLA	
surface	has	a	significantly	higher	success	rate,	bone-implant	contact	(BIC	=	50-60%)	and	a	
greater	biomechanical	and	functional	stability	[20][29].		
	
The	 bone-to-implant	 interface	 increases	 with	 roughness.	 However,	 problems	 have	
occurred	with	very	rough	surfaces.	That	is	why,	Straumann	created	the	SLA	surface	with	a	
moderate	surface	roughness	included	in	an	optimal	range	[29].		
	
SLA	 is	considered	as	a	 ‘duplex’	 (mechanical	and	chemical)	 treatment.	The	surface	 is	 first	
sandblasted	with	medium	Al2O3	or	HA	particles	 (250-500	µm).	This	 step	 eliminates	 any	
organic	contamination	and	creates	a	rough	and	irregular	surface.	After	that,	the	surface	is	
chemically	etched	in	a	strong	acid	bath	such	as	HCl	and/or	H2SO4.	This	stage	removes	the	
remaining	 particles	 from	 the	 surface	while	 creating	 a	more	 uniform	 surface	with	 small	
micro	pits	(1-2	µm)	as	shown	in	the	figure	12	[5][20][29].		

 
Figure	12:	Surface	morphology	of	(a)	sandblasted	and	treated	titanium	alloy	implants	with	DAE	

(HCl/	H2SO4)	and	(b)	sandblasted	and	etched	(HCl)	titanium	implant	[5]		
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Finally,	a	macro	roughness	with	micro	pits	increases	the	surface	roughness	and	therefore	
the	osseointegration.	The	SLA	surfaces	are	used	in	order	to	reduce	the	healing	phase.	They	
increase	the	rate	of	cell	proliferation	and	the	number	of	cells	attached	to	the	surface.	They	
also	have	a	positive	 impact	 in	 the	differentiation	of	 cells	 responsible	 for	bone	 formation	
(osteoblasts)	and	reduce	the	activity	of	cells	involved	in	bone	resorption	(osteoclasts)	[29].		
	

2.3.2.4. Alkali	Treatment	
	
In	 this	 treatment,	 the	 titanium	 implant	 is	 immersed	 in	 sodium	 hydroxide	 NaOH	 or	
potassium	 hydroxide	 KOH,	 followed	 by	 a	 heat	 treatment.	 Alkali	 treatment	 leads	 to	 the	
growth	of	a	nanostructured	bioactive	sodium	titanium	layer	on	implant	surface	[21].	The	
surface	 is	 then	 cleaned	 in	 a	 bath	 of	 distilled	 water;	 this	 step	 is	 necessary	 in	 order	 to	
dissolve	 the	 possible	 crystals.	 These	 crystals	 change	 the	 chemical	 composition	 of	 the	
surface	and	as	a	result	can	change	the	biofilm	formation.		
	
The	 process	 parameters	 to	 be	 controlled	 are	 the	 composition	 and	 concentration	 of	 the	
‘alkali’	 bath	 (NaOH	 at	 5M	 in	 most	 cases),	 the	 temperature,	 the	 treatment	 duration,	 the	
temperature	 and	 duration	 of	 the	 heat	 treatment	 and	 finally	 the	 quality	 of	 the	 cleaning	
phase.	By	controlling	all	these	parameters,	the	surface	roughness	can	vary	between	20	and	
80nm.		
	
It	 is	 known	 that	 titanium	 surfaces	 treated	 by	 NaOH	 enhance	 cell	 adhesion	 and	
proliferation.	 It	 is	 an	 option	 to	 improve	 and	 accelerate	 osseointegration.	Moreover,	 this	
kind	 of	 surface	 is	 very	 hydrophilic	 and	 cell	 adhesion	 is	 usually	 greater	 on	 hydrophilic	
surfaces	[30][31].		
	

2.3.2.5. Anodizing	
	
Anodizing	is	an	electrochemical	process	based	on	the	electrolysis	of	water,	which	leads	to	
the	formation	of	an	oxide	layer.	Subsequently,	this	oxide	layer	increases	seriously	the	wear	
and	 corrosion	 resistance	 and	 reinforces	 the	 bone	 response.	 The	 titanium	 implant	 is	
immersed	 in	 a	 strong	 acid	 bath	 (HF,	 HNO3,	 H2SO4,	 H3PO4)	 submitted	 to	 a	 high	 density		
(200	 A/m2)	 of	 direct	 current	 or	 potential	 (100	 V)	 [5][20].	 Indeed,	 the	 current	 releases	
hydrogen	 at	 the	 cathode	 (negative	 electrode)	 and	 oxygen	 at	 the	 surface	 of	 the	 anode	
(positive	electrode),	which	is	titanium,	creating	a	build-up	of	titanium	oxide.	
	
The	 process	 parameters	 are	 the	 following:	 composition	 of	 the	 electrolyte,	 concentration	
and	nature	of	the	bath	(in	the	same	way	as	dual	acid	etching,	acid	mixtures	are	possible),	
electrolyte	temperature,	current	density	and	potential.	
	
Before	 anodizing,	 the	 surface	 must	 be	 prepared	 by	 pickling	 and	 rinsing.	 After	 the	
experiment,	rinsing	and	drying	must	be	done,	 followed	by	a	heat	treatment;	 this	stage	 is	
very	 important	 to	 crystallise	 the	 amorphous	 phase	 of	 the	 titanium	 oxide.	 At	 the	 end,	
sterilization	should	be	carried	out	[20].	
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Anodizing	creates	micro	or	nano-porous	surfaces.	The	result	of	anodization	 is	 to	 thicken	
the	oxide	layer	to	more	than	1	µm	on	titanium.	Depending	on	the	type	of	acid,	the	surface	is	
more	or	less	rough.	The	oxide	layer	dissolution	along	the	current	convection	lines	develops	
micro	 or	 nano-pores	 on	 the	 titanium	 surface.	 Furthermore,	 certain	 useful	 ions	 can	 be	
integrated	 into	 titanium	 through	 anodizing.	 For	 instance,	 fluoride	 ions	 can	 control	 the	
formation	 of	 nanotubes	 in	 the	 oxide	 layer	 whereas	 the	magnesium	 ions	 bring	 a	 higher	
removal	torque	value	compared	to	other	ions	[5][20].	
	
On	 the	 other	 hand,	 titanium	 anodizing	 produces	 coloured	 surfaces	 due	 to	 the	 high	
refractive	 index	 of	 titanium	 dioxide.	 The	 colour	 results	 from	 the	 optical	 interference	 of	
white	 light	with	 the	oxide	 layer	where	 the	 thickness	 is	 controlled.	By	 changing	 the	bath	
tension,	the	thickness	of	the	titanium	dioxide	and	therefore	the	colour	can	be	varied	[32].				
	
Finally,	 several	 studies	 came	 to	 the	 same	 conclusion	 that	 anodized	 titanium	 surfaces	
exhibited	lower	microbial	biofilm	mass	than	untreated	titanium	surfaces	[8].	Moreover,	the	
very	 good	 osseointegration	 can	 be	 explained	 by	 mechanical	 interlocking	 through	 bone	
growth	in	pores,	and	biochemical	bonding	[5].	
	
	

2.3.3. Conclusions	
	
The	main	surface	treatments	of	titanium	for	biomedical	applications	have	been	studied	as	
well	 as	 their	 advantages,	 inconveniences	 and	 all	 the	 parameters	 to	 be	 controlled.	 These	
treatments	lead	to	various	surface	topography	and	roughness,	as	explained	before.	In	this	
project,	it	is	important	to	have	distinct	surfaces	in	order	to	conclude	a	correlation	between	
their	 different	 properties	 and	 bacterial	 adhesion.	 On	 the	 other	 hand,	 some	 of	 these	
techniques	were	not	possible	to	carry	out	in	the	laboratory.	
	
Thus,	three	surface	treatments	were	selected:	‘Sandblasting’,	 ‘SLA’	and	‘Alkali	Treatment’.	
The	protocol	and	material	used	are	described	later	in	this	report.		
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3. Materials	and	Methods	

3.1. Sample	preparation	
	

3.1.1. Initial	discs	and	preparation	for	polishing		
	
In	this	Master	Thesis,	Titanium	‘Grade’	2	is	the	material	used	for	the	samples	studied.	In	the	
first	place,	discs	with	a	diameter	of	Ø	=	1	cm	and	a	thickness	of	between	0.5	and	2	mm	were	
received.	These	as-received	samples,	which	have	not	received	any	treatment,	will	be	called	
“machined”.	 They	 do	 not	 shown	 any	 complex	 features	 other	 than	 machining	 marks	
resulting	 from	 the	 tools	 used	 in	 the	 turning	 and/or	 milling	 operation	 during	 the	
manufacturing.		
	
The	first	step	is	to	prepare	the	samples	for	polishing.	To	do	so,	the	discs	are	encased	in	a	
resin	PolyFast	from	Struers	thanks	to	the	machine	Struers	LaboPress-3,	shown	in	the	figure	
13.		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	13:	(a)	Struers	LaboPress-3	[33]	and	(b)	resin	block	with	5	titanium	discs,		
ready	for	polishing	

	
Before	 applying	 the	 resin,	 it	 was	 necessary	 to	 choose	 the	 surfaces	 to	 be	 studied	 and	
therefore	polished.	Moreover,	the	height	of	the	block	depends	on	the	amount	of	resin	put	
into	 the	 machine;	 this	 quantity	 must	 be	 approximately	 the	 same	 in	 order	 to	 have	 an	
efficient	polishing	afterwards.	The	parameters	of	the	machine	program	are	summarized	in	
the	table	3	below:		
	
Force	(kN)	 theating	(min)	 Theating	(°C)	 tcooling	(min)	 Tcooling	(°C)	

20	 5	 180	 5	 Room	temperature	

Table	3:	Struers	LaboPress-3	parameters	
	

(a)	
(b)	
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3.1.2. Polishing	
	
The	main	purpose	of	polishing	 is	 to	 flatten	 the	surface	and	remove	 the	 initial	 roughness	
due	to	the	manufacture	in	order	to	have	a	smooth	surface	without	cracks.	Therefore,	this	
step	is	essential	before	applying	any	surface	treatment	and	characterisation.			
	
The	 polishing	 was	 carried	 out	 automatically	 with	 the	 machine	 Struers	 RotoForce-4	 +	
RotoPol-31,	shown	in	the	figure	14	with	its	parameters.	A	total	of	30	discs	(5	discs	/	block)	
are	polished	at	the	same	time.		
	

	
	

Figure	14:	Struers	RotoForce-4	+	RotoPol-31	[34]	and	its	parameters		
	

Firstly,	the	samples	were	polished	with	silicon	carbide	SiC	abrasive	papers	with	different	
particle	 sizes.	 The	 papers	 used	 in	 this	 project	 were	 P240,	 P400,	 P800,	 P1200,	 P2500,	
P4000	(ISO/FEPA	Grit	designation)	in	this	order.	The	switch	to	another	paper	can	be	made	
when	the	sample	surface	is	flat	and	homogeneous,	usually	after	15	minutes.	
	
Then,	a	 finishing	polish	at	1	and	0.05	μm	has	been	carried	out.	This	 last	 step	 took	more	
time:	the	surface	must	be	homogeneous	at	all	points,	must	not	contain	any	cracks	and	must	
have	a	mirror-like	surface.	The	samples	were	polished	between	30min	and	1h20	for	each	
paper.	 Furthermore,	 the	water	 has	 been	 replaced	 by	 alumina	 suspensions	 (respectively	
using	1	 and	0.05	μm	Al2O3	 particles)	 for	 this	 finishing	polish.	 The	 alumina	 solution	was	
added	regularly	on	the	paper.	
	
In	the	rest	of	this	report,	samples	that	have	been	polished	down	to	the	P4000	paper	will	be	
called	“P4000”	and	samples	that	have	been	fully	polished	will	be	called	“Polished”.	Finally,	
the	polished	discs	 are	 removed	 from	 the	 resin	 in	order	 to	 carry	out	 the	 various	 surface	
treatments	and	subsequently	characterise	the	samples.		
	
	

	
Force	(N)	 10	
Time	(min)	 10-15	

Rotational	speed	(RPM)	 150	
Rotation	direction	 Opposite	turn	

Water	 Yes	
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3.1.3. Cleaning	phase	
	
During	 the	 various	 stages	 explained	 above,	 some	 contamination	 might	 remain	 on	 the	
surface	of	the	titanium	disc:	alumina	suspension	during	polishing	and	oil	during	the	resin	
breakage	 for	 instance.	 Contamination	 can	 of	 course	 come	 from	 other	 sources	 such	 as	
laboratory	gloves.		
	
Thus,	 the	discs	underwent	a	cleaning	phase.	They	were	put	 in	a	succession	of	ultrasonic	
bath,	 firstly	 in	 ethanol	 and	 then	 in	 water,	 during	 5	 minutes	 for	 both	 liquids.	 The	
ultrasounds	create	air	bubbles	that	gather	together	following	the	movement	of	the	water.	
By	 cavitation,	 these	 are	 bubbles	will	 increase	 in	 pressure	 and	 temperature	 very	 quickly	
because	of	 the	energy	of	 the	ultrasounds	and	will	destroy	the	 impurities	as	soon	as	they	
come	into	contact	with	the	sample	surface.			
	
To	conclude,	this	same	cleaning	step	will	be	repeated	in	the	course	of	the	project	whenever	
necessary	in	order	to	have	the	same	clean	surface	during	the	various	experiments.		
	

3.2. Surface	treatments	
	

3.2.1. Sandblasting	
	
The	 sandblasting	was	 carried	 out	with	 particles	 and	 a	 blasting	machine	 from	MPA.	 The	
appendix	2	shows	the	technical	specifications	sheet	of	the	abrasive	particles.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	15:	MPA	blasting	machine		
	
The	composition	of	the	particles	(called	“white	corundum”	in	the	technical	sheet)	was	as	
follows:	Al203:	99.78%,	Fe2O3:	0.04%	and	Na2O:	0.18%.	These	are	high-purity	aluminium	
particles,	which	are	very	hard	and	brittle.	Moreover,	two	particles	sizes	are	available	in	the	
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laboratory:	WSK	36	and	WSK	60,	which	correspond	respectively	to	525	µm	and	260	µm.	
The	WSK	60	(260	µm)	particles	were	selected	for	this	treatment	[35].		
	
On	the	other	hand,	the	air	pressure	is	also	a	parameter	to	be	controlled.	With	the	blasting	
machine	present	 in	 the	 laboratory,	 shown	 in	 the	 figure	15,	 the	pressure	 can	be	 selected	
between	1	and	4	bar.	Two	pressures,	1	bar	and	3	bar,	were	chosen	in	order	to	have	two	
different	 surfaces	 of	 the	 same	 technique.	 Samples	 that	 have	 been	 sandblasted	 with	 a	
pressure	of	1	bar	will	be	called	“SB1”	and	samples	that	have	been	sandblasted	with	3	bar	
will	be	called	“SB3”.		
	
Furthermore,	the	distance	between	the	surface	to	be	treated	and	the	nozzle	of	the	blasting	
machine	must	remain	the	same	throughout	the	treatment	and	for	the	two	types	of	surface.	
This	 distance	 was	 5	 cm.	 Finally,	 the	 treatment	 ends	 when	 the	 entire	 surface	 has	 been	
modified	by	the	blasting	particles.			
	

3.2.2. SLA	(Sandblasting	+	Acid	Etching)	
	
As	explained	previously,	 the	SLA	surfaces	are	obtained	thanks	 to	a	sandblasting,	directly	
followed	by	an	acid	etching.	First	of	all,	the	sandblasting	parameters	were	exactly	the	same	
as	those	used	to	obtain	the	surfaces	SB1	and	SB3.	After	that,	they	have	undergone	the	same	
chemical	treatment.		
	
The	acid	bath	was	a	solution	of	37	wt%	(12.1M)	HCl	:	98	wt%	(18.3M)	H2SO4	:	H2O	=	2:1:1.	
Moreover,	 the	 bath	 temperature	 for	 a	 conventional	 SLA	 treatment	 is	 usually	 between		
80	 	°C	and	100	°C	and	the	etching	duration	 is	between	5	and	10	minutes	[5][36].	 In	this	
treatment,	a	temperature	of	80	°C	and	a	duration	of	5	minutes	were	chosen.	Then	the	disks	
were	recovered	and	put	in	distilled	water	for	a	few	minutes	and	finally	dried	carefully	with	
nitrogen	gas.		
	
In	 light	 of	 the	 dangerousness	 of	 the	 acid	 vapours,	 the	 entire	 treatment	was	 carried	 out	
under	a	fume	hood.	By	the	way,	a	lid	was	placed	over	the	strong	acid	bath	to	avoid	these	
vapours	as	much	as	possible.		
	
Thus,	 two	types	of	surfaces	were	produced	and	will	be	called	“SLA1”	and	“SLA3”	 in	 this	
report.		
	

3.2.3. Alkali	treatment		
	
Firstly,	the	alkali	bath	was	a	solution	of	NaOH	at	5M.	To	prepare	the	solution,	20	g	of	pellets	
NaOH	were	dissolved	in	100	mL	of	distilled	water.	This	reaction	is	exothermic.	Moreover,	
the	entire	treatment	was	realized	under	a	fume	hood	and	a	lid	was	placed	over	the	bath,	
once	 again,	 with	 the	 aim	 of	 avoiding	 the	 vapours.	 The	 bath	 temperature	 was	 at	 room	
temperature.		
	
Two	types	of	surfaces	were	produced.	On	one	hand	the	discs	were	left	in	the	bath	for	16	
hours	 and	 on	 the	 other	 hand	 the	 discs	were	 left	 during	 4	 hours.	 Those	 surfaces	will	 be	
called	respectively	“AK16”	and	“AK4”.	
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Secondly,	all	discs	have	undergone	a	heat	treatment:	they	were	put	in	a	heater	at	160	°C	
during	24	hours.		
	
	
Finally,	the	table	4	summarizes	the	9	types	of	surfaces	of	this	project,	presented	above.		
	

Machined	 As-received	samples	
Polished	 Samples	fully	polished	(with	a	finishing	polish)	
P4000	 Samples	polished	down	to	the	P4000	SiC	paper	
SB1	 Samples	sandblasted	at	1	bar	
SB3	 Samples	sandblasted	at	3	bar	
SLA1	 Samples	sandblasted	at	1	bar	+	acid-etched	
SLA3	 Samples	sandblasted	at	3	bar	+	acid-etched	
AK16	 Samples	that	have	undergone	a	Alkali	treatment	during	16	hours	
AK4	 Samples	that	have	undergone	a	Alkali	treatment	during	4	hours	

Table	4:	Summary	of	the	9	types	of	surfaces	in	this	project		
	

3.3. Scanning	Electron	Microscopy		
	
Nowadays,	 the	 microscopic	 investigation	 is	 lead	 by	 the	 Scanning	 Electron	 Microscopy	
(SEM),	which	 is	a	powerful	machine	allowing	the	observation	of	 the	 topography	and	the	
composition	of	all	kinds	of	materials.	To	extract	information	from	a	sample,	a	laser	beam	
composed	of	primary	electrons	hits	 the	 sample	and	 the	electrons	enter	 in	 collision	with	
specimen’s	atoms.	The	primary	electrons	come	 from	a	 tungsten	 filament,	are	 focused	by	
lenses	and	accelerated	thanks	to	a	voltage	(20	kV	in	this	project)	between	an	anode	and	a	
cathode.	Multiple	 interactions	 happen	which	 generates	 a	 lot	 of	 emitted	 elements,	 called	
radiations.	The	figure	16.a	shows	a	schematic	representation	of	the	SEM.		
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	



Surface	treatment	of	titanium	with	antibacterial	properties	for	biomedical	applications	
	 	

	 	 33	

	
	

	
	

	
	
	
	
	
	
	
	

	
	
	
	
	

	
	

	
Figure	16:	(a)	Schematic	representation	of	the	SEM	[37]	and	(b)	interactions	of	the	primary	electron	

beam	in	contact	with	the	sample	[38]		
	
Once	in	contact	with	the	sample,	the	primary	electron	beam	is	divided	into	several	parts	
(figure	 16.b),	 which	 are	 analysed	 thanks	 to	 different	 types	 of	 sensors.	 From	 these	
radiations,	 various	 elements	 can	 be	 collected,	 whether	 they	 have	 an	 elastic	 or	 inelastic	
nature	and	even	they	are	electrons	or	photons.	The	most	important	are	the	following:		
	

v The	 backscattered	 electrons	 (BSE).	 They	 are	 electrons	 that	 undergone	 multiple	
scattering	events	which	has	for	effect	that	they	escape	the	material	with	the	highest	
energy	 of	 all	 elements	 produced	 (over	 50	 eV)	 and	 carry	 information	 about	 the	
chemical	composition	as	they	come	from	beneath	the	surface.		
	

v The	secondary	electrons	(SE).	They	have	significantly	lower	energy	than	the	BSE	(3	
to	5	eV)	and	come	from	the	surface	(around	10	nm),	which	makes	them	useful	for	
topography.		

	
v The	 X-rays,	 which	 provides	 information	 on	 the	 chemical	 nature	 of	 the	 sample.	

Indeed,	the	Energy	Dispersive	X-Ray	Spectroscopy	(EDS)	is	a	method	that	analyses	
the	 characteristics	 X-rays	 emitted	 by	 the	 sample.	 As	 each	 element	 has	 a	 unique	
atomic	structure,	it	allows	the	chemical	characterization	of	the	specimen.		

	
At	the	end	of	the	characterization,	a	grey	level	image	is	obtained,	and	each	shade	of	grey	
corresponds	to	a	different	intensity	of	the	electrons.		
	
	

(a)	 (b)	
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On	the	other	hand,	good	care	must	be	taken	to	systematically	create	a	vacuum	before	using	
the	SEM	in	order	to	avoid	the	filament	oxidation,	the	collision	of	the	primary	electrons	with	
the	molecules	 on	 their	way,	 and	 also	 any	 interaction	 between	 the	 atoms	 in	 the	 sample.	
Furthermore,	 sample	preparation	 is	an	 important	point	 to	consider	as	well:	 the	samples	
must	be	dry,	clean	(without	contaminations)	and	must	conduct	the	electrons.		
	
In	the	course	of	this	project,	two	different	devices	using	the	Scanning	Electron	Microscopy	
have	been	used.	These	are	the	Phenom	XL	Desktop	SEM	from	PhenomWorld	and	the	JSM-
7001F	(Field	Emission	Scanning	Electron	Microscopy)	from	JEOL,	both	visible	in	the	figure	
17.	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

Figure	17:	(a)	Phenom	XL	from	PhenomWorld	[39]	and	(b)	JSM-7001F	from	Jeol	[40]	
	

3.4. Roughness	
	
In	 order	 to	 study	 the	 roughness	 and	 the	 surface	 topography,	 the	 Chromatic	 Confocal	
Microscopy	 has	 been	 used.	 The	 Chromatic	 Confocal	 equipment	 belongs	 to	 the	 family	 of	
non-contact	measurement	techniques.	In	fact,	the	chromatic	sensors	belong	to	the	family	of	
optoelectronic	 sensors	 designed	 for	measuring	 lengths	 (Figure	 18).	 Therefore,	 they	 are	
able	to	determine	several	parameters:	position,	distance,	dimension,	thickness,	roughness,	
vibration,	deformation,	displacement	and	able	to	generate	high-precision	3D	images.	
	

(a)	 (b)	
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Figure	18:	Tree	view	of	the	Chromatic	Confocal	Microscopy	[41]	

 
First	of	all,	the	principle	consists	in	creating	a	polychromatic	light	beam.	Each	wavelength	
is	perfectly	 focused	at	a	precise	position	on	 the	measuring	range.	 In	other	words,	 this	 is	
equivalent	to	creating	an	optical	ruler	where	each	colour	corresponds	to	a	specific	distance.		
	

	
Figure	19:	Diagram	of	the	Chromatic	Confocal	principle	[41][42]	

 
	
The	 coloured	 beam	 is	 projected	 by	 the	 point	 source	 directly	 on	 the	 target,	which	 is	 the	
surface	studied.	Thus,	the	surface	will	return	by	reflection	the	colour	and	consequently	the	
unique	wavelength	corresponding	to	the	position	of	the	illuminated	surface	in	comparison	
to	that	of	the	point	source.	The	figure	19	summarizes	the	technique	operation	in	schematic	
form.	The	point	source	is	associated	with	a	treatment	capable	of	accurately	identifying	the	
colour	that	‘hits’	the	target.	On	top	of	that,	one	of	the	most	important	components	in	this	
technology	is	the	Pinhole,	whose	function	is	to	filter	the	light	coming	from	planes	that	are	
out	of	focus	(above	or	below	the	focal	plane)	in	order	to	obtain	a	higher	image	resolution	
[41][3].		
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Moreover,	 the	 Chromatic	 Confocal	Microscopy	 is	 an	 absolute	 and	 coaxial	measurement,	
which	 offers	 many	 advantages	 and	 especially	 in	 the	 case	 of	 applications	 requiring	 3D	
measurement.	 For	 instance,	 one	 of	 the	 advantages	 is	 to	 respond	 to	 a	 wide	 range	 of	
applications	thanks	to	a	high	resolution.	Also,	the	coaxial	configuration	eliminates	shadow	
effects	and	as	a	result,	can	be	used	for	the	measurement	of	highly	reflective	surfaces,	which	
is	 sometimes	 the	 case	 of	 the	 surfaces	 from	 this	 Master	 Thesis.	 To	 conclude,	 this	
characterization	method	is	compatible	with	almost	all	materials	and	suitable	for	all	surface	
conditions,	from	highly	reflective	(mirror)	to	highly	diffusing	(rough	surface).	On	
the	other	hand,	the	chromatic	encoding	as	well	as	the	decoding	do	not	require	Z-
scanning	and	are	highly	accurate	[43][44].	
	
The	 company	 STIL	 introduced	 the	 chromatic	 concept	 in	 the	 first	 place	 and	
developed	it	over	the	last	20	years.	In	fact,	devices	from	STIL	were	used	in	this	project	to	
study	 the	 surface	 topography	 of	 all	 the	 samples.	 The	 equipment	 was	 the	 Station	
Micromesure	2	3D	connected	to	the	Chromatic	Confocal	Sensor	(CCS)	Prima,	visible	 in	the	
figure	20.		
	

	
	

	
	
	
	
	
	
	

	
	

	
	
	

Figure	20:	(a)	Station	Micromesure	2	3D	and	(b)	CCS	Prima	from	STIL	[44][55]	
	
	
The	entire	station	is	composed	of:		
	

Ø A	Microstep	unit	comprising	motorised	axes	(X,	Y	and	Z),	CCS	sensor	equipped	with	
various	measuring	tools.	

Ø A	control	unit	comprising	a	computer	equipped	with	specific	cards.	
Ø Data	acquisition	software	SurfaceMap	from	STIL	that	enables	the	station	control	via	

an	interface.		

(a)	

(b)	



Surface	treatment	of	titanium	with	antibacterial	properties	for	biomedical	applications	
	 	

	 	 37	

Ø Data	post-processing	software	SPIP	6.6.5	from	Image	Metrology.	It	is	this	software	
that	will	give	the	desired	values,	that	is	to	say	the	different	roughness	values	and	the	
real	surface	area	[44].		

	
For	each	treatment,	one	measurement	on	three	different	samples	was	carried	out.	A	total	of	
27	measures	were	therefore	realized.	Within	the	same	sample,	a	surface	of	0.25	mm2	(X	=	
0.5	mm;	Y	=	0.5	mm)	were	analysed	with	a	step	of	10	µm.	Before	starting	the	measurement,	
special	attention	was	paid	to	the	levelling	step:	the	aim	was	to	have	a	surface	as	horizontal	
as	possible	while	keeping	a	good	focus	intensity	with	the	motorised	axis	Z.	Finally,	the	data	
have	been	processed	and	analysed	in	the	software	SPIP	6.6.5.	
	

3.5. Surface	energy	/	Contact	angle		
	

3.5.1. Generalities	
	
Surface	tension	is	a	physical-chemical	phenomenon	related	to	the	molecular	interactions	of	
a	 fluid.	 It	 is	 the	 result	 of	 an	 increase	 of	 energy	 at	 the	 interface	 between	 two	 ‘media’.	 In	
addition,	the	system	tends	to	a	balance	that	corresponds	to	the	lower	energy	configuration.	
The	force	that	maintains	the	system	in	this	configuration	is	called	the	surface	tension.	 In	
fact,	 the	 surface	 properties	 of	 a	 biomaterial	 will	 affect	 its	 biological	 response	 and	 its	
bacteria	adhesion	when	it	is	implanted,	hence	the	importance	of	knowing	them	[46].	The	
surface	 tension	of	a	 solid	cannot	yet	be	directly	measured.	 Its	assessment	must	be	done	
indirectly,	mostly	relying	on	contact	angle	measurements	and	their	interpretation	[47].	
	
The	 surface	 interaction	 of	 the	 implant	 with	 the	 surrounding	 tissues	 will	 depend	 on	 its	
chemical,	physical,	mechanical	and	topographical	properties.	Therefore,	contact	angles	and	
wettability	 might	 be	 one	 of	 the	 main	 surface	 factors	 to	 be	 considered	 when	 selecting	
implant	biomaterials	[48].	
	
Measuring	 the	 contact	 angle	 of	 a	 liquid	with	 a	 solid	 is	 a	 simple	 technique	 that	 gives	 us	
information	 about	 the	wettability	 of	 the	material	 surface.	 A	 low	 contact	 angle	 indicates	
good	wettability,	it	means	that	the	liquid	must	flow	easily	over	the	surface	and	adhere	to	it,	
whereas	a	high	contact	angle	results	 in	poor	wettability.	 In	conclusion,	when	the	contact	
angles	increases,	the	wettability	decreases	[48].		
	
The	main	aim	of	this	test	is	to	see	whether	the	various	surface	treatments	affect	wettability,	
and	 on	 the	 other	 hand	 determine	 which	 surface	 has	 the	 lowest	 contact	 angle.	 Finally,	
surface	energy	will	be	calculated.		
	

3.5.2. Settings	and	equipment	
	
First	of	all,	manipulations	must	be	done	with	gloves	and	the	titanium	discs	have	undergone	
a	cleaning	phase	(first	ethanol	and	then	distilled	water	in	an	ultrasonic	bath	during	several	
minutes)	in	order	to	avoid	any	contamination.	Indeed,	the	contact	angle	is	very	sensitive	to	
the	cleanliness	of	the	surface.		
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Contact	 angles	 were	 obtained	 using	 the	 sessile	 drop	 method	 with	 the	DataPhysics	 OCA	
(Optical	 Contact	 Angle)	 15EC	 contact	 angle	 analyse.	 This	 instrument	 consists	 of	 a	 CCD	
videocamera	with	 a	 resolution	 of	 768x576	 pixels	 and	 up	 to	 50	 images	 per	 second	 and	
multiple	dosing	syringe	units	[47].	The	OCA	models	from	DataPhysics,	shown	in	the	figure	
21,	combine	high-resolution	optics,	exact	liquid	dosing	and	precise	sample	positioning	into	
powerful	and	reliable	measuring	systems.		
	
	

	
Figure	21:	Equipment	OCA	15EC	from	DataPhysics	[49]	

	
A	 small	 amount	of	 liquid	 is	placed	gently	on	 the	 samples	 surface	and	 forms	a	drop.	The	
angle	 of	 intersection	 of	 a	 line	 tangent	 to	 the	 liquid	 and	 the	 surface	 of	 the	 solid	 that	 it	
contacts	 is	 the	contact	angle.	This	angle	 is	 characteristic	of	 the	substances	 in	 the	system	
because	of	the	surface	tension	of	the	liquid	and	the	surface	energy	of	the	solid,	modified	by	
certain	properties	such	as	roughness.	In	this	characterisation,	the	dosing	volume	was	3	µl	
with	a	dosing	rate	of	1	µl/s.	Particular	attention	will	be	paid	to	never	touch	the	needle	tip	
with	our	samples	or	other	liquids	than	the	one	used.		
	
Then,	the	digital	drop	image	was	processed	by	the	analysis	software	SCA	20	–	contact	angle	
as	shown	in	the	figure	22,	which	calculated	both	the	left	and	right	contact	angles	from	the	
shape	of	the	drop	with	an	accuracy	of	0.1°.	 In	order	to	get	the	result,	 the	sample	surface	
must	be	selected	as	well	as	the	contour	of	the	drop.	Depending	on	the	tool	used,	the	surface	
returns	either	the	left	and	right	angles	or	a	common	angle.		
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Figure	22:	Contact	angle	measurement	with	the	software	SCA20	

	
Furthermore,	 experiences	 were	 made	 at	 room	 temperature	 and	 all	 the	 measurements	
were	 taken	 directly	 after	 putting	 the	 liquid	 drop	 on	 the	 surface.	 Indeed,	 the	more	 time	
passes,	the	more	the	drop	reduces	and	finally	evaporates	[50].		
	
All	surfaces	have	been	tested.	The	number	of	measures	 for	each	treatment	depended	on	
the	quantity	of	discs	available.	The	objective	was	to	carry	out	at	least	10	measurements	for	
each	 treatment	 and	 for	 all	 liquids,	 whenever	 possible.	 In	 most	 cases	 and	 when	 it	 was	
possible,	 two	measurements	were	made	on	a	 same	disc	 in	order	 to	evaluate	 the	surface	
homogeneity.		
	

3.5.3. Calculation	of	surface	tension	/	surface	energy	
	
From	contact	angle	measurements	 following	the	protocol	described	above,	calculation	of	
surface	 tension	 of	 the	 solid	𝜎!	 is	 now	 possible.	 To	 do	 so,	 the	well-known	 Young-Dupré	
formula	is	used.	This	relation	establishes	the	balance	of	forces	in	the	interfaces	between	the	
solid,	the	air	and	the	liquid	as	shown	in	the	following	figure	23.	
	
	

	
Figure	23:	Drop	of	a	water	on	a	substrate	/	Young-Dupré	formula	[49]	

	
Therefore,	the	Young-Dupré	equation	can	be	written	as:		
	

𝝈𝑺 = 𝝈𝑺𝑳 + 𝝈𝑳 𝒄𝒐𝒔𝜽          (𝟏)											
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with	 	𝝈𝑺:	 surface	 tension	 of	 the	 solid;	𝝈𝑳:	 surface	 tension	 of	 the	 liquid;	𝝈𝑺𝑳:	 solid-liquid	
interfacial	tension;	𝜽:	Young	contact	angle.	
	
For	macroscopic	drops,	for	which	the	effect	of	line	tension	is	negligible,	the	Young	contact	
angle	 is	an	excellent	approximation	of	 the	 ideal	contact	angle	that	prevails	on	 ideal	solid	
surfaces	and	characterizes	their	intrinsic	wettability	[47].	Nevertheless,	Young’s	equation	
can	describe	ideal	solids	that	are	smooth,	flat	and	chemically	homogeneous,	that	is	to	say,	
the	roughness	of	the	material	should	be	taken	into	consideration	in	every	measurement:	
the	rougher	the	solid,	the	harder	it	is	to	correlate	the	measured	values	with	the	chemical	
properties	of	the	surface	[51].		
	
The	surface	tension	of	the	liquid	𝜎!	is	already	known	and	easily	obtained	in	the	literature.	
It	depends	of	course	on	the	liquid	used.	The	choice	of	the	right	liquids	for	this	purpose	may	
be	 critical.	 In	 this	 test,	 the	measurements	 are	 repeated	 for	 three	 liquids:	 distilled	water	
H2O,	 diiodomethane	 CH2I2	 and	 formamide	 CH3NO.	 The	 diiodomethane	 (or	 methylene	
iodide)	 is	 an	 organoiodine	 compound	 that	 is	 corrosive	 and	 toxic.	 The	 user	 must	 work	
under	 chamber	when	 inserting	 this	 liquid	 into	 the	 equipment	 needle	 and	 pay	 attention	
during	its	handling.	Formamide	(or	methanamide)	is	manipulated	under	chamber	as	well.	
Furthermore,	 ethylene	 glycol	 is	 also	 often	 used	 as	 a	 test	 liquid	 in	 wettability	
characterization.	The	surface	tensions	of	these	four	liquids	are	summarised	in	the	table	5	
below:		
	

	 Surface	
Tension	

Dispersive	
component	

Polar	
component	

Water,	H2O	 72.8	 26.4	 46.4	
Formamide,	CH3NO	 58	 22.4	 34.6	
Diiodomethane,	CH2I2	 50.8	 50.8	 0	
Ethylene	glycol,	C2H6O2	 47.7	 26.4	 21.3	

	
Table	5:	Surface	tension	and	its	components	of	the	probe	liquids	at	20°C,	in	mN/m	[52]	

	
Water	 should	 always	 be	 used	 for	 all	 methods	 because	 of	 its	 marked	 hydrogen	 bridge	
formation	and	its	amphoteric	character	unless	it	chemically	changes	the	solid	surface	[51].	
Moreover,	the	surface	energy	of	a	liquid	is	identical	to	its	surface	tension.	
	
On	the	other	hand,	specific	surface	interactions,	surface	reactivities	and	solubilities	need	to	
be	considered.	The	surface	energy	of	a	solid	 is	not	an	exact	value.	 Indeed,	 there	are	 two	
independent	variables:	 the	 liquids	 that	are	used	 for	contact	angle	 testing	and	 the	 theory	
chosen	for	data	analysis.	There	are	several	used	theories	for	converting	contact	angle	data	
into	solid	surface	energy	values.	However,	meaningful	differences	exist	among	the	surface	
tensions/energies	 calculated	using	 the	various	known	methods	because	none	of	 them	 is	
universal	and	model	perfectly	the	reality	[52]:	
	

Ø The	 first	 type	 considers	 surface	 tension	 to	 consist	 of	 non-polar	 (dispersion)	 and	
various	polar	(non-dispersive)	contributions	(Owens	and	Wendt,	Wu,	Fowkes,	acid-
base	approach).		
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Ø The	second	type	assumes	that	𝜎!"	is	a	function	of	only	𝜎!	and	𝜎!	(equation	of	state,	
Girifalco	and	Good)	[46][47].		
	

In	this	Master	thesis,	two	models	(one	per	group)	will	be	studied.		
	

• ‘Harmonic	Mean’	model	
	
The	 ‘Harmonic	Mean’	 technique,	 which	 is	 part	 of	 the	 second	 group,	 was	 chosen	 in	 this	
project	to	calculate	the	surface	tension	of	the	solid-liquid	[46]:		
	

𝝈𝑺𝑳 = (𝝈𝑳
𝟏/𝟐 − 𝝈𝑺

𝟏/𝟐)𝟐          (𝟐)	
	
Hence,	the	combination	of	equations	(1)	and	(2)	allows	to	finally	obtain	the	surface	tension	
of	the	solid:		
	

𝝈𝑺 = 𝝈𝑳
(𝟏+ 𝐜𝐨𝐬𝜽)𝟐

𝟒           (𝟑)	
	
An	average	of	the	three	surface	tensions	obtained	thanks	to	the	three	liquids	is	then	carries	
out.	
	

• Fowkes	Theory,	a	two-component	model	[51][52]	
	
The	Fowkes	model,	which	is	part	of	the	first	group,	is	the	most	widely	used	two-component	
surface	energy	 theory.	Like	 the	Owens	and	Wendt	 theory,	Fowkes	described	 the	surface	
energy	 of	 a	 solid	 as	 having	 a	 dispersive	 component	 and	 a	 polar	 component.	 These	
components	are	summarized	in	table	5	for	every	test	liquid.	The	mathematics	behind	the	
two	techniques	is	equivalent.	Fowkes	method	is	based	on	three	equations,	which	describe	
interactions	between	solid	surfaces	and	liquids:		
	

v Young-Dupré	equation	(𝟏);	
v Dupré’s	definition	of	Adhesion	Energy:		

	
𝑰𝑺𝑳 = 𝝈𝑺 + 𝝈𝑳 − 𝝈𝑺𝑳          (𝟒)	

	
v Fowkes’s	theory	(the	adhesive	energy	between	a	solid	and	a	liquid	can	be	separated	

into	interactions	between	the	dispersive	components	and	interactions	between	the	
polar	components	of	the	two	phases):		

	

𝑰𝑺𝑳 = 𝟐  (𝝈𝑳𝑫)
𝟏
𝟐 (𝝈𝑺𝑫)

𝟏
𝟐  + (𝝈𝑳𝑷)

𝟏
𝟐 (𝝈𝑺𝑷)

𝟏
𝟐           (𝟓)	

	
with	 	 𝑰𝑺𝑳:	 energy	 of	 adhesion	 per	 unit	 area	 between	 a	 liquid	 and	 a	 solid	 surface;	 𝝈𝑳𝑫:	
dispersive	component	of	the	surface	tension	of	the	wetting	liquid;	𝝈𝑳𝑷:	polar	component	of	
the	surface	tension	of	the	wetting	liquid;	𝝈𝑺𝑫:	dispersive	component	of	the	surface	energy	of	
the	solid;	 𝝈𝑺𝑷:	polar	component	of	the	surface	energy	of	the	solid.		
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The	combination	of	these	three	equations	leads	to	the	primary	equation:	
	

(𝝈𝑳𝑫)
𝟏
𝟐 (𝝈𝑺𝑫)

𝟏
𝟐  + (𝝈𝑳𝑷)

𝟏
𝟐 (𝝈𝑺𝑷)

𝟏
𝟐 =

𝝈𝑳(𝟏+ 𝐜𝐨𝐬𝜽)
𝟐           (𝟔)	

	
The	first	step	is	to	determine	the	dispersive	component	of	the	surface	energy	of	the	solid	
𝜎!!	by	using	a	liquid,	which	has	only	a	dispersive	component	to	its	surface	tension.	In	this	
case, 𝜎!!	=	0,	𝜎!!	=	𝜎!	and	the	primary	equation	(𝟔)	reduces	to:		
	

𝝈𝑺𝑫 =
𝝈𝑳(𝟏+ 𝐜𝐨𝐬𝜽)𝟐

𝟒           (𝟕)	
	
Thus,	 diiodomethane	 is	 the	 probe	 liquid	 that	 is	 used	 for	 this	 step	 since	 it	 has	 no	 polar	
component	to	its	overall	surface	because	of	its	molecular	symmetry.		
	
Then,	 the	 second	 step	 is	 to	determine	 the	polar	 component	of	 the	 surface	energy	of	 the	
solid	𝜎!!	by	using	a	liquid,	which	has	both	a	dispersive	and	a	polar	component	to	its	surface	
tension.	 Knowing	 know	 𝜎!!	 thanks	 to	 the	 first	 step,	 𝜎!!	 is	 now	 the	 only	 component	
unknown	in	the	primary	equation:		
	

𝝈𝑺𝑷 =
𝝈𝑳(𝟏+ 𝐜𝐨𝐬𝜽)

𝟐 − (𝝈𝑳𝑫)
𝟏
𝟐 (𝝈𝑺𝑫)

𝟏
𝟐

(𝝈𝑳𝑷)
𝟏
𝟐

𝟐

          (𝟖)	

	
Usually,	Fowkes	theory	is	applied	using	contact	angle	date	from	only	two	liquids.	Most	of	
the	 time,	 the	 recommended	 liquids	 are	 diiodomethane	 and	 water.	 In	 this	 project,	 the	
theory	 will	 be	 carried	 out	 with	 diiodomethane/water	 but	 also	 with	
diiodomethane/formamide.		
	
The	 Fowkes	 theory,	 being	 a	 two-parameter	 model,	 works	 well	 for	 the	 same	 types	 of	
surfaces	as	the	Owens/Wendt	theory,	that	is	to	say,	surfaces	which	have	low	surface	charge	
and	moderately	polar	in	nature.	In	addition,	one	of	the	advantages	of	the	Fowkes	method	is	
that	it	also	works	well	on	higher	energy	surfaces.	
	

3.6. Bacterial	analysis		
	
The	 antibacterial	 response	of	 the	 various	 treatments	was	 characterised	using	 a	 bacteria	
adhesion	test	to	the	surface	of	the	samples.	This	part	explains	in	detail	all	the	steps	carried	
out.	The	final	objective	is	to	quantify	the	number	of	bacteria	that	are	present	on	the	surface	
of	the	titanium	after	an	adhesion	phase.	
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3.6.1. Preparation	of	agar	plates	and	culture	medium	
	
First	and	foremost,	a	certain	amount	of	agar	plates	(plates	of	Petri)	must	be	prepared	prior	
to	this	test.	This	number	depends	not	only	on	the	quantity	of	samples	to	be	analysed	but	
also	on	 the	number	of	dilutions	 to	be	made.	 In	 this	 test,	 all	 the	9	 treatments	previously	
done	will	be	analysed	using	one	disc	per	treatment.	Moreover,	the	culture	and	the	diluting	
medium	(BHI	and	PBS	respectively)	used	in	this	test	are	characterized	as	a	negative	test.	
Finally,	a	positive	test	with	the	culture	medium	has	to	be	done	as	well.	Therefore,	42	plates	
of	Petri	are	required.	
	
According	 to	several	experiments	carried	out	 formerly,	500	mL	of	solution	can	cover	24	
plates.	Consequently,	1	L	of	solution	has	been	prepared	using:	

• 37	g	of	brain	heart	infusion	(BHI)	broth	from	Scharlau	Microbiology;	
• 15	g	of	agar	bacteriological	from	Scharlau	Microbiology;	
• 1	L	of	distilled	water.	

	
The	 BHI	 broth	 is	 a	 nutrient	 rich	 medium	 suitable	 for	 the	 isolation	 of	 pathogenic	
microorganisms	from	clinical	specimens	whereas	the	agar	bacteriological	is	a	gelling	agent	
selected	for	solidifying	the	microbiological	culture	medium.		
	
Then,	 the	mixture	will	be	autoclaved	 in	order	 to	be	sterilized.	 Indeed,	 the	purpose	of	an	
autoclave,	which	is	hermetically	closed,	is	to	attain	microbiological	sterility.	To	achieve	this,	
the	sterilising	agent	 is	 the	water	vapour,	either	saturated	under	pressure	or	overheated.	
Steam	sterilization	is	the	most	commonly	used	method	of	sterilization	in	all	areas.	With	a	
pressure	 that	 can	exceed	 the	atmospheric	one,	 the	water	 in	 the	autoclave	begins	 to	boil	
above	100	°C.	Thereby,	the	sterilisation	cycle	consists	of	four	main	steps:		
	

Ø 1/	Increase	in	pressure	and	temperature.	Waters	will	turn	either	into	water	vapour	
or	overheated	water.	This	first	stage	is	done	by	different	vacuum	phases	in	order	to	
have	a	perfect	vacuum.		

Ø 2/	 ‘Bearing’	 and	sterilization.	The	bearing	 temperature	 is	maintained	 for	a	giving	
time.		

Ø 3/	Decrease	of	the	temperature	and	the	pressure	for	a	decrease	of	the	heat.		
Ø 4/	Back	to	atmospheric	pressure	and	normal	conditions.	[53]		
	

The	parameters	 of	 the	 autoclave	programme	were	30	minutes,	 1	 bar	 and	121	 °C	which	
corresponds	to	the	temperature	of	the	sterilization	stage.		
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Figure	24:	Autoclave	SterilMax	from	the	group	Selecta	[54]		

	
On	the	other	hand,	the	glassware	used	must	be	able	to	withstand	the	temperature	and	the	
pressure	in	the	autoclave.	Furthermore,	the	cork	must	never	be	completely	closed	to	let	the	
gases	 escape	 and	 avoid	 too	 much	 pressure	 and	 consequently	 explosion	 of	 the	 glass	
container.	
	
From	now	on,	the	rest	of	the	test	and	all	manipulations	will	be	done	under	the	laminar	flow	
cabinet	 to	maintain	 proper	 conditions.	 This	 one	 is	 prepared	 in	 advance	with	 ultraviolet	
(UV)	light	during	10	minutes	in	order	to	disinfect	the	surfaces.	In	addition,	everything	that	
enters	 the	 cabinet	 (hands,	 instruments…)	 must	 also	 be	 disinfected	 using	 ethanol.	 If	
disinfection	 is	 not	 applied	 throughout	 the	 all	 test,	 this	 can	 lead	 to	 errors	 quite	 easily.	
Special	attention	will	be	paid	to	this	issue.	
	

	
Figure	25:	Laminar	flow	cabinet	PV-100	from	Telstar	[55]	

	
In	the	laminar	flow	cabinet,	the	BHI	+	Agar	solution	is	poured	in	the	plates	until	it	covers	
the	entire	surface.	When	the	liquid	has	cooled	and	solidified	into	agar,	the	plates	have	been	
closed	avoiding	dew	and	arranged	in	such	a	way	that	the	agar	is	on	top	in	order	to	avoid	
contamination.	In	the	end,	when	the	plates	are	not	in	use,	they	are	kept	in	a	fridge	at	4	°C.		
	
Secondly,	a	solution	of	Phosphate-Buffered	Saline	(PBS)	was	prepared	by	putting	a	5	g	PBS	
tablet	from	Gibco	(Phosphate:	10	mM,	Potassium	Chloride	KCl:	2.68	mM,	Sodium	Chloride	
NaCl:	140	mM	[56])	in	500	mL	of	distilled	water.	The	solution	is	sterilized	with	the	same	
autoclave	programme	(121	°C,	1	bar,	30	min)	as	the	one	used	before	for	the	BHI	+	Agar.		
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3.6.2. Preparation	of	the	inoculum	and	adhesion	

	
To	 begin	with,	 a	 colony	 of	 bacteria	 Staphylococcus	 aureus	 (strain	 CCUG	 15915,	 Culture	
Collection	University	 of	Gothenburg,	 Sweden)	was	 introduced	 in	10	mL	of	BHI	medium.	
This	solution	is	kept	in	an	oven	at	37	°C	and	used	to	make	the	inoculum	for	24h.		
	
The	 first	step	 is	 to	obtain	an	absorbance	of	0.20	 for	 the	 inoculum.	 Indeed,	 in	accordance	
with	the	literature	and	previous	BBT	experiences,	an	absorbance	of	0.20	corresponds	to	a	
concentration	of	1.108	bacteria/mL.	To	do	this,	a	photometer	from	Fisher	Scientific	is	used	
and	 the	 reference	 (Abs	 =	 0)	 has	 been	 set	 up	with	 1	mL	 of	 BHI.	 The	 absorbance	 of	 the	
prepared	inoculum	is	measured,	and	then	diluted	with	BHI	medium	as	much	as	necessary	
to	achieve	the	desired	value	of	0.20.	Thus,	10	mL	of	an	inoculum	with	absorbency	at	0.20	
were	prepared.	Prior	to	any	use,	the	container	must	be	shaken	thanks	to	a	vortex	because	
bacteria	tend	to	precipitate	in	solution	with	the	medium	and	therefore	settle	at	the	bottom.		
	

	
Figure	26:	Photometer	‘Cell	density	meter	model	40’	from	Fisher	Scientific	[57]	

	
In	view	of	the	numerous	titanium	discs	and	dilutions	to	be	prepared,	two	Biolite	48	(6x8)	
Well	 Multidish	 from	 ThermoScientific	 were	 used.	 The	 titanium	 discs	 were	 arranged	 as	
follows:	
	

-	 +	 Pol.	 Mec.	 SB1	 SB3	
	

SLA1	 SLA3	 P4000	 AK16	 AK4	 	
	
1mL	of	inoculum	is	placed	in	each	cell.	One	compartment	is	intended	for	the	negative	test		
(-)	where	 there	 is	 only	 the	 culture	medium	BHI.	 Indeed,	 BHI	 is	 used	 to	 dilute	 the	 basic	
inoculum	to	obtain	the	inoculum	with	Abs	=	0.20.	The	purpose	of	this	negative	test	is	to	see	
if	there	is	any	contamination	in	the	initial	culture	medium	or	during	the	path	between	the	
laminar	flow	cabinet	and	the	heater	for	the	adhesion.	Only	1	mL	of	inoculum	is	placed	in	
the	positive	(+)	cell.	
	
Before	being	put	in	the	Multidish,	the	titanium	discs	have	undergone	a	cleaning	phase:	first	
ethanol	and	then	distilled	water	in	an	ultrasonic	bath	during	several	minutes.	This	phase	
removes	 any	 bacteria	 present	 on	 the	 surface	 and	 avoids	 the	 influence	 of	 any	 organic	
contamination	on	the	antibacterial	response.	1	mL	of	inoculum	is	placed	on	each	disc.		
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Finally,	the	two	Multidish	are	put	in	the	oven	at	37	°C	during	1	h:	this	is	the	adhesion	step.	
Depending	 on	 the	 treatment	 and	 the	 surface	 of	 each	 disc,	 bacteria	 will	 adhere	 to	 it	 on	
different	 quantities.	 The	 measure	 of	 those	 quantities	 is	 the	 main	 goal	 of	 this	 bacterial	
analysis.	
	

3.6.3. Cleaning	with	PBS	and	dilutions	
	
After	 the	 time	 of	 adhesion,	 the	 discs	were	 first	 of	 all	 recovered	 from	 the	Multidish	 and	
cleaned	 one	 by	 one	 using	 PBS	 in	 a	 pipette	 Pasteur.	 This	 cleaning	 phase	 is	 necessary	
because	it	removes	planktonic	bacteria	that	are	on	the	surface	but	have	not	adhered.	Thus,	
the	PBS	is	just	going	to	drag	those	bacteria	out	and	keep	only	the	ones	we	are	interested	in,	
the	bacteria	that	have	actually	adhered	to	the	surface.		
	
Then,	 the	 titanium	 discs	 are	 placed	 individually	 in	 15	mL	 tubes	with	 2	mL	 of	 PBS.	 The	
liquids	must	 be	 vortexed	 in	 order	 to	 detach	 the	 bacteria	 from	 the	 samples	 surface.	 It	 is	
from	these	tubes	that	the	first	dilution	will	be	carried	out.	Therefore	it	is	necessary	that	the	
contents	are	homogeneous	for	all	the	tubes.		
	
The	various	dilutions	(1:100;	1:500;	1:1000;	1/10000)	were	made	as	shown	in	the	figure	
27	and	using	the	culture	medium	BHI:		
	

	 -	BHI	
N1	

+	 Pol.	 Mec.	 SB1	 SB3	 	

1:10	 -	PBS	
N2	

+	int	 Pul.	int	 Mec.	int	 SB1	int	 SB3	int	 0,1	mL	from	the	
tubes/0,9	mL	

	 	 	 	 	 	 	 	
1:100	 	 P1	 A1	 B1	 C1	 D1	 0,1	from	1:10/0,9	
1:500	 	 P2	 A2	 B2	 C2	 D2	 0,2	from	1:100/0,8	
1:1000	 	 P3	 A3	 B3	 C3	 D3	 0,1	from	1:100/0,9	
1:10000	 	 P4	 A4	 B4	 C4	 D4	 0,1	from	1:1000/0,9	

	 	 	 	 	 	 	 	
	

	 SLA1	 SLA3	 P4000	 AK16	 AK4	 	
1:10	 SLA1	int	 SLA3	int	 P4000	int	 AK16	int	 AK4	int	 0,1	mL	from	the	

tubes/0,9	mL	
	 	 	 	 	 	 	

1:100	 E1	 F1	 G1	 H1	 I1	 0,1	from	1:10/0,9	
1:500	 E2	 F2	 G2	 H2	 I2	 0,2	from	1:100/0,8	
1:1000	 E3	 F3	 G3	 H3	 I3	 0,1	from	1:100/0,9	
1:10000	 E4	 F4	 G4	 H4	 I4	 0,1	from	1:1000/0,9	

	 	 	 	 	 	 	
	

Figure	27:	Dilutions	in	the	two	Multidish	during	the	bacterial	analysis	
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An	 intermediate	 dilution	 of	 1:10	 has	 been	made	 to	 do	 the	 rest	 of	 the	 dilutions	 because	
working	directly	with	volumes	of	10	µl	to	do	the	dilution	1:100	can	lead	rapidly	to	some	
errors.		
	
Furthermore,	 a	 compartment	 has	 been	 filled	 with	 only	 1	 mL	 of	 PBS	 (N2)	 to	 test	 any	
possible	contamination	of	the	PBS,	which	was	used	to	clean	the	discs	but	also	as	a	medium	
in	the	tubes.	 
	

3.6.4. Spreading	bacteria	on	the	plates	and	counting	
	
The	last	step	of	the	test	is	to	put	each	solution/dilution	in	the	corresponding	agar	plate.	To	
do	 this,	 the	various	samples	are	pipetted	(100	µl)	onto	 the	surface	of	 the	agar	plate	and	
then	 spread	 over	 using	 a	 sterile	 glass	 spreader.	 Between	 two	 plates,	 the	 glass	 spreader	
must	 always	 be	 drop	 in	 an	 ethanol	 bath,	 sterilize	with	 a	 flame	 and	 then	 cool	 in	 the	 lid,	
where	 there	 are	 no	 bacteria.	 Forgetting	 a	 step	 in	 the	 process	 could	 also	 lead	 to	 errors	
because	of	bacteria	contamination.		
	
Once	this	last	step	completed,	the	plates	were	put	in	the	oven	at	37	°C	during	24h	and	in	
such	a	way	that	the	agar	is	on	top	to	avoid	contamination.		
	
In	the	end,	after	the	proliferation,	colonies	of	bacteria	appeared	in	the	plates	as	shown	in	
the	figure	28.	As	a	result,	all	colonies	are	counted	for	each	plate	whenever	possible.		
	

	
Figure	28:	Colonies	of	bacteria	to	be	counted	in	an	agar	plate	

	
	
In	conclusion,	the	entire	protocol	will	be	repeated	4	times	in	order	to	have	several	values	to	
analysed	and	a	certain	reproducibility.	Nevertheless,	 in	view	of	the	results	obtained	with	
the	dilutions	1:1000	and	1:10000,	these	will	not	be	carried	out	in	the	next	experiments.		
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4. Results	

4.1. SEM	/	EDS	
	
Further	to	the	surface	treatments,	all	samples	were	analysed	a	first	time	at	the	SEM/EDS.	
The	idea	was	to	globally	characterize	the	various	surfaces	and	potentially	notice	incoherent	
elements	on	them.	In	this	section,	the	surfaces	will	be	introduced	separately.	
	

v Machined	sample	
	

	
Figure	29:	Images	SEM	of	a	‘Machined’	surface	

	
The	machining	marks	 resulting	 from	 the	 turning	 and	milling	 operation	 are	 visible	more	
precisely	in	the	figure	29	as	well	as	plastic	deformations.		
	

v Polished	samples	
	

	
Figure	30:	Images	SEM	of	a	‘Polished’	surface		

	
At	this	scale,	surfaces	can	quickly	and	easily	become	polluted	by	organic	contaminations.	
For	 example,	 the	 surface	 presented	 in	 the	 figure	 30	 is	 not	 properly	 cleaned.	 Those	
contaminations	might	 come	 from	 the	 air	 and	 the	 gloves	 during	 the	 sample	 preparation.	
They	 need	 to	 be	 removed	 as	 much	 as	 possible	 by	 repeating	 the	 cleaning	 phase.	 The	
appendix	3.1	shows	the	SEM	images	of	a	‘P4000’	surface.	
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v SB	samples	
	

	
Figure	31:	Images	SEM	of	a	‘SB1’	surface		

	
Firstly,	 the	 figure	31	 shows	 the	SEM	 images	of	 a	 sandblasted	 surface.	Many	 ‘cracks’	 and	
plastic	 deformations	 due	 to	 the	 projection	 of	 hard	 particles	 could	 be	 observed.	 	 On	 the	
other	 hand,	 backscattered	 electrons	 (BSE)	 were	 use	 as	 well	 in	 order	 to	 have	 more	
information	on	the	treatment	and	elements	that	are	easier	to	identify.	Thus,	the	figure	32	
below	demonstrates	a	BSD	full	image	of	this	surface.		
	

	
Figure	32:	Image	BSD	full	of	a	‘SB1’	surface	and	atomic	percentages	

	of	2	spots	measured	by	EDS	
	
In	 the	 BSD	 full	 image,	 dark	 areas	 do	 not	 have	 the	 same	 composition	 as	 the	 rest	 of	 the	
surface.	The	grey	contrast	is	based	on	the	highest	signal	due	to	the	titanium,	which	has	a	
higher	atomic	number	than	aluminium	or	oxygen.	The	same	image	was	then	taken	using	
this	time	the	SEM	and	the	atomic	percentages	were	obtained.	Therefore,	the	dark	areas	are	
alumina	 Al2O3	 particles,	 which	 come	 from	 the	 sandblasting	 treatment.	 However,	 atomic	
composition	 values	 are	 approximate/semi-quantitative.	 Moreover,	 the	 oxygen	 comes	
obviously	from	the	alumina	particles	but	also	from	the	titanium	oxide	TiO2	layer.	Finally,	
there	 is	 no	 aluminium	 or	 oxygen	 in	 the	 white	 areas.	 The	 appendix	 3.2	 shows	 the	 SEM	
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images	of	a	‘SB3’	surface.	The	same	process	with	the	BSD	image	and	the	ESD	analysis	was	
repeated	and	alumina	particles	have	been	identified	as	well.	
	

v SLA	samples	
	

	
Figure	33:	Images	SEM	of	a	‘SLA1’	surface		

	
The	figure	33	shows	SEM	images	of	a	SLA	surface	and	in	comparison	with	the	SB	surfaces	
studied	previously,	no	alumina	particles	have	been	identified.	This	is	logical	because	of	the	
acid	 chemical	 etching	 subsequent	 to	 the	 sandblasting	 on	 the	 titanium	 surfaces,	 that	
removes	all	traces	of	alumina.	The	appendix	3.3	shows	the	SEM	images	of	a	‘SLA3’	surface.	
According	 to	 the	 SEM	 images	 (x300	 and	 x1000)	 in	 the	 figure	 33	 and	 appendix	 3.3,	 the	
‘SLA3’	 surface	seems	 to	have	deeper	cracks	and	consequently	a	greatest	 roughness	 than	
the	‘SLA1’	surface.	Results	presented	later	in	this	report	will	support	this	observation.		
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v AK	samples	
	

	
Figure	34:	Images	SEM	of	a	‘AK16’	surface		

	
The	‘AK16’	surface,	visible	in	the	figure	34,	seems	to	be	smooth	and	homogeneous	contrary	
to	 the	 last	 surfaces	 studied.	 The	 ‘AK4’	 surface,	 presented	 in	 the	 appendix	 3.4	 is	 not	 as	
homogeneous.		
	
On	top	of	 that,	 the	figure	34	shows	a	surface,	which	appears	quite	clean.	Nevertheless,	 it	
was	 not	 the	 case	 before	 several	 cleaning	 steps.	 Indeed,	 in	 the	 first	 place,	 there	 were	
numerous	crystals	on	 the	entire	 surface,	 as	 illustrated	 in	 the	 figure	35.	According	 to	 the	
EDS	analysis,	it	was	NaCl	crystals.	The	chlorine	may	come	from	different	sources	(the	water	
used	to	clean	the	samples	may	not	be	very	well	distilled;	any	pollutant	at	any	stage	of	the	
process…).		
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Figure	35:	Images	SEM	of	a	‘AK16’	surface	and	atomic	percentage	of	1	spot	measured	by	EDS	

	
The	same	crystals	have	been	observed	on	the	‘AK4’	surface	although	their	shape	was	more	
rectangular.	 In	any	case,	 this	contamination	must	be	eliminated.	As	a	result,	 the	samples	
were	immersed	in	distilled	water	during	several	minutes	in	order	to	dissolve	the	crystals.		
	
	
To	conclude,	all	 surfaces	have	been	analysed	by	EDS	and	 their	chemical	 composition	 (in	
%weight)	are	summarized	in	the	table	6	below:		

	
Table	6:	Chemical	composition	(in	%weight)	measured	by	EDS	depending	on	the	surface		

	
First	of	all,	it	is	known	that	titanium	has	a	great	affinity	with	carbon	and	oxygen,	and	this	
table	supports	this.	By	the	way,	the	high	affinity	with	oxygen	is	the	reason	why	an	oxide	
titanium	layer	is	formed	on	the	surface	and	this	layer	will	act	as	a	barrier	to	chemical	attack	
from	fluids	in	the	human	body.	The	percentage	of	oxygen	for	the	samples	‘Machined’	and	
‘Oxygen’	was	not	analysed	because	of	 their	poor	cleanliness.	Based	on	 the	 table	6,	more	
alumina	particles	have	fixed	to	the	surface	with	the	sandblasting	at	3	bar	 (SB3)	than	the	
one	 at	 1	 bar	 (SB1).	 Moreover,	 the	 SB3	 surface	 has	 a	 large	 percentage	 in	 oxygen		
(31.8	%weight)	compared	to	the	other	surfaces	and	only	58.8	%weight	in	titanium.	On	the	
other	hand,	the	low	percentage	of	Na	for	the	AK	surfaces	proves	that	the	crystals	have	been	
dissolved.		
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4.2. Roughness	
	
To	begin	with,	 all	 the	data	have	been	processed	and	analysed	 in	 the	 software	SPIP	6.6.5	
from	Image	Metrology.	As	a	quick	reminder,	a	total	of	27	measures	were	realized:	for	each	
treatment,	one	measurement	on	three	different	samples	was	carried	out.	The	surface	area	
analysed	was	0.25	mm2	(X	=	0.5	mm;	Y	=	0.5	mm).		
	
In	 the	 data	 post-processing	 software,	 the	 function	 ‘Global	 Levelling’	was	 always	 used	 in	
order	 to	 analyse	 a	 horizontal	 surface.	 Indeed,	 the	 perfect	 horizontal	 positioning	 of	 the	
surfaces,	thanks	to	the	Microstep	unit	comprising	motorised	axes,	was	not	always	possible.	
A	leaning	surface	topography	can	easily	lead	to	errors	in	terms	of	roughness.	Furthermore,	
the	function	‘Fill’	was	used	sometimes	as	well.	During	the	measurement,	the	focus	intensity	
may	be	lost	from	time	to	time.	The	aim	of	this	function	is	to	fill	the	unrecovered	pixels	by	
doing	 an	 extrapolation	 of	 the	 neighbouring	 pixels,	 and	 then	 gain	 in	 precision	 in	 the	
analysis.		
	
The	 roughness	analysis	 can	now	be	 launched.	 It	 gives	 several	 roughness	parameters;	 all	
parameters	 are	 widely	 explained	 in	 the	 SPIP	 Online	 Manual	 in	 the	 website	 of	 Image	
Metrology	[58].	In	this	Master	Thesis,	five	roughness	parameters	have	been	collected.	First	
of	all,	the	amplitude	parameters	give	information	about	the	statistical	average	properties,	
the	shape	of	the	height	distribution	histogram	and	about	extreme	properties	and	they	are	
based	on	two-dimensional	standards	that	are	extended	to	three	dimensions:		
	

Ø Sa:	Roughness	Average;	
Ø Sz:	Peak-Peak,	height	difference	between	the	highest	and	lowest	pixel	in	the	

image.	 The	 Peak-Peak	 Height	 can	 be	 denoted	 by	 two	 other	 parameters	 (St	 and	 Sy)	
depending	 on	 the	 standards.	 In	 this	 project,	 the	 ISO	 25178-2	 is	 the	 3D	 reference	 used.	
Nevertheless,	Sz=St=Sy	in	most	cases;	

Ø S10z:	 Ten	 Point	Height,	 average	 height	 of	 the	 five	 highest	 local	maximums	
plus	the	average	height	of	the	five	lowest	local	minimums;	

Ø Ssk:	 Surface	 Skewness,	 describes	 the	 asymmetry	 of	 the	 height	 distribution	
histogram.	 If	 Ssk=0,	 a	 symmetric	 height	 distribution	 is	 indicated.	 If	 Ssk	 <	 0,	 it	 can	 be	 a	
bearing	 surface	with	 holes	 and	 if	 Ssk	 >	 0,	 it	 can	 be	 a	 flat	 surface	with	 peaks.	Moreover,	
values	numerically	greater	than	1	may	indicate	extreme	holes	or	peaks	on	the	surface.	
	
Secondly,	the	hybrid	parameters	reflect	slope	gradients	and	their	calculations	are	based	on	
z-slopes:		
	

Ø Sdr:	Surface	Area	Ratio,	increment	of	the	interaction	of	the	interfacial	surface	
area	relative	to	the	area	of	the	projected	x,y	plane.	For	a	totally	flat	surface,	the	surface	area	
and	the	area	of	the	flat	x,y	plan	are	the	same	and	Sdr	=	0%.	
	
There	are	also	functional	parameters	and	spatial	parameters,	which	are	processed	by	the	
software	but	they	will	not	be	developed	here.		
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The	totality	of	the	values	collected	for	every	treatment	are	summarised	in	the	appendix	4.	
The	 table	 7	 below	 shows	 the	 arithmetical	 mean	 of	 all	 roughness	 parameters	 for	 each	
surface.	The	numbers	following	the	plus/minus	sign	identify	the	standard	deviations.		

Table	7:	Roughness	parameters	depending	on	the	sample	surface	
	
First	of	all,	the	very	high	standard	deviations	of	the	roughness	parameters	for	the	samples	
“machined”	can	be	directly	noticed	(𝜎!"=1583.7	nm	for	instance).	These	large	differences	
in	values	depend	on	the	areas	chosen	for	the	measurements.	As	an	example,	it	depends	a	
lot	on	whether	the	central	part	of	the	sample	is	taken	into	account	in	the	measurement	or	
not.	The	surface	of	the	samples	is	not	homogeneous	at	all	due	to	the	manufacturing	process	
(turning,	milling…).	Moreover,	 it	 is	 possible	 that	 the	manufacturing	process	was	not	 the	
same	for	all	samples.	It	is	worth	reminding	that	the	“machined”	samples	have	not	received	
any	treatment	after	their	production.	In	order	to	demonstrate	and	explain	the	differences,	
the	figure	36	shows	the	3D	images	of	the	three	surfaces	analysed.	
	

	
Figure	36:	3D	images	of	the	“machined”	surfaces	analysed	(in	order)	

	
The	 Roughness	 Average	 Sa	 is	 the	most	 important	 parameter	 to	 take	 into	 consideration	
when	 studying	 the	 surface	 topography.	According	 to	 the	 first	 column	of	 the	 table	 7,	 the	
surface	roughness	of	 the	 “SB3”	samples	 is	much	higher	 than	 the	 “SB1”	ones	 in	 the	same	
way	as	the	“SLA3”	with	the	“SLA1”	surfaces.	This	proves	that	the	air	pressure	used	during	
the	sandblasting	has	a	significant	impact	on	the	surface	roughness.	Indeed,	the	higher	the	
pressure,	 the	 more	 the	 roughness	 increases.	 Furthermore,	 the	 roughnesses	 of	 the	 AK	
samples	 are	 within	 the	 expecting	 range.	 A	 small	 increase	 in	 roughness	 for	 the	 “AK4”	
surfaces	compared	to	the	“AK16”	can	be	noticed.	It	may	be	due	to	the	duration	of	the	alkali	
treatment;	 the	 longer	 the	 sample	 remains	 in	 the	 alkali	 bath,	 the	 more	 the	 roughness	
decreases.	Finally,	 the	values	of	Sa	obtained	in	this	project	 for	the	“Polished”	and	P4000”	
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samples	are	very	close	and	around	60	nm.	If	the	polishing	had	lasted	longer	and	was	more	
efficient,	it	would	have	been	possible	to	have	roughnesses	in	the	range	of	30	nm.		
	
On	the	other	hand,	the	Sz	and	S10z	parameters	characterise	the	homogeneity	and	uniformity	
of	the	surface.	The	Sz	value	is	always	higher	than	the	value	of	S10z	because	it	only	takes	into	
account	the	highest	and	lowest	peak	of	the	surface.	Therefore,	according	to	the	second	and	
third	 column	of	 the	 table	7,	 the	 ‘Polished’	 and	 ‘AK’	 surfaces	 are	 the	most	homogeneous.	
Moreover,	 the	 parameters	 are	 lower	 for	 the	 “Polished”	 than	 for	 the	 “P4000”	 surfaces,	
which	shows	especially	the	usefulness	of	the	finishing	polish	with	alumina	suspensions.	In	
the	same	way	as	above,	the	parameters	of	the	“SB3”	and	“SLA3”	samples	are	much	higher	
than	the	samples	“SB1”	and	“SLA1”,	respectively.		
	
The	 Sdr	 parameter,	 which	 calculates	 the	 increment	 of	 the	 interaction	 of	 the	 interfacial	
surface	area	relative	to	the	area	of	 the	projected	plane,	will	be	use	 later	 in	this	report	 in	
order	to	study	the	amount	of	bacteria	that	have	adhered	to	the	real	surface	for	each	type	of	
sample.		
	
Finally,	 the	 fourth	 column	 summarizes	 de	 surface	 skewness	 Ssk,	 which	 describes	 the	
asymmetry	of	 the	height	distribution.	The	 “SB1”	surface	 is	 the	only	sample	 to	have	a	Ssk	
value	numerically	higher	than	1	(Ssk	=	-1.2).	According	to	this	value,	there	may	be	extreme	
holes	on	“SB1”	surfaces.		
	
To	conclude,	the	appendix	5	shows	the	surface	topography	(3D	Images)	for	all	treatment	(a	
single	image,	which	best	represents	the	surface,	has	been	selected	per	treatment).		
	

4.3. Surface	energy	/	Contact	angle		
	

4.3.1. Contact	angles	data	
	
First	of	all,	a	certain	number	of	contact	angle	measurement	were	carried	out	for	the	three	
liquids:	water,	diiodomethane	and	 formamide.	The	appendix	6	 shows	 the	distribution	of	
these	measurements	according	to	the	sample	surface,	in	the	form	of	a	‘boxplot’.	The	table	8	
below	describes	the	results:	
	
(a)	

Group	 Count	
Mean	
(°C)	

Standard	
Deviation	

Confidence	Value	
(alpha=0.05)	

95%	Confidence	
Interval	for	Mean	

Machined	 21	 70.70	 14.84	 6.35	 64.35	–	77.05	
Polished	 27	 77.28	 11.70	 4.41	 65.58	–	88.98	
P4000	 21	 64.84	 4.85	 2.07	 62.77	–	66.91	
SB1	 21	 69.08	 9.14	 3.91	 65.17	–	72.99	
SB3	 18	 61.62	 10.09	 4.66	 56.96	–	66.28	
SLA1	 16	 55.49	 14.75	 7.23	 48.26	–	62.72	
SLA3	 20	 51.26	 17.66	 7.74	 33.6	–	68.92	



	 	 Report	

56	 	 	

AK16	 X	 X	 X	 X	 X	
AK4	 X	 X	 X	 X	 X	

	
(b)	

Group	 Count	
Mean	
(°C)	

Standard	
Deviation	

Confidence	Value	
(alpha=0.05)	

95%	Confidence	
Interval	for	Mean	

Machined	 9	 45.61	 5.86	 3.83	 41.78	–	49.44	
Polished	 10	 41.74	 5.50	 3.41	 38.33	–	45.15	
P4000	 10	 42.15	 6.32	 3.92	 48.23	–	46.07	
SB1	 10	 39.77	 9.86	 6.11	 33.66	–	45.88	
SB3	 7	 32.70	 6.62	 4.90	 27.08	–	37.60	
SLA1	 10	 56.62	 10.92	 6.77	 49.85	–	63.39	
SLA3	 7	 53.97	 12.31	 9.12	 44.79	–	63.03	
AK16	 X	 X	 X	 X	 X	
AK4	 X	 X	 X	 X	 X	

	
(c)	

Group	 Count	
Mean	
(°C)	

Standard	
Deviation	

Confidence	Value	
(alpha=0.05)	

95%	Confidence	
Interval	for	Mean	

Machined	 7	 52.41	 11.12	 8.24	 44.17	–	60.65	
Polished	 5	 45.74	 2.50	 2.19	 43.55	–	47.93	
P4000	 4	 52.28	 5.14	 5.04	 47.24	–	57.32	
SB1	 6	 68.32	 7.06	 5.65	 62.67	–	73.97	
SB3	 5	 55.44	 3.17	 2.78	 52.66	–	58.22	
SLA1	 5	 58.04	 12.05	 10.56	 47.78	–	68.60	
SLA3	 5	 69.28	 14.09	 12.35	 56.93	–	81.63	
AK16	 X	 X	 X	 X	 X	
AK4	 X	 X	 X	 X	 X	

	
Table	8:	Arithmetical	mean	contact	angle	(in	degrees)	of	the	probe	liquids	((a)	water;	(b)	

diiodomethane;	(c)	formamide)	and	their	standard	deviation	measured	on	the	Ti	samples	surface	
	
It	can	be	directly	noticed	that	no	value	has	been	taken	for	the	samples	that	have	undergone	
an	‘alkali’	treatment,	whatever	the	liquid	used.	Indeed,	these	surfaces	are	superhydrophilic:	
the	3	µl	drops	always	extended	over	a	 large	part	of	the	surface	area,	they	did	not	have	a	
conventional	shape	and	therefore	no	measures	could	be	taken	for	the	samples	AK16	and	
AK4	with	the	analysis	software.	However,	it	can	be	concluded	that	the	AK	surfaces	have	the	
highest	surface	energy,	since	the	contact	angles	were	the	lowest.		
	
The	figure	37	summarizes	the	previous	three	tables.	
	



Surface	treatment	of	titanium	with	antibacterial	properties	for	biomedical	applications	
	 	

	 	 57	

	
Figure	37:	Arithmetical	mean	contact	angle	(in	degrees)	of	the	probe	liquids	and	their	standard	

deviation	measured	on	the	Ti	samples	surface	
	

According	to	the	tables	and	the	figure	above,	the	standard	deviation	from	the	mean	for	the	
SLA	surfaces	for	all	liquids	are	higher	than	for	the	other	surfaces.	This	may	explain	certain	
heterogeneity	on	the	same	surface	area.		
	
Furthermore,	the	results	seem	to	be	reasonable	by	focusing	on	the	surface	tension	values	
of	the	liquid,	available	in	the	table	5.	Indeed,	the	higher	the	surface	tension,	the	higher	the	
contact	 angle	 between	 the	 liquid	 and	 the	 solid	 (except	 for	 SLA	 surfaces,	 for	 which	 the	
contact	angles	obtained	with	water	are	smaller	than	with	the	two	other	liquids).		
	
It	 is	worth	 reminding	 that	 the	 contact	 angles	 depend	 on	 several	 conditions	 such	 as	 the	
room	temperature,	the	humidity,	and	the	cleanliness	of	the	surface.	Special	attention	will	
be	 paid	 to	 the	 results	 obtained	with	water.	 Indeed,	 two	 sessions	 of	measurements	with	
water	 as	 a	 probe	 liquid	 were	 carried	 out	 on	 two	 different	 days	 and	 the	 values	 were	
significantly	different	 for	 some	 surfaces.	A	 solution	 to	 avoid	 this	 and	 to	work	under	 the	
same	conditions	is	to	test	all	the	liquids	on	a	same	surface	at	the	same	moment,	spacing	the	
drops	well	apart.	
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4.3.2. Surface	tension	/	Surface	energy	
	

o Calculated	with	the	‘Harmonic	Mean’	Theory	(one-component	model):		
	
The	table	9	shows	the	surface	tensions	calculated	for	each	liquid	(equation	(𝟑))	with	their	
standard	deviation,	and	the	average	mean	of	the	three	values.		
	

	 Surface	Tension	(mN/m)	 	
Group		 Water	 Diiodomethane	 Formamide	 Mean	
Machined	 32.5	±	11.6	 36.6	±	2.9	 36.7	±	6.7	 35.3	
Polished	 27.6	±	8.8	 38.6	±	2.8		 41.1	±	1.5	 35.8	
P4000	 36.7	±	3.9	 38.4	±	3.3	 36.7	±	3.2	 37.5	
SB1	 33.7	±	7.2	 39.4	±	4.8	 26.8	±	4.5	 33.3	
SB3	 39.8	±	7.6		 42.9	±	2.7	 35.0	±	2.0	 39.2	
SLA1	 44.5	±	11.4	 30.4	±	5.9	 33.2	±	7.6	 36.0	
SLA3	 48.0	±	13.28	 31.9	±	6.8	 26.4	±	8.7	 35.4	
AK16	 X	 X	 X	 X	
AK4	 X	 X	 X	 X	

	
Table	9:	Surface	Tensions	(mN/m)	based	on	the	previous	contact	angle	data	using		

the	‘harmonic	mean’	model	
	
According	 to	 this	 table	 and	 taking	 into	 account	 the	 three	 liquids,	 the	 average	 surface	
tensions	of	the	various	samples	are	quite	similar.	No	major	difference	is	noticed.		
	

o Calculated	with	the	Fowkes	Theory	(two-components	model):		
	
Firstly,	the	dispersive	component	of	the	surface	energy	of	the	solid	is	calculated	(equation	
(𝟕))	using	only	the	contact	angle	data	measured	with	diiodomethane,	which	is	a	liquid	with	
no	 polar	 component	 to	 its	 overall	 surface.	 By	 the	 way,	 the	 values	 determined	 for	 this	
component	are	equal	to	the	surface	tensions	calculated	with	diiodomethane	in	the	previous	
theory;	the	formulas	are	identical.		
	
Then,	the	polar	component	of	the	surface	energy	of	the	solid	is	calculated	(equation	(𝟖))	
using	 the	 contact	 angle	 data	 measured	 with	 formamide	 and	 water.	 The	 table	 10	
summarizes	all	the	results.		
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Group	
𝝈𝑺𝑫	

(mJ/m2)	
𝝈𝑺𝑷	with	water	data	

(mJ/m2)	
𝝈𝑺𝑷	with	formamide	data	

(mJ/m2)	
Machined	 36.6	 6.5	 9.4	
Polished	 38.6	 3.4	 11.4	
P4000	 38.4	 8.7	 8.8	
SB1	 39.4	 6.3	 2.9	
SB3	 42.9	 8.7	 6.0	
SLA1	 30.4	 17.8	 9.6	
SLA3	 31.9	 19.6	 4.5	

	
Table	10:	Surface	Energy	components	(mJ/m2)	using	the	Fowkes	Theory	

	
Based	on	this	table,	it	can	be	noted	that	the	polar	component	of	the	surface	energy	differs	
according	to	the	liquid	used	and	sometimes	do	not	go	in	the	same	‘direction’.		
	
To	improve	these	results,	it	would	be	interesting	to	test	the	surfaces	with	more	liquids	such	
as	 Ethylene	 Glycol,	 Glycerol,	 Nitromethane,	 MethylBenzoate	 or	 Benzyl	 Alcohol.	 A	 linear	
regression	 can	 then	 be	 performed	 in	 order	 to	 have	 a	 more	 accurate	 value	 of	 polar	
component	of	the	surface	energy.		
	
	
Finally,	 as	 explained	 previously,	 Young’s	 equation	 describes	 well	 ideal	 solids	 that	 are	
smooth,	flat	and	homogeneous.	On	top	of	that,	 it	 is	known	that	the	rougher	the	solid,	the	
harder	it	 is	to	correlate	the	measured	values	with	the	chemical	properties	of	the	surface.	
Therefore,	 the	 roughness	 of	 the	 surface	 should	 be	 taken	 into	 consideration	 in	 every	
measurement.	To	do	so,	it	is	possible	to	use	the	Wenzel	equation:	
	

𝒄𝒐𝒔𝜽∗ = 𝒓 ∗  𝒄𝒐𝒔𝜽          (𝟗)	
	
with		𝒓:	the	roughness	factor,		
	

𝒓 =
𝑹𝒆𝒂𝒍 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒓𝒆𝒂

𝑵𝒐𝒎𝒊𝒏𝒂𝒍 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒓𝒆𝒂  ≥ 𝟏            (𝟏𝟎)	

	
The	various	surfaces	have	not	the	same	real	surface	area	due	to	the	different	treatments.	
The	nominal	surface	area	is	equal	to	𝜋 ∗ 𝑟! = 𝜋 ∗ 5! = 25𝜋 = 78.54 𝑚𝑚!.	The	real	surface	
area	 is	calculated	thanks	to	the	Sdr	parameter,	which	was	obtained	during	the	Chromatic	
Confocal	Microscopy.	As	a	reminder,	Sdr	describes	the	increment	of	the	interaction	of	the	
interfacial	surface	area	relative	to	the	area	of	the	projected	plane.	The	table	11	shows	the	
Sdr	parameter	as	well	as	the	real	surface	area	for	each	kind	of	surface.	
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Table	11:	Sdr	parameter	and	Real	surface	area	depending	on	the	surface	samples	

	
Thus,	the	table	12	below	summarizes	the	results	obtained	with	the	Fowkes	Theory	but	this	
time,	by	taking	into	consideration	the	roughness	and	the	real	surface	area:		
	
	
	

Group	
𝝈𝑺𝑫	

(mJ/m2)	
𝝈𝑺𝑷	with	water	data	

(mJ/m2)	
𝝈𝑺𝑷	with	formamide	data	

(mJ/m2)	
Machined	 36.7	 6.2	 9.2	
Polished	 38.6	 3.3	 11.4	
P4000	 38.3	 8.6	 8.7	
SB1	 40.2	 6.2	 2.8	
SB3	 47.1	 8.7	 6.2	
SLA1	 31.1	 17.7	 9.7	
SLA3	 34.5	 20.6	 4.5	

	
Table	12:	Surface	Energy	components	(mJ/m2)	using	the	Fowkes	Theory	and	the	Wenzel	equation	

	

4.4. Bacterial	analysis		
	
To	begin	with,	a	 total	of	42	plates	were	produced	during	 the	 first	study.	All	colonies	are	
counted	in	each	agar	plate.	According	to	the	literature,	the	number	of	bacteria	colonies	on	
an	 agar	plate	must	be	between	30	and	300	 in	order	 to	be	 treatable	 and	 to	obtain	 great	
statistical	results	[59].	Therefore,	values	outside	this	range	will	not	be	taken	into	account.		
	
On	 the	 other	 hand,	 sometimes	 the	 counting	was	 not	 possible.	 Indeed,	 the	 colonies	 have	
clumped	 together	 or	 were	 poorly	 spread	 out	 during	 the	 test	 and	 it	 was	 impossible	 to	
distinguish	 them.	 Some	 colonies	may	 be	 on	 the	 edges.	 For	 a	 few	 plates,	 the	 count	 was	
carried	out	but	with	approximations.		
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Furthermore,	the	number	of	colonies	is	always	inferior	to	30	and	this	number	is	even	0	for	
some	 surfaces	 in	 the	 case	of	 the	dilution	1:10000.	The	 latter	 is	 excessive.	 In	 accordance	
with	the	standards,	no	conclusion	can	be	drawn	from	this	dilution.	As	a	result,	the	dilutions	
1:1000	and	1:10000	will	not	be	carried	out	in	the	three	tests,	which	followed.	Concerning	
those	experiments,	one	was	with	dilutions	1:100	and	1:500	and	the	two	others	were	with	
1:100	and	1:250.	
	
Firstly,	 the	number	of	bacteria	colonies	was	always	null	 for	both	negative	tests	(N1	with	
only	 BHI	 and	 N2	with	 only	 PBS).	 In	 other	words,	 there	were	 no	 contaminations	 in	 the	
culture	 media,	 in	 the	 plates,	 in	 the	 glassware	 containing	 the	 culture	 medium	 after	
sterilization,	 during	 the	 path	 between	 the	 laminar	 flow	 cabinet	 and	 the	 heater	 for	 the	
adhesion,	during	the	adhesion	in	the	heater	and	during	the	incubation	for	24h.	Secondly,	
the	positive	test	had	many	bacteria,	as	expected.	
	
With	the	aim	of	interpreting	the	test	more	easily,	the	number	of	colonies	counted	on	each	
agar	plate	is	then	adjusted	by	the	corresponding	dilution	factor.	The	figure	38	shows	the	
arithmetical	mean	with	 the	 standard	deviations	 for	 each	 surface	 taking	 into	account	 the	
four	tests.	Highly	atypical	values	due	to	experiment	errors	(outliers)	have	been	removed.		
	
For	instance,	in	the	light	of	the	results	of	the	first	experiment,	certain	errors	in	the	dilutions	
can	be	noticed.	 Indeed,	 the	number	of	bacteria	 colonies	divided	by	 the	dilution	 factor	 is	
supposed	to	be	close	for	a	same	treatment:	except	for	Polished,	AK16,	SLA1	and	SLA3,	this	
number	differs	a	lot	according	to	the	dilutions.	On	top	of	that,	for	P4000	for	example,	the	
number	of	bacteria	colonies	 is	higher	 in	the	dilution	1:1000	(92)	than	the	dilution	1:500	
(76)	whereas	it	 is	supposed	to	be	the	opposite	with	a	factor	of	2.	These	errors	can	come	
from	 various	 sources:	 the	 more	 dilutions	 are	 made,	 the	 more	 errors	 can	 occur.	
Furthermore,	this	bacterial	analysis	is	relatively	long	with	especially	42	plates	to	be	carried	
out;	during	the	dilution	process	and	also	during	the	spreading	process,	bacteria	could	have	
the	 time	 to	precipitate	 at	 the	bottom	of	 the	Multidish	 compartments.	Thus,	 the	pipetted	
solution	 is	 not	 at	 the	 right	 concentration/dilution	 that	 the	 one	 expected.	 Nevertheless,	
when	 looking	only	at	 the	values	 resulting	 from	dilution	1:100	as	well	 as	 the	values	 that	
make	sense	from	the	other	dilutions,	some	conclusions	can	be	drawn.	
	
In	the	test	results,	some	correlation	is	expected	between	the	antibacterial	response	and	the	
roughness	 (cf.	 ‘Discussion’).	 A	 better	 antibacterial	 response	 for	 surfaces	 that	 have	
undergone	specific	treatments	such	as	SB,	SLA,	AK	rather	than	the	surfaces	that	have	just	
undergone	a	basic	polishing	(P4000)	or	no	treatments	at	all	(Machined)	is	expected.	
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Figure	38:	Number	of	bacteria	colonies	divided	by	the	corresponding	dilution	factor	depending	on	the	

surface	treatment	
	
According	 to	 the	 figure	 38,	 bacteria	 adhere	 less	 to	 the	 surfaces	 that	 have	 been	 treated	
(Polished,	SLA,	AK)	than	a	surface	untreated	(Machined).	However,	this	is	not	the	case	of	
the	SB	surfaces,	and	especially	the	SB3	surface,	for	which	the	number	of	colonies	is	even	
higher	than	for	the	Machined	surface.		
	
Moreover,	when	focusing	on	a	same	treatment	(that	is	to	say,	Polished/P4000;	SB1/SB3;	
SLA1/SLA3;	AK16/AK4),	there	are	some	differences,	as	shown	in	figure	38.	To	confirm	the	
differences,	a	Student	test	can	be	performed.	The	 ‘couple’	AK16/AK4	is	 taken	here	as	an	
example	since	several	satisfactory	values	were	obtained	for	these	surfaces:	
	

AK16	 AK4	
5000	 18400	
8000	
2900	
3500	
2000	
2000	

13100	
16500	
15025	
X	
X	

Table	13:	Number	of	bacteria	colonies	divided	by	the	corresponding	dilution	factor	
	for	the	surfaces	AK16	and	AK4	

	
Hypotheses:		

• H0:	the	means	are	equal.	
• H1:	the	means	are	not	equal.	
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Then,	Student’s	test	statistic	is:	
	

𝑇 =  
𝑚! −𝑚!

𝜎 1
𝑛!
+ 1
𝑛!

          (1)	

	

with		𝒎:	average	of	the	‘series’;		𝝈 = !!!! !!
!! !!!! !!

! 
!!!!!!!

 ;	𝒏:	number	of	values	in	the	set;		

𝒏:	standard	deviation	of	the	set.		
	
T1	=	8.061	is	obtained.	This	test	statistic	follows	the	Student’s	low	of	parameter	𝑘 = 𝑛! +
𝑛! − 2 = 8.	Moreover,	a	risk	of	error	α	=	5%	has	been	selected.	Thus,	according	to	the	
statistical	tables:	T	=	1.860.	
	
To	 conclude,	 as	 T1	 >	 T,	 the	 hypothesis	 H0	 is	 rejected	 at	 the	 risk	 of	 5%.	 Therefore,	 the	
means	are	not	equal	and	there	is	indeed	a	difference	between	the	surface	AK16	and	AK4.		
	
The	table	14	below	summarizes	the	statistical	parameters	of	the	Student’s	law	for	the	other	
surface	‘couples’:		
	
	 T	 T1	(α	=	5%)	 	
Polished/P4000	(k=8)	 1.860	 0.948	 T1	<	T	
SB1/SB3	(k=7)	 1.875	 1.279	 T1	<	T	
SLA1/SLA3	(k=7)	 1.875	 0.860	 T1	<	T	

Table	14:	Student	statistic	parameters	(Student)	comparing	the	‘couples’		
Polished/P4000,	SB1/SB3	and	SLA1/SLA3	

	
Unfortunately,	for	every	test,	T1	<	T	and	the	hypothesis	H0	is	not	rejected	at	the	risk	of	5%.	
Consequently,	the	means	are	equal	and	there	is	no	difference	between	the	surfaces	tested	
two	by	two.	The	hypothesis	H0	is	only	rejected	at	the	risk	of	20%.	The	problem	stems	from	
the	fact	that	the	standard	deviation	is	quite	high	for	most	surfaces	because	of	the	lack	of	
reproducibility	especially.	The	lack	of	reproducibility	of	values	prevents	a	certain	amount	
of	statistical	tests	from	being	carried	out.		
	
On	the	other	hand	and	according	to	the	figure	38,	the	sandblasting	surfaces	and	especially	
the	SB3	did	not	achieve	satisfactory	results.	The	number	of	bacteria	colonies	is	higher	than	
the	one	of	the	disk	Machined,	which	has	not	undergone	any	treatment.	Furthermore,	the	
AK16	surface	is	the	best	surface	concerning	the	antibacterial	response.	It	strongly	bacterial	
adhesion	compared	to	the	other	surfaces.		
	
To	conclude,	it	is	also	interesting	to	plot	the	number	of	bacteria	colonies	per	mm2,	since	the	
roughness	 parameter	 Sdr	 and	 consequently	 the	 real	 surface	 area	 differ	 according	 to	 the	
treatments,	as	shown	in	the	table	11.	Thus,	 the	mean	of	bacteria	colonies	divided	by	the	
real	surface	area	for	each	sample	is	shown	in	the	figure	39	below.	
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Figure	39:	Number	of	bacteria	colonies	(divided	by	the	corresponding	dilution	factor)	divided	by	the	

real	surface	area	depending	on	the	surface	treatment	
	

4.5. SEM	with	bacteria	
	
After	one	antibacterial	test,	bacteria	that	have	adhered	to	the	titanium	surfaces	have	been	
fixed	to	them.	The	goal	was	to	study	the	adhesion	of	bacteria,	to	see	how	they	have	grown	
and	 their	 behaviour	on	 the	different	 topographies.	After	 fixing	 the	bacteria,	 the	 samples	
were	observed	one	more	time	at	the	SEM.	
	
First	of	all,	a	solution	of	2.5%	glutaraldehyde	(C5H8O2)	in	0.1M	PBS	has	been	prepared.	The	
glutaraldehyde	comes	in	25%	solution	and	is	dangerous:	any	manipulation	must	be	done	
under	a	fume	hood.	In	a	Multidish,	all	discs	have	been	placed	in	1	mL	of	this	solution	during	
minimum	2	hours.	The	 fixative	was	then	drained	off	 from	the	Multidish	and	replaced	by	
ethanol	series	as	follows:		
	

§ 50%	Ethanol	EtOH	for	30	minutes;	
§ 70%	EtOH	for	30	minutes;	
§ 96%	EtOH	for	1	hour;	
§ 100%	EtOH	(absolute	ethanol)	overnight.	The	Multidish	was	kept	in	a	fridge.		
§ 	

The	sample	surfaces	are	now	ready	to	be	observed	at	the	SEM.		
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To	start	with,	the	bacteria	Staphylococcus	aureus	is	identified	as	a	white	sphere	of	around	
1	µm	in	diameter,	as	shown	in	the	figure	40.	
	

	
Figure	40:	Images	SEM	showing	the	bacteria	S.aureus	and	its	dimension	(scale	=	2	µm)	

	
Bacteria	 could	 be	 observed	 on	 all	 surfaces.	 The	 protocol	 explained	 above	 is	 efficient.	
Moreover,	 differences	 can	 be	 noted	 between	 the	 smooth	 and	 the	 moderately-rough	
surfaces.	Indeed,	the	way	in	which	bacteria	adhere	to	these	surfaces	is	not	the	same.		
	

	
Figure	41:	Images	SEM	showing	bacteria	on	smooth	surfaces;	(a)	Polished	(b)	AK16	(c)	AK4	

(scale	=	30	µm)	
	

In	the	case	of	smooth	surfaces,	shown	in	figure	41,	S.aureus	settle	on	the	whole	surface	in	a	
homogeneous	way,	 they	do	not	have	any	particular	preference.	Nevertheless,	 it	 could	be	
noticed	that	some	bacteria	‘clusters’	were	located	around	organic	contamination.		
	
On	the	other	hand,	the	figure	42	indicates	bacteria	on	moderately-rough	surfaces:		
	

(a) (b) (c) 
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Figure	42:	Images	SEM	showing	bacteria	on	rough	surfaces;	(a)	SB1	(b)	SB3	

	(c)	SLA1	(d)	SLA3	(scale	=	10	µm)	
	

The	figure	42	demonstrates	that	bacteria	adhere	mostly	and	in	priority	in	the	grooves	and	
holes.	The	same	observation	can	be	noted	regarding	the	machined	surface.	In	fact,	bacteria	
remain	stuck	in	the	machining	marks	resulting	from	the	tools	used	in	the	turning	and/or	
milling	operation,	as	shown	in	the	figure	43	below.		
	

	
Figure	43:	Images	SEM	showing	bacteria	on	a	machined	surface	(scale	=	10	µm)	

	

(a) (b) 

(c) (d) 
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5. Discussion		
	
A	certain	correlation	between	the	mean	roughness	Sa	of	a	surface	and	its	bacterial	response	
can	be	noted.	According	to	the	figure	38	and	table	7,	the	rougher	the	surface,	the	greater	
the	 number	 of	 bacterial	 colonies	 adhered	 to	 it,	 when	 focusing	 on	 a	 same	 treatment	
(SB1/SB3;	 SLA1/SLA3;	 AK16/AK4).	 This	 conclusion	 has	 been	 statistically	 confirmed	
(Student	test)	only	for	the	alkali	surfaces.	Sadly,	it	was	not	the	case	for	the	other	surfaces				
due	 especially	 the	 lack	 of	 reproducibility	 in	 the	 measurements	 and	 the	 high	 standard	
deviations.	 On	 the	 other	 hand,	 the	 influence	 of	 the	 treatment	 parameters	 has	 been	
commented	previously.		
	
Moreover,	 the	 distance	 between	 the	 peaks	 and	 the	 distance	 between	 the	 highest	 and	
lowest	point	(characterized	by	Sz	and	S10z)	on	the	surface	has	also	an	influence	on	bacterial	
adhesion.	 Indeed,	 the	 mean	 roughness	 Sa	 is	 the	 same	 for	 the	 ‘Polished’	 and	 ‘P4000’	
samples.	However,	 bacterial	 adhesion	 is	more	 important	 in	 the	 case	of	 surfaces	 ‘P4000’.	
This	could	be	explained	by	an	increase	in	the	parameters	Sz	and	S10z.	The	lower	values	in	
the	case	of	the	‘Polished’	samples	demonstrate	especially	the	effectiveness	of	the	finishing	
polish.		
	
A	correlation	can	also	be	noted	between	the	parameters	Sz,	S10z	and	the	increment	of	the	
surface	 area	 Sdr.	 The	 greater	 the	 Peak-Peak	 Height,	 the	 more	 the	 surface	 is	 likely	 to	
facilitate	bacterial	adhesion.	In	addition,	it	has	been	shown	that	the	surface	AK16	has	the	
best	antibacterial	response	and	the	lowest	roughness	parameters.	As	demonstrated	before,	
the	alkali	surfaces	are	also	superhydrophilic.		
	
Secondly,	 the	 figures	 42	 and	 43	 have	 demonstrated	 that	 bacteria	 adhere	mostly	 and	 in	
priority	in	the	grooves	and	holes	in	the	case	of	rough	surfaces.	The	results	support	the	fact	
that	 smooth	 surfaces	 are	 more	 difficult	 to	 colonize	 than	 rough	 ones.	 A	 high	 roughness	
provides	 a	 larger	 area	 for	 bacterial	 adhesion	 and	 addition	 niches.	 Indeed,	 the	 more	
roughness	increases,	the	more	the	real	surface	area	(and	obviously	the	parameter	Sdr)	also	
increases,	as	proved	in	the	table	11.	Therefore,	a	high	roughness	reduces	shearing	forces	
and	will	assist	bacteria	to	escape	from	the	host	defence	mechanisms	during	the	adhesion	
phase.	Some	in	vivo	experiments,	explained	in	the	state	of	the	art,	explained	that	bacterial	
adhesion	starts	on	sites	where	the	surface	shows	grooves	or	holes,	where	shear	forces	are	
low	[18].		
	
Furthermore,	the	SB	surfaces	retain	more	bacteria	due	to	its	microcavities.	For	instance,	it	
has	been	proved	that	the	SB1	samples	have	deep	holes/cavities	on	their	surfaces	with	the	
roughness	parameter	Ssk.	The	number	of	bacteria	colonies	was	even	the	highest	for	the	SB3	
surfaces,	according	to	the	figure	38.	
	
On	 the	 other	 hand,	 with	 the	 results	 from	 the	 contact	 angle	 experiments,	 no	 obvious	
correlation	 could	 be	 established	 between	 the	 contact	 angles/surface	 energies	 and	 the	
chemical	 composition,	 the	 roughness	 or	 the	 bacterial	 adhesion,	 unfortunately.	On	 top	 of	
that,	the	calculate	values	of	the	surface	energy	are	only	empirical	quantities.	For	example,	
the	Fowkes	theory	describes	the	behaviour	of	the	solid	toward	various	polar	liquids	with	
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different	 surface	 tensions.	 Thus,	 the	 calculated	 values	 are	 still	 useful	 but	 the	differences	
between	a	smooth	and	a	rough	sample	should	not	be	 interpreted	as	differences	 in	polar	
and	disperse	 interactions.	Also,	 it	 is	known	that	 the	rougher	 the	solid,	 the	harder	 it	 is	 to	
correlate	 the	 values	 with	 the	 chemical	 properties	 of	 the	 surface	 [52].	 This	 is	 why	 the	
calculations	have	been	carried	out,	once	again,	using	this	time	the	Wenzel	equation	which	
takes	into	consideration	the	real	surface	area	and	the	surface	roughness.	However,	still	no	
correlation	could	be	established.	
	
It	can	be	concluded	that	chemistry,	and	not	roughness,	of	the	surface	plays	a	major	role	in	
the	apparent	surface	energy	of	the	samples.	Nevertheless,	by	looking	in	the	literature,	some	
experiments	 showed	 that	 the	 polar	 interactions	 increase	 with	 decreasing	 the	 surface	
roughness	[60].		
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6. Environmental	impact	analysis	
	
This	project	was	carried	out	with	the	aim	if	minimising	the	environmental	impact	as	much	
as	possible.		
	
Solid	waste	that	has	not	been	in	contact	with	dangerous	substances	has	been	deposited	in	
bins,	 which	 are	 distributed	 throughout	 the	 laboratory.	 In	 addition,	 the	 laboratory	 has	
paper,	cardboard	and	plastic	recycling	bins	for	more	general	products.	Moreover,	there	is	
also	a	specific	bin	for	glass	objects.		
	
As	for	liquid	waste,	once	used,	it	 is	deposited	in	specific	polypropylene	containers.	These	
containers	are	identified	and	separated	according	to	the	liquids	they	contain	inside.	Thus,	
ethanol,	 acetone,	 non-halogenated	 solvents	 and	 acids	 are	 separated,	 avoiding	 therefore	
undesirable	reactions.	
	
Finally,	 sterile	 and	 non-hazardous	 waste	 but	 that	 has	 been	 in	 contact	 with	 biological	
products	 or	 substances	 and	 which	 is	 used	 inside	 the	 culture	 bells,	 both	 cellular	 and	
bacterial,	 is	deposited	in	a	specific	container.	Once	filled,	 its	contents	are	sterilised	by	an	
autoclave	and	disposed	of	as	regular	garbage.		
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7. Conclusion		
	
In	 this	 Master	 Thesis,	 the	 characteristics,	 advantages	 and	 limitations	 of	 various	 surface	
treatments	for	titanium	implants	have	been	studied.	On	top	of	that,	the	importance	of	the	
parameters	 to	 be	 controlled	 during	 a	 surface	 treatment	 has	 been	 demonstrated.	 For	
instance,	 in	the	case	of	the	sandblasting,	the	higher	the	air	pressure,	the	more	roughness	
will	 increase	 and	 more	 alumina	 particles	 will	 fix	 to	 the	 surface.	 Concerning	 the	 alkali	
treatment,	the	longer	the	treatment,	the	more	the	roughness	decreases.	The	effectiveness	
of	 the	 finishing	 polish	 and	 the	 importance	 of	 surface	 cleanliness	 at	 this	 scale	were	 also	
noted.		
	
Thanks	 to	 the	roughness	analysis	and	 the	numerous	parameters,	 two	groups	of	surfaces	
could	 be	 created:	 the	 smooth	 ones	 (‘Polished’	 and	 ‘Alkali’)	 and	 the	 rough	 surfaces	
(‘Sandblasted’	 and	 ‘SLA’).	 Moreover,	 there	 is	 a	 correlation	 between	 the	 roughness	
parameters	and	the	surface	area	ratio:	the	more	the	roughness	increases,	the	more	the	real	
surface	area	also	increases.	A	high	roughness	provides	a	larger	area	for	bacterial	adhesion.	
	
Unfortunately,	 no	 obvious	 correlation	 could	 be	 established	 between	 the	 contact	 angle	
experiments	 and	 the	 other	 experiments.	 However,	 the	 surfaces	 that	 have	 undergone	 an	
alkali	treatment	have	been	identified	as	superhydrophilic.		
	
On	the	other	hand,	 through	the	bacterial	analysis,	 it	has	been	shown	firstly	 that	bacteria	
adhere	 less	 to	 the	 surfaces	 that	have	been	 treated	 than	 a	 surface	untreated.	 Secondly,	 a	
correlation	 has	 been	 noted	 between	 the	 mean	 roughness	 of	 a	 surface	 and	 its	 bacterial	
response:	 the	 rougher	 the	 surface,	 the	 more	 bacteria	 have	 adhered	 to	 it,	 although	 we	
cannot	support	it	statistically.		
	
Also,	 after	 a	 fixation	 protocol	 and	 observing	 the	 samples	 at	 the	 SEM,	 it	 has	 been	
demonstrated	that	bacteria	adhere	mostly	and	in	priority	in	the	grooves	and	holes	in	the	
case	of	rough	surfaces.	This	observation	supports	the	other	results	and	the	fact	that	smooth	
surfaces	are	more	difficult	to	colonize	than	rough	ones.		
	
Furthermore,	 it	 can	 be	 reminded	 that	 the	 ‘AK16’	 surface	 gives	 the	 best	 antibacterial	
response	and	has	the	lowest	roughness	parameters	as	well.		
	
	
In	the	future,	the	reproducibility	of	the	measurements	could	be	increased.	Indeed,	for	the	
contact	angles	experiments,	more	probe	liquids	with	a	polar	component	such	as	ethylene	
glycol	 could	 be	 used	 in	 order	 to	 have	 a	more	 accurate	 value	 of	 the	 polar	 component	 of	
surface	energy	of	the	solid.	Regarding	the	bacterial	analysis,	which	is	quite	repetitive	and	
long	to	achieve,	the	database	must	be	increased	by	repeating	the	protocol	several	times	or	
increasing	the	number	of	surfaces	tested,	with	the	aim	of	disregard	dilutions	errors,	reduce	
the	standard	deviation	and	thus	support	the	conclusions	statistically.		
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To	 conclude,	 it	 would	 be	 very	 interesting	 to	 study	 the	 Femtosecond	 Laser	 Ablation	
treatment,	 which	 allows	 the	 realisation	 of	 a	 superhydrophobic	 surface	 with	 a	
nanoroughness.	This	kind	of	surface	imitates	the	surface	of	a	lotus	leaf	[23].	Thus,	it	would	
be	 interesting	to	characterize	 it	and	compare	 it	especially	with	the	alkali	surfaces,	which	
have	a	superhydrophilic	surface	with	a	nanoroughness.	
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8. Budget		
	
	

Material	 Quantity	 Price/unit	 Cost	(€)	
Titanium		

(L	=	1m	x	Ø	=	1	cm)	
0.3	m	 368.45	€/bar	 110.54	

	 	 	 	
Total	 	 	 110.54	

Table	15:	Budget	of	the	raw	material	
	

Material	 Quantity	 Price/unit	 Cost	(€)	
Struers	LaboPress-3	 4	hours	 10	€/hour	 40	

Resin	PolyFast	(Struers)	 0.3	kg	 90	€/kg	 27	
Struers	RotoForce-4	 20	hours	 30	€/hour	 600	
SiC	paper	P240	 2	 1.5	€/unit	 3	
SiC	paper	P400	 2	 1.5	€/unit	 3	
SiC	paper	P800	 2	 1.5	€/unit	 3	
SiC	paper	P1200	 2	 1.5	€/unit	 3	
SiC	paper	P2500	 3	 1.5	€/unit	 4.5	
SiC	paper	P4000	 2	 1.5	€/unit	 3	

Paper	(finishing	polish)	 2	 20	€/unit	 40	
Alumina	1	μm	 ¼	recipient	 60	€/recipient	 15	
Alumina	0.05	μm	 ¼	recipient	 60	€/recipient	 				15	

	 	 	 	
Total	 	 	 756.5	

Table	16:	Budget	of	the	sample	preparation	
	

Material	 Quantity	 Price/unit	 Cost	(€)	
Blasting	machine	(MPA)	 20	min	 10	€/hour	 3.33	
White	corundum	WSK60	 500	g	 60	€/kg	 30	
Sulphuric	acid	96%	 25	mL	 0.05	€/mL	 1.25	

Hydrochloric	acid	37%	 50	mL		 0.15	€/mL	 7.5	
Sodium	hydroxide	 20	g	 0.11	€/g		 2.2	

	 	 	 	
Total	 	 	 44.28	

Table	17:	Budget	of	the	surface	treatments	
	

Material	 Quantity	 Price/unit	 Cost	(€)	
SEM	/	EDS	 9	hours	 130	€/hour	 1170	

Station	Micromesure	2	3D	 15	hours		 25	€/hour	 375	
OCA	15EC	 20	hours	 14.4	€/hour	 288	

Diiodomethane	 1	mL	 2.72	€/mL	 2.72	
Formamide	 1	mL		 0.82	€/mL	 0.82	

	 	 	 	
Total	 	 	 1836.54	

Table	18:	Budget	of	the	sample	characterization	
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Material	 Quantity	 Price/unit	 Cost	(€)	
Plates	 150	units	 0.18	€/unit	 27	

Biolte	48	Well	Multidish	 10	 1.58	€/unit	 15.8	
BHI		 185	g	 0.44	€/g	 81.4	
Agar		 75	g	 1.12	€/g	 84	
PBS	 1	unit	 1.56	€/unit	 1.56	

PMMA	tray	 15	units	 0.06	€/unit	 0.9	
Telstar	PV-100	 35	hours	 20	€/hour		 700	

	 	 	 	
Total	 	 	 910.66	

Table	19:	Budget	of	the	bacterial	analysis	
	

Material	 Quantity	 Price/unit	 Cost	(€)	
Distilled	water	 10	L	 0.08	€/L	 0.8	

Ethanol	 1	L	 25,50	€/L	 25.50	
Acetone	 0.2	L	 16,65	€/L	 3.33	

Use	of	the	laboratory		 X	 X	 2000	
Student	(Master)	 660	hours	 10	€/hour	 6600	
Project	Supervisor	 40	hours	 50	€/hour	 2000	

	 	 	 	
Total	 	 	 10629.63	

Table	20:	Other	costs	
	
	
	

Material	 Cost	(€)	
Raw	material	 110.54	

Sample	preparation	 756.50	
Surface	treatments	 44.28	

Sample	characterization	 1836.54	
Bacterial	analysis	 910.66	
Other	costs	 10629.63	

	 	
Total	(without	VAT)	 14288.15	

VAT	(21%)	 3000.51	
Total	+	VAT		 17288.66	
Table	21:	Final	approximate	budget	
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10. 		Appendix	

Appendix	1		
	

	

Appendix	1:	Commonly	used	titanium	or	titanium	alloy	products	in	dental	practice	[13]	
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Appendix	2	
	

	
Appendix	2:	Technical	specifications	sheet	–	‘White	corundum’	[35]	
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Appendix	3	
	

	
Appendix	3.1:	Images	SEM	of	a	‘P4000’	surface		

	
	
	

	
Appendix	3.2:	Images	SEM	of	a	‘SB3’	surface		

	
	
	

	
Appendix	3.3:	Images	SEM	of	a	‘SLA3’	surface		
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Appendix	3.4:	Images	SEM	of	a	‘AK4’	surface		
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Appendix	4	
	
	

		
	 	 	 	 	

		
		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

Mec.	1	 1354.1	 12307.0	 8856.4	 0.50	 0.29	 		
Mec.	2	 3768.8	 17767.0	 14154.0	 0.63	 0.02	 		
Mec.	3	 786.2	 6209.7	 4499.8	 0.22	 -0.14	 		

		 1969.7	 12094.6	 9170.1	 4.50E-01	 0.05	 		
		 		 		 		 		 		 		

	
		 		 		 		 		 		 		

		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

Pol.	1	 50.0	 579.6	 465.2	 0.01	 -0.65	 		
Pol.	2	 52.2	 634.7	 405.8	 0	 -1.00	 		
Pol.	3	 72.4	 624.2	 557.8	 0.01	 -0.30	 		
		 61.2	 612.8	 476.3	 5.36E-03	 -0.65	 		

		 		 		 		 		 		 		
	

		
	 	 	 	 	

		
		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

P4000.	1	 77.0	 915.1	 760.4	 0.01	 -0.87	 		
P4000.	2	 50.2	 1406.8	 663.6	 0	 1.14	 		
P4000.	3	 50.4	 441.0	 386.9	 0	 -0.36	 		

		 59.2	 920.9	 603.6	 5.92E-03	 -0.03	 		
		 		 		 		 		 		 		

	
		

	 	 	 	 	
		

		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

SB1.	1	 791.0	 10003	 8915	 1.29	 -1.40	 		
SB1.	2	 1800.6	 16431	 14635	 4.11	 -0.63	 		
SB1.	3	 1015.0	 14136	 11225	 3.22	 -0.94	 		
SB1.	4	 1045.0	 19460	 10999	 X	 -1.84	 		

		 1162.9	 15007.5	 11443.4	 2.87E+00	 -1.20	 		
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		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

SB3.	1	 2595.1	 32699	 23006	 10.24	 -0.13	 		
SB3.	2	 2498.6	 23830	 21139	 10.83	 -0.15	 		
SB3.	3	 2688.4	 24567	 21825	 10.75	 -0.17	 		

		 2594.0	 27032	 21990	 1.06E+01	 -0.15	 		
		 		 		 		 		 		 		

	
		

	 	 	 	 	
		

		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

SLA1.	1	 1388.1	 13853	 10834	 4.39	 -0.25	 		
SLA1.	2	 1323.8	 11281	 10594	 4.29	 -0.41	 		

		 1355.9	 12567	 10714	 4.34E+00	 -0.33	 		
		 		 		 		 		 		 		

	
		

	 	 	 	 	
		

		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

SLA3.	1	 2758.1	 31950	 20444	 11.21	 -0.38	 		
SLA3.	2	 2801.1	 30985	 24389	 13.12	 -0.47	 		
SLA3.	3	 2878.5	 26052	 22276	 13.11	 -0.22	 		

		 2812.6	 29662.3	 22369.7	 1.25E+01	 -0.36	 		
		 		 		 		 		 		 		

	
		

	 	 	 	 	
		

		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

AK16.	1	 51.9	 631.4	 447.7	 0	 -0.33	 		
AK16.	2	 56.4	 586.8	 467.8	 0	 -0.39	 		

		 54.1	 609.1	 457.7	 3.15E-03	 -0.36	 		
		 		 		 		 		 		 		

	
		

	 	 	 	 	
		

		 Roughness	Parameters	 		
		 Sa	(nm)	 Sz	(nm)	 S10z	(nm)	 Sdr	(%)	 Ssk	 		

AK4.	1	 56.5	 778.7	 553.3	 0.01	 -0.29	 		
AK4.	2	 53.7	 618.9	 437.2	 0	 -0.66	 		
AK4.	3	 68.5	 734.6	 663.5	 0.01	 -0.42	 		

		 59.5	 710.8	 551.3	 5.69E-03	 -0.45	 		
		 		 		 		 		 		 		

Appendix	4:	Roughness	parameters	for	every	surface	(all	data)	
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Appendix	5		
	

	
Appendix	5:	3D	images	of	all	surfaces;	(a)	Polished,	(b)	P4000,	(c)	SB1,	(d)	SB3,		

(e)	SLA1,	(f)	SLA3,	(g)	AK16,	(h)	AK4	
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Appendix	6	
	

	
Appendix	6.1:	‘Boxplot’	of	the	contact	angles	distribution,	measured	with	water,		

depending	on	the	sample	surface	
	
	

	
Appendix	6.2:	‘Boxplot’	of	the	contact	angles	distribution,	measured	with	diiodomethane,	

depending	on	the	sample	surface	
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Appendix	6.3:	‘Boxplot’	of	the	contact	angles	distribution,	measured	with	formamide,		

depending	on	the	sample	surface	
	


