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ABSTRACT	

Cancer	Therapy	based	on	Core-Shell	Iron-Iron	Oxide	Nanowires			

Aldo	Isaac	Martínez	Banderas	

Nanomaterials	have	been	widely	investigated	for	improving	the	treatment	of	diseases	

acting	as	vectors	for	diverse	therapies	and	as	diagnostic	tools.	Iron-based	nanowires	

possess	 promising	 potential	 for	 biomedical	 applications	 due	 to	 their	 outstanding	

properties.	The	combination	of	different	 therapeutic	and	diagnostic	strategies	 into	

one	single	platform	 is	an	approach	 for	more	efficient	and	safer	 treatments.	 In	 this	

thesis,	 I	 investigate	 the	 application	 of	 iron-iron	 oxide	 core-shell	 nanowires	 as	

therapeutic	agents	for	cancer	treatment.	In	particular,	a	novel	method	for	multimodal	

cancer	 cell	destruction	was	developed	combining	 the	optical,	magneto-mechanical	

and	chemotherapeutic	properties	of	functionalized	nanowires.	By	functionalizing	the	

nanowires	 with	 doxorubicin	 through	 a	 pH-sensitive	 linker,	 the	 first	 treatment	

modality	was	achieved	by	selective	intracellular	drug	release.	The	second	treatment	

modality	 utilizes	 the	 mechanical	 disturbance	 exerted	 by	 the	 nanowires	 upon	 the	

application	of	a	low-power	alternating	magnetic	field.	The	third	treatment	modality	

exploits	the	capability	of	the	nanowires	to	transform	optical	energy,	absorbed	from	

near-infrared	irradiation,	into	heat.	The	efficiency	of	the	three	treatment	modalities	

both	 independently	 and	 combined	 were	 tested	 in	 breast	 cancer	 cells	 with	 near	

complete	cell	death	(90%).	The	combination	of	the	different	strategies	can	potentially	

reduce	side	effects	and	treatment	time.	Additionally,	I	studied	the	potential	of	these	

iron-iron	oxide	core-shell	nanowires	as	diagnostic	tools,	included	in	the	Appendix	of	
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this	dissertation.	Specifically,	I	studied	their	capability	to	act	as	magnetic	resonance	

imaging	 contrast	 agents	 for	 cell	 labeling,	 detection	 and	 tracking.	 Therein,	 a	 high	

performance	as	T2	contrast	agents	was	confirmed	evaluating	the	effect	of	oxidation	

and	surface	 coatings	on	 the	T2	 contrast	 in	 the	 tailored	 transverse	 relaxivities.	The	

detection	of	nanowire-labeled	cancer	cells	was	demonstrated	in	T2-weighted	images	

of	cells	 implanted	 in	 tissue-mimicking	phantoms	and	 in	mouse	brain.	Labeling	 the	

cells	with	nanowires	enabled	high-resolution	cell	detection	after	in	vivo	implantation	

(~10	cells)	over	a	minimum	of	40	days.	The	capability	of	these	magnetic	nanowires	

of	being	remotely	controllable	and	detectable	make	them	an	attractive	option	in	the	

treatment	 and	 diagnosis	 of	 cancer	 and	 in	 cell	 therapy.	 Future	 directions	 include	

preclinical	studies	for	testing	the	nanowire-based	photothermal	therapy	for	tumor	

ablation.		
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Chapter	1	

Introduction	

1.1 Scope	

During	the	last	several	years,	nanomaterials	have	been	extensively	investigated	for	

their	 ability	 to	 improve	 the	 diagnosis	 and	 treatment	 of	 diseases.1	 Thanks	 to	 their	

structural,	chemical,	optical	or	mechanical	properties,	nanomaterials	have	the	ability	

to	interact	with	cells	in	different	ways	and	with	remote	control	mechanisms.2-4	

The	 use	 and	 combination	 of	 different	 therapeutic	 and	 diagnostic	 strategies	 into	 a	

single	 platform	 is	 the	 next	 step	 towards	 more	 efficient,	 safer	 and	 more	 versatile	

treatments.4-8	Several	studies	report	the	use	of	diverse	approaches	in	a	combination	

by	exploiting	the	different	properties	of	magnetic	nanomaterials	for	the	diagnostics	

and	treatment	of	diseases	such	as	cancer	and	in	cell	therapy	(Figure	1.1).9-12		
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Figure	 1.1.	 Schematic	 representing	 various	 therapeutic	 strategies	 using	
nanomaterial(s).	Adapted	from	Golovkin,	Y.I.	et	al.,	2015.3	
	

Through	 the	 International	 Agency	 for	 Research	 on	 Cancer,	 the	 World	 Health	

Organization	indicates	that	cancer	was	responsible	for	~9.6	million	deaths	in	2018,	

representing	1	in	6	deaths	worldwide.13-14	The	estimated	total	annual	economic	cost	

of	cancer	was	approximately	$1.16	trillion	in	201015	and	according	to	the	National	

Cancer	Institute	in	the	US,	most	cancer	drugs	launched	between	2009	and	2014	were	

priced	 at	 more	 than	 $100,000	 per	 patient	 for	 one	 year	 of	 treatment.	 The	 yearly	

mortality	rate	covers	a	significant	percentage	of	the	incidence	rate	in	both	sexes	in	

the	top	ten	cancers	led	by	breast,	prostate,	and	lung	cancers,	as	represented	in	Figure	

1.2.	
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Figure	1.2.	World	 incidence	 and	mortality	 rates	 for	 the	 top	10	 cancers.	Data	 from	
Globocan,	2018.14	
	

Current	treatment	options	for	cancer	such	as	chemotherapy,	radiation	or	surgery	are	

highly	aggressive	to	the	patient	due	to	their	secondary	effects,	lack	of	selectivity,	and	

invasiveness.9	For	this	reason,	less	aggressive	methods	are	of	great	interest,	such	as	

therapies	remotely	 triggered	by	stimuli	based	on	nano-agents.6	 In	 the	search	 for	a	

new	 treatment,	 different	 strategies	 have	 been	 explored	 taking	 advantage	 of	 the	

unique	properties	of	nanomaterials.	One	of	the	most	studied	strategies	involves	the	

generation	 of	 heat	 by	 exposing	magnetic	 nanoparticles	 (MNPs)	 to	 high-frequency	

magnetic	fields,	called	magnetic	hyperthermia.	Recently,	Magforce®	has	taken	MNPs’	

hyperthermia	 for	 cancer	 treatment	 into	 the	 clinical	 phase	 with	 its	 patented	

formulation	 Nanotherm®;	 a	 novel	 therapy	 for	 the	 focal	 treatment	 of	 solid	 brain	

tumors,	 in	which	MNPs	are	administered	either	directly	 into	the	tumor	or	 into	the	

resection	cavity	wall	(Figure	1.3).	These	particles	are	subsequently	heated	by	a	high-

frequency	magnetic	field,	thus	destroying	the	cancer	cells.	
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Figure	 1.3.	 Magforce®	 therapy	 based	 on	 magnetic	 hyperthermia	 with	 magnetic	
nanoparticles	in	solid	brain	tumors.	Adapted	from	www.magforce.com.	
	

Biomedical	 imaging	 is	 relevant	 for	 scientific	 and	 clinical	 applications	 due	 to	 the	

importance	of	disease	detection	at	early	stages.16	Magnetic	resonance	imaging	(MRI)	

allows	 non-invasive	 and	 real-time	 monitoring	 of	 dynamic	 processes	 in	 living	

organisms.	To	better	discern	tissues	of	similar	magnetic	properties	throughout	MRI,	

contrast	agents	are	often	utilized	and	some	of	them	are	based	on	iron	oxide	(FexOy)	

NPs.17-18	

In	recent	years,	many	studies	have	proposed	magnetic	nanowires	(NWs)	as	a	new	

nanomaterial	 that	 offers	 potential	 advantages	 over	 spherical	 MNPs,	 primarily	

because	of	their	morphology	and	magnetic	properties.	Iron	(Fe)	-based	NWs	combine	

low	 cytotoxicity	with	 a	 large	 remanent	magnetization,	 through	which	 they	 can	be	
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remotely	manipulated	with	ease.	This	large	remanent	magnetization	has	been	used	

in	 diverse	 applications	 including	 cell	 separation,	manipulation	 and	 purification	 as	

well,	as	in	delivering	of	diverse	molecules,	and	magnetic	hyperthermia.	Recently,	the	

performance	 of	 Fe	 and	multisegmented	 Fe/gold	NWs	 as	MRI	 contrast	 agents	was	

evaluated,	where	both	types	of	NWs	appeared	to	be	promising	T2	contrast	agents.19	

In	our	group,	Fe-based	NWs	have	been	used	for	the	magneto-mechanical	induction	of	

cancer	cell	death,	and	although	the	results	were	promising,	this	single	strategy	was	

not	able	to	completely	destroy	the	cancer	cells.	

In	combinatory	treatments,	two	of	the	most	studied	properties	of	the	MNPs,	magnetic	

hyperthermia	 and	 chemotherapy	 through	 a	 smart	 release	 mechanism	 of	 an	

anticancer	drug,	doxorubicin	 (DOX),	were	combined	 for	both	killing	breast	 cancer	

cells	and	tumor	ablation.	As	a	result,	it	was	produced	a	synergic	effect	translated	in	a	

strong	enhancement	of	the	cytotoxicity	of	multifunctionalized	MNPs	in	vitro	and	in	

vivo.20		

Based	on	this	idea	and	following	our	previous	results	on	the	magnetic	properties	of	

the	Fe-based	NWs,	the	magneto-mechanical	effect	exerted	by	the	NWs,	when	applying	

a	 low-frequency	 alternating	 magnetic	 field	 (AMF),	 was	 combined	 with	 the	

chemotherapeutical	 effect	 of	 DOX,	 which	 was	 linked	 to	 the	 NWs	 through	 a	 pH-

sensitive	covalent	bond	(Figure	1.4).	An	additive	cytotoxic	effect	was	found	in	breast	

cancer	cells,	decreasing	the	cell	viability	by	~70%.	The	synergistic	bimodal	treatment	

showed	higher	efficiency	than	the	one	obtained	by	either	strategy	individually.8	
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Figure	1.4.	 Schematic	 representation	of	 the	bimodal	 strategy	 for	 cancer	 cell	 death	
induction	with	functionalized	Fe-based	NWs.	Doxorubicin	(D)	functionalized	NWs	are	
internalized	 in	 endosomes	where	 the	 low	 pH	 induces	 drug	 release,	 triggering	 the	
chemotherapeutical	effect	at	 the	nucleus.	At	 the	same	 time,	a	magneto-mechanical	
effect	 is	 produced	 by	 the	 NWs	 when	 a	 low	 frequency	 magnetic	 field	 is	 applied	
generating	an	enhanced	cancer	cell	death.	
	

Within	 the	 same	 line	 of	 research	 and	 exploring	 a	 different	 application,	 FexOy	

nanocubes	were	used	for	a	dual	heating	treatment.	The	nanocubes	were	exposed	to	

both	an	AMF	and	near-infrared	(NIR)	laser	irradiation	(808	nm,	0.3	and	0.8	W/cm2)	

that	highly	amplified	their	heating	effect	and	induced	high	cytotoxicity	in	vitro	with	

complete	tumor	regression	in	vivo,	as	shown	in	Figure	1.5.4	Similar	to	the	case	of	the	



22 
 

magneto-mechanical	 actuation,	 the	 dimensions	 and	 architecture	 of	 nanomaterial	

seem	to	play	an	important	role	in	their	performance	as	heat	producing	agents.21-23		

	

Figure	1.5.	Bimodal	cancer	therapy	with	FexOy	nanocubes	combining	photothermal	
therapy	and	magnetic	hyperthermia.	Adapted	from	Espinosa,	A.	et	al.,	2016.4	
	

	

1.2	Motivation	and	Objectives		

The	 evidence	 described	 above	 indicates	 that	 our	 magnetic	 NWs	 with	 their	

outstanding	properties	can	be	applied	in	different	biomedical	applications.		
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Fe-based	NWs	may	possess	 similar	 optical	 properties	 to	 the	FexOy	 nanocubes	 and	

therefore	be	suitable	for	photothermal	therapy.	Moreover,	this	effect	could	be	added	

as	 a	 novel	 strategy	 for	 cancer	 treatment	 together	 with	 the	 proven	 magneto-

mechanical	effect	and	drug	delivery	in	order	to	increase	its	efficiency.	The	goal	of	this	

dissertation	was	to	use	Fe-based	NWs	in	multimodal	cancer	treatment	by	combining	

the	therapeutic	effect	of	NWs	with	DOX	molecules	covalently	attached	through	pH-

sensitive	 likers	 with	 the	 magneto-mechanical	 actuation	 under	 an	 AMF	 and	

photothermal	therapy,	when	NWs	are	irradiated	with	a	NIR	laser,	as	exemplified	in	

Figure	 1.6.	 While	 the	 magnetic	 properties	 of	 Fe-based	 NWs	 together	 with	 their	

performance	 as	 drug	 delivery	 systems	 have	 been	 studied	 before,	 their	 optical	

properties	have	not.	To	evaluate	the	optical	properties	of	the	NWs,	they	need	to	be	

characterized	 together	with	 their	 capability	 to	 convert	 optical	 energy	 into	 heat	 in	

aqueous	solutions,	as	well	as	in	human	cancer	tissue.	Therefore,	in	this	dissertation	

the	potential	of	Fe-based	NWs	for	photothermal	treatment	was	evaluated	using	NIR	

laser-mediated	 heating	 combined	 with	 the	 other	 two	 treatments	 in	 vitro	 in	 cell	

viability	assays.	The	results	of	this	work	were	published	in	the	ACS	Applied	Materials	

&	Interfaces	Journal24	and	the	manuscript	is	included	in	the	Appendix	section	of	this	

dissertation	(Appendix	B).	Some	preliminary	tests	towards	the	application	of	these	

NWs	 for	 photothermal	 therapy	 in	 vivo	 are	 also	 included	 in	 this	 dissertation	

supporting	their	great	potential	as	a	multi-purpose	biomedical	nanomaterial.	



24 
 

Figure	1.6.	Schematic	representation	of	the	multimodal	strategy	for	cancer	treatment	
with	functionalized	Fe-based	NWs.	In	the	first	modality,	the	low	pH	of	the	endosomes	
induces	the	release	of	doxorubicin	triggering	the	chemotherapeutic	effect.	NIR	laser	
irradiation	of	the	internalized	NWs	triggers	the	photothermal	therapy	as	the	second	
modality.	 The	 application	 of	 low	 frequency	 AMF	 generates	 a	magneto-mechanical	
effect.	The	combination	of	the	three	strategies	results	in	an	enhanced	cytotoxic	effect	
in	cancer	cells.	
	

It	 is	 known	 that	 for	 being	 an	 efficient	 MRI	 T2	 contrast	 agent,	 a	 large	 transversal	

magnetic	 relaxivity	 constant	 (r2)	 is	 needed,	which	 is	 proportional	 to	 the	 effective	

magnetic	 moment	 of	 the	 material.25	 Fe-based	 NWs	 possess	 high	 saturation	 and	

remanent	 magnetization	 values,	 the	 latter	 originating	 from	 the	 strong	 shape	

anisotropy	 that	 place	 them	 in	 prime	 position	 for	 this	 application.26-27	 The	

performance	of	Fe-based	NWs	to	act	as	T2	contrast	agents	has	been	previously	studied	

in	aqueous	solutions.19	It	has	been	determined	that	Fe-based	NWs	interact	with	cells	

without	 compromising	 their	 survival,	 functionality,	 and	 capacity	 to	 proliferate28-30	

hence,	 as	 a	 side	 project	 and	 in	 order	 to	 illustrate	 the	 great	 potential	 of	 this	
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nanomaterial,	I	studied	the	capability	of	Fe-based	NWs	to	act	as	MRI	contrast	agents	

for	the	detectability	of	NW-labeled	cells.	The	NW-labeling	made	it	possible	to	trace	

their	 exact	 location	 and	 fate	 in	 vivo	 after	 implantation	 into	 a	 mice	 brain,	 as	

exemplified	 in	 Figure	 1.7.	 The	 complete	 study	 was	 published	 in	 the	 Journal	 of	

Nanobiotechnology31	 and	 is	 included	 in	 the	 Appendix	 section	 of	 this	 dissertation	

(Appendix	C).		

	

	

Figure	 1.7.	 Schematic	 representation	 of	 the	 application	 of	 Fe-based	 NWs	 as	 T2	
contrast	 agents	 for	 labeling	 cells	 enabling	 their	 MRI	 detection	 and	 tracking.	 The	
magnetic	 relaxivities	of	different	 formulations	of	NWs	were	evaluated,	 from	which	
BSA-coated	NWs	were	selected	to	label	breast	cancer	cells.	The	detection	of	the	NW-
labeled	cells	is	demonstrated	in	T2-weighted	images	of	cells	implanted	in	a	tissue-like	
environment	and	in	mouse	brain.	The	NWs	enabled	high-resolution	cell	tracking	after	
in	vivo	implantation	over	a	minimum	of	40	days.	
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1.3	Thesis	Outline		

This	thesis	is	structured	as	a	monograph	in	a	manner	where	the	order	of	the	chapters	

helps	 the	reader	 to	understand	the	main	 idea	about	what	studies	were	performed	

during	the	course	of	this	research	project.		

Chapter	Two	contains	basic	background	information	covering	topics	such	as	cancer	

and	 the	 involvement	 of	 nanotechnology	 in	 cancer	 therapy	 describing	 some	 of	 the	

main	nanomaterials	employed	and	studied	this	far.	Subsections	explaining	the	basics	

of	magnetism	and	optics	have	been	 included	at	 the	beginning	of	 the	 chapter	 for	a	

deeper	 understanding	 of	 the	 nanomaterial-based	 therapeutic	 strategies	 such	 as	

magneto-mechanical	 disturbance	 and	 photothermal	 therapy	 explained	 later.	

Emphasis	 is	 made	 on	 magnetic	 NWs,	 their	 characteristics,	 properties	 and	

applications.	Finally,	some	of	 the	main	research	that	has	been	done	with	magnetic	

NWs	 in	our	 lab	and	other	groups	 is	presented	 focusing	on	 the	NW	properties	 that	

were	exploited	during	this	project.		

Chapter	Three	describes	the	materials	and	methods	employed	during	this	research	

project	 starting	 from	 NW	 synthesis,	 and	 their	 physical,	 chemical,	 magnetic,	 and	

optical	characterization	and	functionalization.	Cellular	internalization	of	NWs	and	Fe	

quantification	 techniques	 are	 also	 described	 in	 this	 section	 followed	 by	 the	

description	of	in-vitro	cell	viability	assays	in	breast	cancer	cells	testing	the	different	

cell-killing	 strategies	 through	 NWs.	 The	 last	 subsection	 describes	 some	 of	 the	
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preliminary	 in	 vivo	 studies	 of	 photothermal	 therapy	 with	 NWs	 in	 mice	 bearing	

tumors.	

Chapter	Four	includes	a	meticulous	and	profound	description	and	discussion	of	the	

results	obtained	in	each	of	the	experiments	performed	presenting	the	main	charts,	

images	and	graphs.	 	This	 chapter	 includes	a	 complete	characterization	of	Fe	NWs,	

where	the	novelty	of	their	optical	properties	is	supported	by	several	experiments	and	

deep	explanations.	Different	imaging	techniques	were	applied	not	only	during	the	NW	

characterization,	 but	 also	 during	 cellular	 internalization	 studies	 and	 during	 the	

application	 of	 photothermal	 therapy.	 The	 chapter	 finalizes	with	 the	 application	 of	

different	 therapeutic	 strategies	 in	 vitro	 in	 breast	 cancer	 cells	 independently	 and	

combined	to	end	with	the	preliminary	tests	of	NW-based	photothermal	therapy	for	

tumor	ablation	in	vivo.	

Finally,	a	conclusions	and	future	perspectives	section	is	presented	in	the	context	of	

various	statements	of	the	achievements	of	the	thesis	project.		

An	appendix	section	at	the	end	of	this	dissertation	includes	additional	and	extended	

methods	 (Appendiz	 A),	 the	 manuscript	 Iron-Based	 Core−Shell	 Nanowires	 for	

Combinatorial	Drug	Delivery	and	Photothermal	and	Magnetic	Therapy	(Appendix	B),	

and	 the	manuscript	Magnetic	core–shell	nanowires	as	MRI	contrast	agents	 for	cell	

tracking	(Appendix	C).	
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1.4	Statement	of	Collaboration	

Parts	 of	 the	 main	 project	 of	 this	 dissertation	 were	 performed	 in	 collaboration	

between	the	Center	 for	Cooperative	Research	 in	Biomaterials	(CIC	biomaGUNE)	in	

San	 Sebastian,	 Spain	 and	 the	King	Abdullah	University	 of	 Science	 and	Technology	

(KAUST)	 in	 Thuwal,	 Saudi	 Arabia.	 Prof	 Aitziber	 Lopez	 Cortajarena	 from	 CIC	

biomaGUNE	and	Prof.	Jürgen	Kosel	from	KAUST	supervised	the	project.	Prof.	Jasmeen	

Merzaban	from	KAUST	acted	as	co-supervisor.	

Due	 to	 the	 interdisciplinary	 nature	 of	 this	 project,	 a	 group	 of	 people	 of	 different	

expertise	participated	in	the	experiments.	Dr.	Francisco	Terán	provided	the	in-vitro	

alternating	 magnetic	 field	 generator,	 set	 it	 up	 for	 the	 conditions	 required	 at	 CIC	

biomaGUNE	and	determined	the	mass-specific	heat	values	of	the	buffer	solution,	and	

cells	at	Servicio	Interdepartamental	de	Investigación	from	Universidad	Autónoma	de	

Madrid.		

Aldo	I.	Martínez	Banderas,	Dr.	José	E.	Pérez	Rodríguez	and	Julian	A.	Moreno	Garcia	

synthesized	the	different	samples	of	 iron	nanowires	used	in	this	project	at	KAUST.	

Aldo	I.	Martínez	Banderas	and	Dr.	José	E.	Pérez	Rodríguez	prepared	the	samples	for	

physical	and	chemical	characterization.		

Scanning	electron	microscopy	was	done	by	Aldo	Isaac	Martínez	Banderas	and	Dr.	José	

E.	Pérez	Rodríguez.	Scanning	transmission	electron	microscopy	coupled	to	electron	

energy	 loss	 spectroscopy	 was	 done	 by	 Dr.	 Sergei	 Lopatin	 at	 the	 Imaging	 and	

Characterization	Core	Lab,	KAUST.	
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The	magnetic	 characterization	of	 the	different	 samples	of	nanowires	was	done	by	

Aldo	 I.	 Martínez	 Banderas	 and	 Julian	 A.	 Moreno	 Garcia	 in	 KAUST.	 The	 optical	

absorbance	measurements	were	performed	by	Jorge	Holguin	Lerma	at	the	Photonics	

Laboratory,	KAUST.	

Dr.	 Antonio	 Aires	 provided	 the	 doxorubicin	 derivative	 employed	 for	 the	

functionalization	of	 the	 iron	nanowires.	Dr.	Antonio	Aires	and	Aldo	Isaac	Martínez	

Banderas	 worked	 together	 to	 prepare	 and	 perform:	 the	 cell	 cultures,	 the	 iron	

nanowire	 coating	 and	 functionalization,	 the	 drug	 release	 assay,	 the	 photothermal	

characterization	 assays,	 application	 of	 the	magneto-mechanical	 and	 photothermal	

treatments	to	cancer	cells	labeled	with	nanowires,	the	in	vitro	cell	viability	assays,	the	

samples	for	 inductively	coupled	plasma	mass	spectrometry	studies	and	performed	

confocal	light	reflection	microscopy	imaging.	The	laser	set	up	used	at	CIC	biomagune	

for	the	in	vitro	studies	was	provided	and	set	up	by	Dr.	Marta	Quintanilla	Morales,	who	

also	participated	in	the	optical	characterization	of	iron	nanowires.	

Preliminary	animal	experiments	were	performed	by	Aldo	Isaac	Martinez	Banderas	at	

the	Animal	Resources	Core	Lab	in	KAUST	with	the	help	of	Dr.	Francesco	Rottolli.	The	

NIR	laser	for	the	in	vivo	experiments	was	provided	by	Prof.	Boon	Ooi	and	was	set	up	

with	 the	 help	 Dr.	 Tien	 Khee	 from	 the	 Photonics	 Laboratory	 and	 Ralph	

Timmermeester	from	the	Lab	Equipment	Manteinance	Unit	at	KAUST.	

An	additional	project,	added	as	an	appendix	of	 this	dissertation,	was	performed	in	

collaboration	with	Dr.	Sandra	Plaza	García,	Dr.	Lorena	Colás	and	Prof.	Pedro	Ramos	

Cabrer	from	the	Magnetic	Resonance	Imaging	Lab	at	CIC	biomaGUNE.	
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Chapter	2	

Background	

2.1	Basics	on	magnetism	and	magnetic	field-tissue	interaction		

Basic	 concepts	 of	magnetism	 related	 to	 this	 dissertation	will	 be	 presented	 in	 this	

subsection.	Special	focus	is	placed	on	magnetic	vectors	and	the	magnetic	properties	

of	materials	such	as	hysteresis	loops	and	magnetic	torque.	Finally,	some	information	

regarding	the	magnetic	field-biological	tissue	interaction	is	presented.		

The	 magnetic	 field	 (H)	 describes	 the	 intensity	 of	 the	 field	 and	 its	 units	 in	 the	

international	system	(SI)	are	ampere/meter	(A/m),	while	the	magnetic	induction	(B)	

is	the	magnetic	flux	density	in	a	material	and	is	expressed	as	Tesla	(T).	Magnetization	

(M)	 is	 the	 vector	 that	 describes	 the	 density	 of	magnetic	 dipole	moments	 inside	 a	

material	and	is	expressed	as	(A/m)	or	as	mass	magnetization	(Am2/kilogram	(kg)).	

The	three	vectors	are	related	by	the	following	equation:	

𝐁 = 	𝜇!(𝐇 +𝐌),	 	 	 	 											(2.1)	

where	 𝜇!	 is	 the	 vacuum	magnetic	 permeability	which	 is	 the	 ability	 of	 vacuum	 to	

support	the	formation	of	a	magnetic	flux	within	itself.	Therefore,	the	B	field	is	the	sum	

of	H	and	M	for	a	given	material.	If	the	material	is	magnetic,	the	total	permeability	(µ)	

is:	

𝜇 = 	𝜇"𝜇!,	 	 				 	 	 					(2.2)	
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where	𝜇" 	is	the	relative	magnetic	permeability	of	a	material.		

Materials	 can	 be	 classified	 as	 diamagnetic,	 paramagnetic	 and	 ferromagnetic,	

according	 to	 their	 response	 when	 subjected	 to	 a	 magnetic	 field.	 The	 magnetic	

response	of	a	material	depends	on	 the	magnetic	moments	of	 their	atoms'	orbiting	

electrons	hence	magnetism	is	originated	by	the	orbital	and	spin	motions	of	electros	

and	by	how	the	electrons	interact	with	one	another.	All	materials	are	magnetic	but	

some	of	them	are	much	more	magnetic	than	others	e.g.:	in	some	materials	there	is	no	

collective	interaction	of	atomic	magnetic	moments,	whereas	in	others	there	is	a	very	

strong	interaction	between	atomic	moments.		

Diamagnetic	materials	are	composed	of	atoms	with	no	net	magnetic	moment,	so	that	

all	the	molecular	orbitals	are	filled	with	paired	electrons.	However,	when	exposed	to	

a	magnetic	field	(H	≠	0),	a	negative	magnetization	is	produced,	where	the	induced	

field	opposes	the	applied	field.	All	materials	are	diamagnetic,	although	diamagnetism	

is	 considered	 the	 residual	 magnetic	 behavior	 when	 materials	 are	 neither	

paramagnetic	nor	ferromagnetic.	

On	the	contrary,	paramagnetic	materials	have	moieties	with	a	net	magnetic	moment,	

but	are	randomly	organized	within	the	material,	showing	a	net	magnetization	equal	

to	 zero	 in	 absence	 of	 an	 external	 magnetic	 field	 (H	 =	 0).	 When	 subjected	 to	 an	

sufficiently	strong	external	field,	the	atomic	moments	align	to	the	direction	of	the	field	

that	result	in	a	positive	magnetization	that	depends	on	the	strength	of	H.	
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Ferromagnetic	materials	possess	regions	called	domains	within	which	the	magnetic	

moments	are	aligned	retaining	their	magnetic	properties	 in	absence	of	an	external	

magnetic	field.	However,	the	net	directions	of	these	domains	are	random	across	the	

material	so	that	their	magnetic	moment	is	zero	if	they	have	not	been	exposed	to	an	

external	 field.	After	exposure	to	a	magnetic	 field	(H	≠	0),	 the	domains	align	to	the	

direction	of	the	applied	field	generating	a	strong	magnetization	to	a	maximum	value	

or	saturation	magnetization	(all	domains	aligned,	MS).	The	material	retains	the	bulk	

magnetization	for	some	time	even	after	the	field	is	removed	(H	=	0).	This	remaining	

magnetization	is	known	as	remanent	magnetization	(MR).	Iron	(Fe),	nickel	(Ni)	and	

cobalt	(Co)	as	well	as	most	of	their	alloys	are	classified	as	ferromagnetic	materials.		

There	exist	other	sub-classifications	within	ferromagnetism	where	an	atomic	order	

exists,	such	as	ferrimagnetism	and	anti-ferromagnetism.		For	ionic	compounds	such	

metal	oxides,	 there	may	be	a	more	complex	magnetic	ordering	as	a	 result	of	 their	

crystal	structure.	These	materials	present	two	different	magnetic	sublattices.	When	

these	lattices	have	different	anti-parallel	net	moments,	the	net	magnetic	moment	of	

the	 material	 is	 different	 from	 zero	 and	 the	 material	 is	 called	 a	 ferrimagnet	 e.g.	

magnetite	(Fe3O4).	However,	in	the	case	in	which	the	two	sublattices	have	the	exact	

same	value	and	an	opposite	(anti-parallel)	orientation,	the	net	magnetization	is	zero.	

The	materials	 in	which	this	happens	are	called	antiferomagnets.	 In	summary,	only	

ferromagnetic	and	ferrimagnetic	materials	have	net	magnetic	moment	in	the	absence	

of	an	external	field	and	can	therefore	be	considered	magnetic	under	this	condition.	
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Diamagnetic,	 paramagnetic	 and	 antiferromagnetic	 materials	 are	 considered	 weak	

magnetic	materials,	and	have	a	zero	or	close	to	zero	net	magnetic	moment.32	

The	 last	 type	of	magnetic	behavior	 is	 superparamagnetism,	where	at	 the	 size	of	 a	

ferromagnetic	 or	 ferrimagnetic	 material	 is	 reduced	 to	 the	 range	 of	 nanometers	

affecting	 their	magnetic	properties.	Thermal	 fluctuations	 affect	 the	 stability	 of	 the	

magnetic	 moments	 within	 a	 nanomaterial,	 thus	 magnetization	 can	 flip	 due	 to	

temperature	fluctuations	and	in	the	absence	of	an	external	magnetic	field,	the	average	

magnetization	 is	 zero.	 In	 terms	 of	 magnetic	 behavior,	 these	 superparamagnetic	

particles	behave	like	paramagnets	with	the	difference	that	their	susceptibilities	are	

much	 larger.33	 The	 ferromagnetic	 material	 Fe	 is	 used	 for	 the	 experimental	 work	

presented	here	and	their	properties	will	be	discussed	in	later	sections.	

Magnetization	 curves	 or	 hysteresis	 loops	 show	 the	 response	 of	 a	 ferromagnetic	

material	when	exposed	to	a	magnetic	field,	and	are	typically	used	to	characterize	the	

magnetic	properties	and	behavior	of	a	material.	In	the	magnetic	hysteresis	loop,	the	

x-axis	corresponds	to	H	and	the	y-axis	to	either	B,	M	or	to	the	mass	magnetization	

hence	the	intrinsic	properties	of	a	ferromagnetic	material	can	be	obtained	such	as	MS,	

MR	and	the	coercive	field	(HC)34	as	shown	in	Figure	2.1.	
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Figure	2.1.	Schematic	representation	of	the	typical	hysteresis	loop	of	a	ferromagnetic	
material.	If	not	previously	exposed	to	a	magnetic	field,	magnetization	starts	at	origin	
(a)	 that	 reaches	 a	 maximum	 saturation	 in	 both	 directions	 (b	 and	 e)	 with	 two	
remanent	magnetization	points	(c	and	f)	and	two	coercive	field	points	(d	and	g).	
	

The	hysteresis	loop	of	a	given	magnetic	material	starts	at	origin	(a),	if	not	previously	

exposed	to	a	magnetic	field.	As	H	increases,	the	magnetic	moments	of	the	material	

gradually	align	to	the	direction	of	the	field	so	that	M	increases	until	saturation,	MS,	is	

reached	(b).	When	starting	to	decrease	the	field,	this	alignment	slowly	disappear	and	

at	H	=	0	(c),	the	magnetization	gets	its	remanence	value,	MR.	As	mentioned	before,	

the	 fact	 the	 remanence	 has	 a	 non-zero	 value	 is	 characteristic	 of	 ferromagnetic	

materials	and	is	related	to	the	“magnetic	memory”.	If	the	field	is	applied	now	in	the	

anti-parallel	direction,	magnetization	ordering	will	be	further	lost	until,	eventually,	it	

reaches	a	 zero	value,	HC	 (d).	Further	 increasing	 the	 field	value	 in	 the	anti-parallel	

direction	leads	to	the	same	magnetization	behavior	but	in	the	opposite	direction.	The	
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same	saturation	value	is	reached	again	in	(e);	(f)	and	(g)	correlate	to	the	(c)	and	(d)	

steps	but	when	applying	the	external	field	in	an	anti-parallel	direction.	

This	 characterization	 is	 important	 for	 understanding	 the	 magnetic	 behavior	 of	 a	

nanomaterial	for	a	given	application.	A	high	MS	will	lead	to	a	nanomaterial	to	be	easily	

manipulated	 by	 a	 low	 intensity	 magnetic	 field,	 which	 translates	 to	 a	 low	 power	

setup.35	 Besides,	 a	 high	 MR	 may	 lead	 to	 the	 agglomeration	 of	 nanostructures,	 a	

common	 problem	 with	 magnetic	 materials	 that	 reduces	 their	 efficiency	 in	

experimental	settings.36	

When	 a	 magnetic	 material	 is	 exposed	 to	 a	 field	 in	 one	 direction	 and	 then	 in	 the	

opposite	 direction,	 completing	 an	 entire	 hysteresis	 loop,	 energy	 is	 lost	 in	 the	 re-

orientation	 of	 the	 magnetic	 domains	 of	 the	 material.	 This	 energy	 loss	 is	 called	

hysteresis	loss	and	manifests	itself	 in	the	form	of	heat.	All	 ferromagnetic	materials	

exposed	to	magnetization	cycles	are	prone	to	producing	heat	but	the	strength	of	this	

effect	depends	on	factors	such	as	the	response	of	the	given	material	to	the	magnetic	

field	 (composition),	 its	 geometry,	 the	 frequency	 and	 amplitude	 of	 the	 applied	

magnetic	 field	 and	 the	 amount	 of	 material.	 The	 concept	 of	 hysteresis	 losses	 is	

extremely	 relevant	 for	 applications	 involving	 heat	 production	 such	 as	 magnetic	

hyperthermia.37	

The	 properties	 and	 behavior	 of	 a	 specific	 magnetic	 material	 are	 a	 result	 of	 the	

interaction	 of	 different	 energy	 terms	 such	 as	 the	 Zeeman	 or	 potential	 energy,	 the	

magnetostatic	 (demagnetizing)	 energy,	 the	 exchange	 energy,	 and	 the	 anisotropy	

energy.	 Focusing	 in	 this	 last	 term,	 magnetic	 anisotropy	 refers	 to	 a	 preferential	
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direction	 for	which	 the	 alignment	 of	 the	magnetic	moments	 is	more	 energetically	

favorable	and	 includes	magnetocrystalline,	shape	and	magnetoelastic	anisotropies.	

For	 a	 ferromagnetic	 material,	 anisotropic	 energy	 refers	 to	 the	 alignment	 of	 the	

magnetic	 moments	 to	 the	 easy	 axis	 of	 the	 magnetic	 material	 so	 that	 a	 parallel	

alignment	to	the	easy	axis	minimizes	the	energy	whilst	a	perpendicular	orientation	is	

not	energetically	favorable.	

As	stated	above,	the	behavior	of	magnetic	materials	is	intrinsically	controlled	by	the	

different	 anisotropies.	 When	 a	 material	 has	 magnetocrystalline	 anisotropy	 the	

alignment	 of	 its	 magnetization	 favors	 certain	 crystallographic	 directions	 e.g.	 Fe	

present	a	cubic	crystalline	structure.	Besides,	if	one	of	the	dimensions	is	particularly	

larger	compared	to	the	others,	the	material	has	a	strong	shape	anisotropy	favoring	

the	alignment	of	the	magnetization	along	the	materials’	longitudinal	axis.	Finally,	the	

magnetoelastic	 anisotropy	occurs	 in	magnetostrictive	materials,	which	 are	 able	 to	

change	their	shape	or	dimensions	during	the	process	of	magnetization.37	

The	effect	of	magnetism	on	health	and	tissues	is	a	very	old	and	combative	topic,	where	

vast	and	contradictory	information	has	appeared.38	Early	studies	generally	generated	

negative	 conclusions	 about	 how	 magnets	 impacted	 biological	 and	 pathological	

processes	 and	 were	 of	 limited	 scope.39	 In	 early	 space	 research	 researchers	 were	

concerned	 about	 magnetic	 field	 effects	 on	 astronauts,	 giving	 raise	 to	 studies	 on	

primates.40		In	the	1970s	with	the	introduction	of	MRI,	the	safety	of	the	strong	static	

magnetic	fields	required	for	this	application	needed	to	be	assessed.	In	1987	the	FDA	

classified	magnetic	fields	with	strength	of	less	than	2	T	as	non-significant	risk	based	
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on	 positive	 clinical	 and	 safety	 experience.	 Additional	 experience	 resulted	 in	 the	

increase	this	threshold	to	4	T	in	1996	and	to	8	T	in	2003	(for	adults).41-42	In	general	

the	human	tissues	respond	in	diverse	manners	to	applied	magnetic	and	electric	fields.	

Very	strong	static	magnetic	fields	have	only	minor	and	almost	imperceptible	effects	

in	stationary	tissues,	whereas	electric	fields	can	cause	severe	tissue	injury	and	death.	

Charge	rates	in	biological	systems	are	much	smaller	than	the	speed	of	light	resulting	

in	 a	 relatively	 weak	 effect	 of	 magnetic	 fields	 on	 tissues.	 Therefore,	 the	 magnetic	

susceptibility	of	non-ferromagnetic	materials	 is	predictable.43	As	explained	before,	

the	 ability	 of	 electric	 and	 magnetic	 fields	 to	 produce	 a	 magnetic	 or	 electric		

polarization	 is	measured	 by	 the	magnetic	 and	 electric	 susceptibilities.	 For	 typical	

non-ferromagnetic	materials	 the	 electric	 susceptibility	 is	 on	 the	 order	 of	 105–106	

times	larger	than	the	one	of	biological	materials	(│χ│	<	1)	so	that	the	effects	of	the	

induced	fields	can	be	neglected.44	Almost	all	human	tissues	are	diamagnetic	and	have	

a	susceptibility	close	to	the	one	of	water	(-9.05	x	10-6).	Nevertheless,	a	strong	enough	

static	 magnetic	 field	 could	 still	 produce	 several	 physical	 and	 chemical	 effects	 in	

human	tissues.	This	includes	magnetic	forces	or	torques	due	to	tissue	susceptibility	

differences,	nerve	or	muscle	stimulation	by	flow	or	motion-induced	currents,	changes	

in	 chemical	 reaction	 rates,	 magneto-hydrodynamic	 forces	 and	 pressures,	 and	

magnetic	 excitation	 of	 sensory	 receptors	 leading	 to	 sensations	 such	 as	 nausea	 or	

vertigo.	 However,	 up	 to	 date,	 there	 is	 no	 established	 effect	 and	 direct	 evidence	

impeding	 the	 usage	 of	magnetic	 fields	 still	 higher	 than	 those	 in	 use	 today	 taking	

appropriate	precautions,45	 and	such	statements	have	been	endorsed	by	 the	World	

Health	Organization.46	
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2.2	 Basics	 on	 optics,	 optical	 properties	 of	 metals	 and	 light-tissue	

interaction	

Basic	 concepts	 of	 optics	 related	 to	 this	 dissertation	 will	 be	 presented	 in	 this	

subsection.	The	two	theories	describing	 light	are	briefly	explained	herein	together	

with	some	relevant	aspects	about	 the	optical	properties	of	metals.	Furthermore,	a	

description	of	the	light-tissue	(skin)	interaction	is	presented.	

Light	 can	 be	 defined	 as	 electromagnetic	 radiation	 usually	 characterized	 by	 the	

wavelength	 (λ),	 frequency	 or	 photon	 energy.	 The	 electromagnetic	 spectrum	

encompasses	all	wavelengths	of	radiation	ranging	from	radio	waves	with		λ		of	~100	

km	 to	 gamma	 rays	with	 λ	 at	 the	 order	 of	 1	 pm	as	 shown	 in	 Figure	2.2.	 The	most	

relevant	wavelengths	 for	 optics	 are	 the	ultraviolet	 (UV),	 visible,	 and	 infrared	 (IR)	

ranges.	UV	rays	(λ	=	1	to	400nm)	are	used	in	tanning	beds	and	are	responsible	for	

sunburns.	Visible	rays	(λ	=	400	to	750nm)	comprise	the	part	of	the	spectrum	that	can	

be	perceived	by	the	human	eye	and	make	up	the	colors	people	see.	Lastly,	IR	rays	(λ	

=	750nm	to	1000µm)	are	used	in	heating	applications.	Furthermore,	IR	radiation	can	

be	broken	up	further	into	near-infrared	(NIR,	750nm	-	3µm),	mid-wave	infrared	(3	-	

30µm)	and	far-infrared	(30	–	1000µm).	
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Figure	2.2.	Schematic	of	the	electromagnetic	spectrum.	Modified	from	Kerr,	A.	et	al.,	
2011.47	
	

Two	theories	describe	the	behavior	of	light.	In	the	“classical	theory”,	the	behavior	of	

light	 is	 described	 in	 terms	 of	 electromagnetic	 fields	 and	 waves,	 whereas	 for	 the	

“quantum	 theory”,	 light	 is	 considered	 to	 be	 composed	 of	 photons,	 which	 are	

elementary	units	of	radiation.	For	the	quantum	theory,	the	interaction	of	light-matter	

is	understood	in	terms	of	exchanges	of	energy	between	photons	and	electrons	thus,	

quantum	theory	is	applicable	to	active	optical	devices.	In	the	classical	theory,	the	laws	

of	electricity	and	magnetism	are	described	by	Maxwell's	equations.	These	are	a	set	of	

relations	 linking	 the	 values	 of	 a	 number	 of	 quantities	 that	 describe	 electric	 and	

magnetic	 fields	 such	 as	 the	 electric	 flux	 density	 (D),	 the	magnetic	 flux	 density	 or	

magnetic	induction	B,	the	electric	field	strength	(E),	the	magnetic	field	strength	H,	and	

the	current	density	(J)	each	of	these	being	functions	of	space	and	time.	Similar	to	the	
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relation	between	vectors	B	and	H	that	has	been	explained	in	the	previous	section,	D	

and	E	are	related	as	follows:	

𝐃 = 	 𝜀!𝐄 + 𝐏,						 	 	 	 					(2.3)	

where	ε0	is	the	vacuum	electric	permeability	of	the	media	and	P	is	the	polarization	of	

the	wave	that	describes	the	wave	orientation.48	Likewise,	the	internal	current	density	

J	and	E	are	linearly	related	via	the	conductivity	of	the	material	(σ).	

The	classical	theory	describes	the	propagation	of	 light	either	as	a	ray	(geometrical	

optics)	 or	 as	 a	 wave	 (physical	 optics)	 and	 therefore	 can	 be	 affected	 by	 different	

phenomena	such	as	reflection,	refraction	in	geometrical	optics,	interference	(positive	

or	negative),	diffraction,	scattering,	and	dispersion.		

The	interaction	of	metals	with	electromagnetic	fields	can	be	understood	on	Maxwell’s	

equations	and	the	photoelectric	effect.	It	is	well	known	that,	for	frequencies	up	to	the	

visible	 part	 of	 the	 spectrum	 metals	 are	 highly	 reflective	 and	 do	 not	 allow	

electromagnetic	waves	to	propagate	through	them.	At	low	frequencies,	a	negligible	

fraction	of	the	impacting	electromagnetic	waves	penetrates	into	the	metals.	At	higher	

frequencies	 towards	 the	 near-infrared	 and	 visible	 part	 of	 the	 spectrum,	 field	

penetration	 increases	 significantly,	 leading	 to	 increased	 dissipation	 and	 finally,	 at	

infrared	frequencies,	metals	acquire	dielectric	character	and	allow	the	propagation	

of	electromagnetic	waves,	although	with	varying	degrees	of	attenuation,	depending	

on	the	details	of	the	electronic	band	structure.	In	this	manner,	for	noble	metals	such	
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as	 gold	 (Au)	 or	 silver	 (Ag),	 transitions	 between	 electronic	 bands	 lead	 to	 strong	

absorption	in	this	regime.49	

Skin	is	the	interphase	between	a	person	and	his	environment	acting	as	a	protection	

barrier	against	potential	physical,	chemical	and	radiation	harms.	The	epidermis	is	the	

most	 superficial	 layer	of	 the	skin	and	acts	as	a	natural	UV	 filter,	which	may	cause	

erythema,	skin	ageing	and	skin	cancer.	However,	UV	radiation	 is	necessary	 for	 the	

production	of	vitamin	D3	in	humans	and	hence	the	skin	is	not	a	barrier	but	merely	a	

filter.		

A	broad	range	of	chromophores	 is	present	 in	 the	skin,	which	have	absorption	and	

scattering	 coefficients	 dependent	 on	 the	 wavelength.	 For	 instance,	 red	 light	 with	

longer	wavelength	penetrates	more	than	blue	 light.50-53	Scattering	of	 incident	 light	

through	the	skin	chromophores	leads	to	light	dispersion	reducing	the	energy	density	

with	increasing	the	tissue	dept.	The	transmission	of	laser	light	through	tissues	over	

different	skin	types	 for	wavelengths	 in	 the	range	of	500	to	1000	nm	revealed	that	

highest	 penetration	 occurred	 at	 longer	 wavelengths	 being	 around	 5	 mm,54-55	 as	

illustrated	in	Figure	2.3.	Furthermore,	deeper	NIR	light	penetration	and	propagation	

has	been	shown	in	different	types	of	tissues	under	specific	conditions.261		
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Figure	2.3.	Wavelength	dependence	of	 the	 light	penetration	 into	 the	skin.	Adapted	
from	Ash,	C.	et	al.,	2017.56	
	

For	normal	incident	radiation,	the	percentage	of	reflected	light	is	lower	than	10%57	

and	 the	 remaining	90%	entering	 the	 skin	 is	 either	 absorbed	or	 scattered.	 For	 the	

latter,	 only	 the	 direction	 of	 the	 photon	 is	 altered	 (elastic	 scattering),	 due	 to	

interaction	 with	 structures	 within	 the	 skin,	 such	 as	 collagen	 fibers.	 For	 the	

absorption,	 radiation	 is	 predominately	 converted	 into	 heat	 by	 the	 absorbing	

chromophore	molecules	such	as	melanin	and	hemoglobin	without	the	production	of	

luminescence.	Pigmented	tissue	structures	such	as	hair	shafts	also	absorb	photons	

more	efficiently	than	the	surrounding	skin	tissue.56	
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In	 general,	 human	 tissues	 show	 strong	 extinction	 coefficients	 and	 therefore	 high	

absorption	of	light	in	the	optical	spectrum	visible	range.	Reduction	of	light	absorption	

and	therefore	heating	occurs	at	wavelengths	within	the	biological	windows,	which	

are	defined	as	the	spectral	ranges	where	the	reduction	of	absorption	and	scattering	

make	the	tissues	become	partially	transparent.	The	melanin	in	the	skin,	hemoglobin	

in	blood	and	water	in	tissues	present	minimal	absorption	at	the	NIR	range	specially	

between	 650	 and	 900	 nm	 known	 as	 first	 biological	 window.	 A	 second	 biological	

window	encompasses	from	1000	to	1350	nm,	limit	at	which	water	shows	significant	

light	absorption.58	Figure	2.4	shows	the	extinction	spectrum	(combining	scattering	

and	 absorption	 spectra)	 of	 a	 human	 tissue.	 At	 lower	 wavelengths	 high	 light	

absorption	 by	 hemoglobin	 and	 melanin	 together	 with	 scattering	 from	 tissue	

components	are	observed.59			

	

Figure	 2.4.	 Extinction	 coefficient	 of	 a	 representative	 tissue.	 The	 two	 biological	
windows	 as	 well	 as	 the	 effects	 that	 led	 to	 light	 attenuation	 (absorption	 and	
scattering)	are	indicated.	Adapted	from	Jaque,	D.	et	al.,	2014.59	
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Thermal	treatments	are	based	on	inducing	an	increase	in	the	temperature	of	a	part	

or	the	whole	body	for	a	period.	Temperature	is	one	of	the	factors	affecting	the	viability	

and	dynamics	of	biological	systems	from	single	cells	to	tissue	and	organism	levels.60-

61	An	increase	above	the	normal	body	temperature,	which	is	~37	°C,	could	indicate	

the	presence	of	disease	such	as	an	infection	and	can	lead	to	irreversible	tissue	damage	

of	 even	organ	 failure.62	However,	 temperature	 increments	 in	 a	 controlled	manner	

may	 be	 beneficial	 in	 patients	 with	 an	 ongoing	 illness,	 such	 as	 cancer.63-64	 The	

application	of	light	radiation	from	specific	sources	such	as	lasers	with	wavelengths	

within	the	biological	windows,	known	as	photothermia,	can	be	used	for	the	controlled	

induction	 of	 a	 temperature	 increase	 in	 specific	 areas	 and	 allows	 deeper	 tissue	

penetration.59,	65			

The	use	of	photothermal	treatment	is	limited	to	superficial	tissues	as	described	above	

and	by	the	fast	dissipation	of	heat	inside	of	the	body	that	decreases	the	potency	of	the	

treatment.	Additionally,	the	energy	from	the	laser	can	be	absorbed	not	only	by	the	

target	area	but	also	by	healthy	tissues	leading	to	possible	damage.44,	66	To	improve	

the	efficacy	and	selectivity	of	laser-induced	photothermal	treatment,	it	is	necessary	

to	introduce	light-absorbing	materials	known	as	photothermal	agents	into	the	target	

area59	and	will	be	described	in	a	subsequent	section.	
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2.3	Cancer	Overview		

According	to	the	National	Cancer	Institute	at	the	National	Institutes	of	Health	in	the	

US,	cancer	can	be	defined	as	the	collection	of	related	diseases	where	some	cells	in	the	

body	start	to	divide	in	an	uncontrolled	manner	spreading	into	surrounding	tissues.	

Normally,	cells	grow	and	divide	to	form	new	cells,	as	the	body	needs	them.	If	the	cells	

become	damaged	or	 injured,	or	when	they	grow	old,	programmed	cell	death	takes	

place	and	new	cells	take	their	place.	Broadly	speaking,	this	orderly	process	breaks	

down	when	cancer	develops	thus,	old	or	damaged	cells	survive	when	they	should	die,	

and	new	cells	form	when	they	are	not	needed.	These	cells	can	divide	without	stopping	

forming	growths	called	tumors.	Many	cancers	form	solid	tumors	with	exception	of	

some	cancers	of	the	blood,	such	as	leukemia.	Moreover,	cancer	cells	become	invasive	

(metastasis),	 are	 less	 differentiated,	 can	 influence	 their	 microenvironment,	 e.g.	

vasogenesis,	and	are	able	to	evade	or	utilize	the	immune	system	for	their	survival.	

The	genetic	changes	that	cause	cancer	can	be	 inherited	or	appear	as	a	result	 from	

environmental	exposures	such	as	chemical	substances	or	radiation	and	affect	mainly	

three	 types	 of	 genes	 including	 the	 tumor	 suppressor	 genes,	 proto-oncogenes,	 and	

DNA	repair	genes.	The	tumor	suppressor	genes	and	proto-oncogenes	are	a	group	of	

genes	 involved	 in	normal	cell	growth	and	cell	division,	whereas	DNA	repair	genes	

actuate	by	fixing	damaged	DNA	resulting	in	additional	mutations.	The	types	of	cancer	

can	be	defined	according	to	the	organs,	tissues	or	cell	types	where	it	came	from.	From	

the	 latter,	 several	 categories	 are	 defined	 such	 as	 carcinoma,	 which	 is	 the	 most	

common	 type	 of	 cancer	 and	 is	 formed	 by	 epithelial	 cells.	 Adenocarcinoma	 is	 a	
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subcategory	of	carcinoma	and	is	the	main	type	of	breast,	colon	and	prostate	cancers.	

Other	 types	 of	 cancer	 are	 sarcoma,	 cancer	 of	 bone	 and	 soft	 tissues	 (e.g.	

osteosarcoma);	 leukemia,	 cancer	of	 the	blood	 forming	 tissue	of	 the	bone	marrow;	

lymphoma,	cancer	of	the	lymphocytes	(T	cells	or	B	cells),	brain	or	spinal	cord	tumors,	

melanoma,	etc.67		

As	previously	mentioned,	the	main	cancer	treatments	include	surgery,	chemotherapy	

and/or	radiation	applied	individually	or	in	combination	that	will	depend	on	the	type	

of	 cancer.	 Surgeries	 for	 the	 removal	 of	 tumors	 are	 invasive	 and	 often	 require	 the	

generation	 of	 cuts	 resulting	 in	 pain	 and	 opening	 the	 possibility	 of	 further	

complications	 such	 as	 reduced	 mobility,	 infections	 or	 death.68	 However,	 some	

surgical	methods	do	not	involve	cuts	with	scalpels	such	as	with	cryosurgery	(freezing	

the	tumor)	and	 laser	therapy,	high	 intensity	 light	 for	cell	burning,	 that	are	used	in	

some	types	of	skin	and	cervical	cancer.	It	is	well	known	that	cancer	cells	present	lower	

heat	 tolerance	 than	normal	 cells.69	Hyperthermia	can	also	be	considered	a	 type	of	

surgery,	where	small	regions	of	the	body	are	exposed	to	high	temperatures	to	damage	

or	kill	the	cancer	cells	such	as	in	the	case	of	radiofrequency	ablation	with	high-energy	

radio	waves	(in	clinical	trials).60,	63	In	photodynamic	therapy,	drugs	(photosensitizing	

agents)	get	activated	with	certain	wavelength	of	light	and	produce	a	form	of	oxygen	

that	kills	nearby	cells.70	Photodynamic	therapy	can	be	used	to	kill	the	cancer	cells	and	

damage	blood	vessels	feeding	the	tumor,	and	has	been	used	for	esophageal	cancer	

and	 some	 types	 of	 lung	 cancer,	 although	 photosensitizers	 have	 been	 found	 to	

generate	prolonged	skin	photosensitivity	and	toxicity.71	Radiation	therapy	works	by	
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damaging	 the	 DNA	 of	 the	 cells	 through	 the	 application	 of	 high	 doses	 of	 radiation	

inducing	 their	death.	Such	radiation	can	be	produced	by	an	external	beam	or	by	a	

source	 introduced	 in	 the	body	 such	as	 radioactive	 iodine.	Radiotherapy	 is	 applied	

independently	and	combined	with	other	therapies	for	the	treatment	of	many	types	of	

cancer	and	lacks	of	specificity	producing	several	side	effects	such	as	fatigue,	hair	loss,	

nausea	and	vomiting	and	life	lasting	or	“late	effects”.72		

By	far	the	most	utilized	cancer	therapy	is	chemotherapy.	Chemotherapy	works	by	the	

addition	of	drugs	that	stop	or	slow	the	growth	of	dividing	healthy	and	cancer	cells	and	

is	used	to	treat	cancer	and	to	ease	cancer-based	symptoms.	Like	radiation	therapy,	

chemotherapy	also	lacks	specificity	and	therefore	results	in	many	side	effects	such	as	

fatigue,	 hair	 loss,	mouth	 sores,	 and	nausea	 among	many	others.	The	 type	of	 drug,	

doses	and	schedule	is	determined	by	the	type	of	cancer,	stage,	and	by	the	adjuvant	

treatments	 to	 be	 given.	 Recent	 treatments	 involve	 immunotherapy-based	

approaches.	Immunotherapy	strengthens	the	patient’s	immune	system	and	directs	it	

towards	fighting	cancer	cells	and	they	include	treatments	such	as	immune	checkpoint	

inhibitors,	T-cell	 transfer	 therapy,	 chimeric	antigen	 receptor	 (CAR)	T-cell	 therapy,	

monoclonal	 antibodies,	 treatment	 vaccines,	 and	 immune	 system	 modulators.		

Alternatively,	there	is	targeted	therapy	that	targets	the	changes	in	cancer	cells	that	

help	 them	 grow,	 divide,	 and	 spread:	 hormone	 therapy,	 stem	 cell	 transplant	 for	

leukemia,	and	precision	or	personalized	medicine,	an	approach	where	the	treatment	

is	selected	based	on	the	genetic	understanding	of	the	individual.68	
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Breast	 cancer	 is	 the	 most	 common	 non-cutaneous	 cancer	 in	 US	 women	 with	 a	

mortality	rate	of	1	in	each	6	cases.73	Risk	factors	in	breast	cancer	include	age,	family	

history	including	germline	mutation	of	the	BRCA1	and	BRCA2	genes	and	other	breast	

cancer	 susceptibility	 genes,74	 alcohol	 intake,	 density	 of	 the	 breast	 tissue,75	

endogenous	 estrogen	 pattern,76	 hormone	 therapy	 history,	 radiation,	 etc.	 The	

prognosis	 and	 selection	of	 treatment	 for	 this	 type	of	 cancer	may	be	 influenced	by	

different	 clinical	 and	 pathology	 features	 based	 on	 conventional	 histology	 and	

immunohistochemistry,	such	as	menopausal	status,	stage	of	disease,	estrogen	(ER)	

and	 progesterone	 (PR)	 receptor	 status	 in	 the	 tumors,	 the	 overexpression	 and/or	

amplification	of	the	human	epidermal	growth	factor	type	2	receptor	(HER2),	and	the	

histologic	type.77-78	On	the	basis	of	ER,	PR,	and	HER2,	breast	cancer	is	classified	as	

hormone	receptor	positive	(ER	and/or	PR	positive)	that	can	be	treated	with	hormone	

therapies,	HER2	positive,	where	this	protein	can	be	used	as	target	for	the	treatment,	

and	triple	negative	breast	cancer	(ER,	PR,	and	HER2	negative).	Triple-negative	breast	

cancers	are	the	hardest	to	treat	because	they	lack	both	hormone	receptors	and	HER2	

overexpression,	 so	 they	 do	 not	 respond	 to	 therapies	 directed	 at	 these	 targets.	

Therefore,	 chemotherapy	 is	 the	mainstay	 for	 their	 treatment.79-80	 Specifically,	 the	

MDA-MB-231	 cell	 line,	 an	 epithelial	 human	 breast	 cancer	 cell	 line	 that	 was	

established	from	a	pleural	effusion	of	a	51	year	old	caucasian	female	with	metastatic	

mammary	carcinoma81,	is	one	of	the	most	commonly	used	breast	cancer	cell	lines	in	

medical	 research	 laboratories.	This	 triple	negative	breast	 cancer	 cell	 line	 is	highly	

aggressive,	 invasive	and	poorly	differentiated.82	The	limited	treatment	options	and	
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specific	features	of	MDA-MB-231	cells	make	them	an	excellent	model	for	the	study	

and	development	of	new	cancer	treatments.	

	 	

2.4	Nanomaterials	as	therapeutic	agents		

Nanomaterials	 are	 extensively	 investigated	 for	 the	 treatment	 and	 diagnosis	 of	

diseases	such	as	cancer.1	According	to	the	American	Society	for	Testing	and	Materials,	

nanomaterials	are	defined	as	structures	that	possess	one	of	their	dimensions	in	the	

range	of	1-100	nm.83	Nanostructures	appear	in	different	shapes,	sizes	and	chemical	

compositions.	 Some	of	 the	most	 commonly	utilized	nanostructures	 for	 biomedical	

applications	 are	 either	 organic	 nanomaterials	 such	 as	 polymers,	 dendrimers,	

liposomes	and	carbon	nanotubes	or	inorganic	nanomaterials	including	quantum	dots,	

nanorods,	NPs,	 and	NWs84	 as	 illustrated	 in	Figure	2.5.	NPs	 can	be	of	more	or	 less	

spherical	or	 cubical	 shape,	 and	has	at	 least	 two	dimensions	within	 the	nanometer	

range.	However,	nanorods,	nanotubes	and	NWs	possess	three	dimensions,	where	one	

dimension	 is	much	 larger	than	the	other	two.	For	a	small	aspect	ratio	(<10),	both	

length	and	diameter	are	in	the	nanoscale,	whereas	nanostructures	with	a	large	aspect	

ratio	(>10),	such	as	NWs,	only	have	their	diameter	within	the	nanometer	scale.85	
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Figure	 2.5.	 Schematic	 representation	 of	 some	 of	 the	 nanomaterials	 used	 for	
biomedical	applications.	Modified	from	Cerro-Lopez,	M	et	al.,	2017.86	
	

Nanomaterials	 own	 unique	 structural,	 electromagnetic	 and	 optical	 properties.87	

Different	 surface	 modifications	 can	 be	 performed	 on	 their	 vast	 surface	 area	 for	

conjugation	 of	 therapeutic	 molecules,	 such	 as	 targeting	 agents	 and	 drugs.9,	 84	

Therefore,	the	nanomaterials	potential	to	act	as	therapeutic	agents	arises	from	the	

biomedical	 properties	 generated	 by	 different	 surface	 coatings	 combined	with	 the	

intrinsic	electromagnetic	or	optical	properties	of	the	core	material.88	

The	distribution	of	colloidal	suspensions	of	nanomaterials	that	are	directly	injected	

into	the	target	area	or	the	bloodstream	can	be	controlled	in	different	was	such	as		the	

addition	 of	 targeting	 agents	 or	 remote	 manipulation	 via	 their	 electromagnetic	
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properties.89-94	In	the	case	of	magnetic	nanomaterials,	a	magnetic	field	can	be	used	

for	their	remote	guidance,95,96-97	rotation98-99	or	to	induce	heat	release.100	

Most	of	the	recent	research	in	the	biomedical	field	have	focused	on	MNPs.	Although	

they	are	habitually	spherical,	their	size	and	shape	can	be	finely	tuned,	and	they	are	

composed	of	a	magnetic	core	and	a	shell.101	MNP	possess	high	biocompatibility	and	

narrow	particle	size	distributions,102	can	be	manipulated	using	an	external	magnetic	

field103	and	have	been	used	in	many	different	biological	applications,	from	diagnosis	

as	magnetic	resonance	imaging	contrast	agents17,	104-105	to	targeted	drug	delivery88,	

106-107	and	cancer	cell	eradication	for	cancer	therapy.100,	108	

	

2.4.1	Nanomaterials	as	drug	delivery	systems	

Nanomaterials	can	be	applied	for	the	smart	release	of	biological	and	chemical	entities.	

The	 selective	 subcellular	 delivery	 of	 pharmaceutical	 agents	 may	 increase	 the	

therapeutic	 efficiency	 and	 simultaneously	 overcome	 possible	 secondary	 effects.	

Nanomaterials	 may	 be	 applied	 to	 reach	 therapeutic	 dosing,	 establish	 sustained-

release	 drug	 profiles,87	 and	 increase	 the	 half-life	 of	 drugs,	 avoiding	 efflux	 or	

degradation.109	 Drug	 delivery	 using	 a	 wide	 variety	 of	 nanomaterials	 has	 been	

intensively	studied	in	the	last	20	years.110-111	In	particular,	MNPs	have	shown	to	be	

efficient	drug	delivery	systems2,	112	especially	for	cancer	therapy.106	

To	integrate	chemotherapeutics	into	the	nanomaterials,	strategies	such	as	covalent	

binding	 with	 cleavable	 linkages	 have	 been	 explored,	 and	 ideally,	 these	
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chemotherapeutic	 agents	 are	 inactivated	 until	 they	 are	 released	 inside	 the	 cell.113	

Coating	agents	work	as	an	initial	step	for	the	immobilization	of	biomolecules.114-117	

Different	 coatings	 have	 been	 employed	 in	 recent	 years	 for	 improving	

biocompatibility,	 colloidal	 stability	 and	 the	 further	 functionalization	 process	 of	

nanomaterials	 including	 polymers	 such	 as	 poly(ethylene	 glycol)	 (PEG),118-119	 and	

dimercaptosuccinic	acid.120	Due	to	their	superior	biocompatibility	and	hydrophilicity,	

proteins	 or	 polypeptides	 are	 considered	 the	 most	 promising	 molecules	 as	

biocompatible	coating	agents	for	biomedical	applications.121	In	this	manner,	bovine	

serum	 albumin	 (BSA)	 has	 been	 covalently	 immobilized	 on	MNPs	 allowing	 further	

functionalization	with	an	anticancer-drug	and	improving	their	colloidal	properties,	

as	well	 as	 cellular	uptake,	 resulting	 in	 the	 increase	of	 the	chemotherapeutic	effect	

(Figure	2.6).122	

	

Figure	2.6.	Schematic	showing	the	coating	and	functionalization	of	MNPs	with	BSA.	
Modified	from	Aires	et	al.,	2015.122	
	

Different	linkers	sensitive	to	certain	intracellular	triggering	stimuli	such	as	pH9,	107	
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and	the	presence	of	some	enzymes	as	in	Figure	2.6123-125,	or	external	stimuli	such	as	

temperature126-127	have	been	employed	to	connect	and	release	drugs	from	MNPs	in	a	

controlled	manner.	Recently,	specialized	functionalizing	linkers	have	been	designed	

for	 releasing	 the	 drug	 without	 any	 chemical	 modification	 only	 when	 the	 specific	

release-condition	is	fulfilled	and	have	demonstrated	efficiency	as	cancer	therapeutic	

agents	with	the	extra	advantage	of	allowing	quantifying	the	drug	immobilized.122,	128	

By	using	these	methodologies	several	anticancer	chemotherapeutic	agents	including	

DOX,	 methotrexate	 and	 gemcitabine	 have	 been	 formulated	 with	 nanodevices	 to	

increase	therapeutic	efficacy	and	reduce	side	effects.20,	122,	129-133		

Specifically,	covalent	bonds	sensible	to	acid	hydrolysis	are	a	suitable	and	an	efficient	

option	for	attaching	the	drug	to	the	MNPs	due	to	the	pH	difference	existing	between	

the	extra-	 and	 intra-cellular	 compartment,	 commonly	 considering	 the	pH	of	blood	

(7.4)	and	endosomes	(5.5–6.4).9,	134	DOX	is	an	anthracyline	drug	widely	used	in	the	

treatment	 of	 several	 cancers	 including	 breast,	 lung,	 gastric,	 ovarian,	 thyroid,	 non-

Hodgkin’s	 and	 Hodgkin’s	 lymphoma,	 multiple	 myeloma,	 sarcoma,	 and	 pediatric	

cancers.122,	 135-136	 There	 are	 two	 proposed	mechanisms	 by	which	 DOX	 acts	 in	 the	

cancer	cell;	by	intercalation	into	DNA	and	disruption	of	topoisomerase-II-mediated	

DNA	repair	and	the	generation	of	free	radicals	and	damage	to	cellular	membranes,	

DNA	and	proteins.137	However,	to	reduce	its	systemic	toxicity	and	side	effects,	this	

drug	is	constantly	under	investigation	to	be	used	in	a	drug	carrier	system	that	can	be	

activated.	(e.g.	by	heat	or	pH-sensitive	liposomes).138-142	An	advantage	of	DOX	is	its	

strong	visible	absorption	and	 fluorescence	emission	 that	makes	 it	easy	 to	monitor	
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during	 the	 different	 steps	 of	 the	 functionalization	 strategy	 and	 has	 shown	 great	

efficacy	 in	both	solid	and	 liquid	 tumors,	but	 the	emergence	of	drug	resistance	and	

several	 side	 effects	 such	 as	 heart	 muscle	 damage	 are	 important	 limitations	 for	

successful	cancer	treatment.143		

	

2.4.2	Nanomaterial-based	magneto-mechanical	stress		

The	ability	of	magnetic	fields	to	safely	penetrate	the	human	body	and	interact	with	

magnetic	 nanomaterials	 creates	 a	 promising	way	 for	 novel	 cancer	 therapies.	 One	

proposed	strategy	is	to	use	MNPs	for	mechanical	actuation	by	an	applied	magnetic	

field.3,	108,	144-145	An	early	study	revealed	a	notable	decrease	of	the	viability	of	dendritic	

cells	previously	loaded	with	MNPs	after	exposure	to	a	hyperthermia-like	AMF	for	30	

minutes	(13	kA/m,	260	kHz),	without	a	temperature	raise.	The	main	reason	for	the	

cell	death	was	attributed	to	morphological	changes	including	cell	membrane	leakage	

and	cell	shrinkage	after	field	application,	indicating	the	participation	of	non-thermic	

mechanisms	in	the	observed	outcome.146	Instead	of	the	AMF	causing	the	particle	to	

heat	up,	as	in	the	more	common	magnetic	hyperthermia,147	the	field	creates	a	torque	

on	the	magnetization	which,	through	the	magnetic	anisotropy	becomes	a	torque	on	

the	physical	particle.		

The	importance	of	the	nanomaterial’s	anisotropy	was	demonstrated	in	another	study,	

where	90%	cell	destruction	in	vitro	was	achieved	applying	a	low-frequency	AMF	(<8	

kA/m,	tens	of	Hz)	 for	10	min	to	human	glioma	cells	selectively	bound	to	magnetic	

microdisks	of	1	µm	diameter	and	40	nm	thickness	with	a	spin-vortex	ground	state,	as	
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illustrated	 in	Figure	2.7.	The	AMF	 induced	the	oscillation	of	 the	microdisks,	which	

transmitted	a	mechanical	force	to	the	cells	compromising	the	integrity	of	the	cellular	

membrane	and	inducing	cell	death.108		

	

Figure	 2.7.	 Magneto-mechanical	 cancer-cell	 destruction	 based	 on	 magnetic	
microdiscs.	Adapted	from	Kim,	D.-H.	et	al.,	2009.108	
	

Since	 then,	 the	magneto-mechanical	 effect	 of	 anisotropic	magnetic	 structures	 has	

been	extensively	exploited	in	different	ways	such	as	triggering	receptors	associated	

with	cell	death,148	opening	 ion	channels149	or	delivering	direct	physical	damage	 to	

cells	 leading	 to	 cell	 death.144	 Anisotropy	 is	 argued	 to	 be	more	 important	 than	 the	

magnitude	of	the	torque	in	causing	effective	cell	destruction	in	these	experiments.145		
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2.4.3	Nanomaterial-based	photothermal	therapy		

The	sensitivity	of	cancer	cells	to	heat	has	been	widely	exploited	for	tumor	therapy69	

and	 recently	 with	 nanomaterial-mediated	 hyperthermia.20,	 150-151	 Heating	 of	

nanomaterials	can	be	triggered	remotely	either	by	alternating	magnetic	fields	such	as	

in	magnetic	hyperthermia152	or	by	light	irradiation.4,	97,	153-156	Focusing	in	the	latter	

case,	 this	 so-called	 photothermal	 therapy	 is	 based	 on	 the	 heat	 release	 from	

nanomaterials	while	irradiation	with	NIR	light,	minimizing	biological	tissue	damage	

as	 previously	 described.153,	 157-158	 In	 general,	 light–matter	 interaction	 of	 the	

nanomaterials	 determines	 the	 extinction	 coefficient,	 which	 defines	 the	 operating	

spectral	 ranges	 for	 each	 type	 of	 nanomaterial.	 During	 the	 light	 irradiation	 of	 a	

nanomaterial	 some	 of	 the	 incident	 photons	will	 be	 scattered	while	 others	will	 be	

absorbed	 and	 are	 translated	 into	 heat	 production	 and	 luminescence.	 The	 total	

number	of	photons	interacting	with	the	nanomaterial	is	determined	by	its	extinction	

coefficient	(αext),	which	results	from	the	sum	of	the	scattering	(αsct)	and	absorption	

(αabs)	coefficients.	The	αext	of	a	nanomaterial	depends	on	its	concentration	and	on	the	

extinction	 cross	 section	 (σext),	 that	 represent	 the	 total	 losses	 of	 energy	 from	 the	

incident	flux	due	to	both,	scattering	(σsct)	and	absorption	(σabs)	cross	sections.	The	

absorption	 efficiency	 (φabs)	 of	 a	 specific	 nanomaterial	 is	 the	 number	 of	 absorbed	

photons	 divided	 by	 the	 total	 number	 of	 incident	 photons	 interacting	 with	 the	

nanomaterial,	being	either	scattered	or	absorbed.	59	

The	energy	absorbed	by	the	illuminated	nanomaterial	can	be	released	by	either	the	

emission	of	photons	of	different	energy	from	that	of	incident	photons	(luminescence)	
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or	by	the	phonon	emission	(heat	generation)	as	illustrated	in	Figure	2.8.			

	

Figure	 2.8.	 Schematic	 representation	 of	 the	 processes	 that	 result	 from	 light-
nanomaterial	interaction.	Adapted	from	Jaque,	D.	et	al.,	2014.59	
	

In	 this	 manner,	 photothermal	 treatment	 requires	 nanomaterials	 with	 large	

absorption	efficiencies	and	 low	 luminescence	quantum	yields	 in	order	 to	ensure	a	

large	efficiency	in	light-to-heat	conversion.59	

Metal-based	plasmonic	nanomaterials	made	of	Au,154,	159	Ag155	or	copper	(Cu)11	are	

the	main	candidates	for	photothermal	therapy,	where	the	oscillating	electric	field	of	

light	induces	the	free	electrons	in	the	surface	of	the	metal	to	undergo	a	collective	and	

coherent	 oscillation	 along	 the	 polarization	 direction	 of	 the	 electric	 field.	 In	 Au	

nanomaterials-based	 photothermal	 therapy,	 the	 optical	 excitation	 of	 the	

nanomaterial	 causes	 local	 plasmonic	 heating	 that	 affects	 cancer	 cells	 in	 the	direct	
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vicinity	of	the	nanomaterials,	generating	promising	results	both	in	vitro156,	160	and	in	

vivo	in	animal	models	as	illustrated	in	Figure	2.9.156,	161-162		

	

Figure	 2.9.	 Schematic	 of	 the	 photothermal	 therapy	 with	 Au	 nanorods	 for	 tumor	
ablation	in	mice	brain.	Adapted	from	Lee,	C.	et	al.,	2017.163	
	

The	 efficacy	 of	 a	 nanomaterial	 to	 translate	 optical	 energy	 into	 heat	 is	 known	 as	

photothermal	 conversion	 efficiency.164	 A	 vast	 explanation	 on	 how	 to	 calculate	 the	

photothermal	 conversion	 efficiency	 is	 covered	 in	 Chapter	 3.	 This	 value	 has	 been	

determined	 for	 different	 Au-based	 nanomaterials	 as	 the	 most	 widely	 used	

photothermal	 agent,	 reaching	 values	 from	60%	 to	 almost	 100%	 for	 Au	 nanorods,	

Au/Au2S	nanoshells,	and	Au	nanostars.	Thereby,	a	dependence	on	the	geometry	of	

the	nanomaterial	was	found	as	shown	by	their	extinction	spectra	(Figure	2.10).21-23		

Tumor 

Cancer Cells 

Healthy Cells 

Gold Nanomaterials 
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Figure	 2.10.	 Normalized	 extinction	 spectra	 of	 aqueous	 solutions	 of	 Au	 nanorods,	
nanoshells,	nanostars	and	nanocages.	Modified	from	Maestro,	L.	M.	et	al.,	2014.23	
	

Despite	 the	efficiency	of	Au	nanomaterials,	 their	 long	biopersistence	and	potential	

toxic	effects	stand	as	the	main	disadvantages.165-167	Different	inorganic	and	organic	

nanomaterials	 have	 been	 used	 for	 photothermal	 therapy,	 including	 carbon-based	

nanomaterials	 (e.g.	 graphene	 oxide	 and	 carbon	 nanotubes),	 semicoductors-based	

nanomaterials	 such	 as	 metal	 chalcogenides	 (e.g.	 copper	 sulfide	 nanocristals),	

transition	metal	dichalcogenide	nanostructures	(e.g.	 tungsten	disulfide),	 transition	

metal	oxide	nanostructures	(e.g.	molybdenum	oxide),	and	organic	molecules-based	

nanomaterials	(e.g.	NIR	dyes).	Therein,	the	capability	of	photothermal	coversion	is	

directed	from	the	electronic	transitions	among	molecular	and	atomic	orbital	energy	

levels	with	an	energy	gap	matching	the	radiation	in	the	NIR	region.168		

Particularly,	 Fe	 and	 FexOy	 nanomaterials	 are	 highly	 biocompatible	 with	 complete	

degradation	in	vivo;	indeed,	the	body	integrates	the	ions	released	through	a	highly	
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regulated	process.169-171	Besides,	Fe	and	FexOy	nanostructures	are	easily	 fabricated	

and	may	be	 tuned	and	 functionalized	 for	 specific	applications.172	Recently,	 several	

types	of	FexOy	NPs	have	been	successfully	tested	as	agents	for	photothermal	therapy	

in	 vitro	 and	 in	 vivo.	 This	 includes	 13	 nm	 Fe/FexOy	 (core/shell)	 particles	 with	 a	

conversion	 efficiency	 around	 20%	 (808	 nm,	 0.3−0.4	 W/cm2),173	 180	 nm	 Fe3O4	

chitosan-modified	 spherical	 particles	 that	 induced	 a	 temperature	 change	 (ΔT)	 of	

about	54°C	(808	nm,	2	W/cm2),97	highly	crystallized	15	nm	FexOy	NPs	with	a	ΔT	of	

33°C	(885nm,	2.5W/cm2),174	and	NP	clusters	of	225	nm	in	diameter	with	a	ΔT	of	51°C	

(808	nm,	5	W/cm2).175		It	is	shown	that,	sometimes	high	irradiation	density	has	been	

required	for	an	effective	treatment.	This	radiation	exceeds	the	safe	limit	for	cutaneous	

tissues	which	is	around	0.33	W/cm2	for	an	808	nm	laser176	and	is	a	major	drawback	

for	these	types	of	nanomaterials.	

	

2.4.4	Nanomaterials	as	contrast	agents	for	magnetic	resonance	imaging	

MRI	 is	 one	 of	 the	most	widely	 used	 non-invasive	 imaging	 techniques.	 The	 lack	 of	

ionizing	 radiation	 (compared	 to	 x-ray	 imaging),	 the	 ability	 to	provide	high	 spatial	

resolution,	 the	 capability	 of	 visualizing	 anatomic	 details,	 and	 the	 capacity	 to	 give	

enhanced	 soft	 tissue	 contrast,	 make	 MRI	 attractive	 to	 diagnose	 innumerous	

physiological	 diseases	 and	 lesions	 as	well	 as	 to	 evaluate	 the	 effect	 of	 therapeutic	

treatments.177	In	a	very	simplistic	way,	an	MRI	system	is	composed	of	main	magnet	

coils,	gradient	coils	and	radiofrequency	transmitter	and	receiver	coils	all	arranged	in	

a	cylindrical	bore,	within	which	 the	patient	 is	placed	 into	as	exemplified	 in	Figure	
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2.11A.	Each	of	these	components	generate	a	different	type	of	magnetic	field,	which	

when	 applied	 to	 a	 patient	 in	 combination,	 produce	 spatially	 encoded	 magnetic	

resonance	signals	that	are	used	to	form	MR	images.	MRI	is	based	on	nuclear	magnetic	

resonance	together	with	 the	relaxation	of	 the	protons’	spins	 in	a	magnetic	 field	as	

exemplified	 in	 Figure	 2.11B.	 In	 particular,	 when	 a	 body	 is	 placed	 in	 a	 constant	

magnetic	 field	 (produced	 by	 the	 main	 magnet	 coils),	 the	 spins	 of	 the	 protons	

statistically	 align	 more	 parallel	 than	 antiparallel	 to	 the	 magnetic	 field	 (thick	 red	

arrow,	left	side	in	Figure	2.11B),	and	they	precess	with	a	specific	frequency,	known	

as	the	Larmor	frequency.	When	applying	a	radiofrequency	pulse,	the	protons	absorb	

energy	exciting	their	spins	to	an	antiparallel	state	(thick	dark	blue	arrow,	right	side	

Figure	2.11B),	and	they	start	precessing	with	phase	coherence	(thin	light	blue	and	

dark	blue	arrows	in	the	right	side	of	the	Figure	2.11B).	After	the	pulse,	the	excited	

nuclei	 relax	 to	 their	 initial,	 lower-energy	 parallel	 state	 releasing	 energy	 to	 their	

surroundings,	which	 is	 called	 longitudinal	 or	 T1	 relaxation.	 Additionally,	 a	 second	

relaxation	 process	 occurs	 by	 dephasing	 of	 the	 precession.	 This	 happens	 due	 to	

various	 reasons	 including	 the	 difference	 in	 the	magnetic	 field	 experienced	 by	 the	

protons	caused	by	the	 local	environment	 in	a	phenomenon	called	transverse	or	T2	

relaxation.178	Those	relaxation	signals	are	then	used	to	create	an	MR	image.	
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Figure	2.11.	Basics	of	magnetic	resonance	imaging.	Components	of	a	MRI	system	(A)	
Modified	from	Ridgway	J.,	2010.179	Schematics	of	the	proton	relaxation	process	after	
a	radiofrequency	pulse	(B).		
	

Contrast	agents	are	habitually	needed	in	MRI	to	better	discern	different	tissues	by	

changing	the	relaxivity	of	the	nearby	water	protons180	and	are	primarily	grouped	into	

two	categories:	T1	 contrast	agents	shorten	 the	 longitudinal	 relaxation	 times	of	 the	

protons	 in	 nearby	 water	 molecules,	 whereas	 T2	 contrast	 agents	 shorten	 the	

transverse	 relaxation	 times.181	 The	 efficiency	 of	 a	 magnetic	 molecule	 or	

nanostructure	as	a	contrast	agent	is	given	by	the	values	of	the	relaxivity	constants,	r1	

and	r2,	which	represent	the	inverse	of	the	amount	of	contrast	agent	needed	to	reduce	

the	 relaxation	 time	 by	 one	 second.	 T1	 contrast	 agents	 are	 commercially	 available	

paramagnetic	 complexes,	 usually	 gadolinium	 (Gd3+)	 chelates182,	 while	 T2	 contrast	

agents	are	based	on	FexOy	NPs.17-18	Focusing	on	the	latter,	the	potential	of	FexOy	NPs	
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as	 contrast	 agents	 has	 been	 studied	 for	 a	 long	 time.17	 Nanosized	 FexOy	 NPs	 are	

superparamagnetic	hence	they	exhibit	a	magnetization	proportional	to	an	external	

magnetic	field.	This	generates	local	magnetic	field	inhomogeneities	and	accelerate	the	

dephasing	 of	 the	 surrounding	 protons’	 spins,	 thus	 reducing	 T2.181	 However,	

employing	FexOy	NPs	was	restricted	to	the	liver	and	spleen,	because	of	their	passive	

accumulation	 in	 those	 organs.105,	 183	 This	 limitation	 together	 with	 the	 signal	

attenuation184-185	 and	 low	 resolution186	 have	 limited	 their	 clinical	 application.	

Therefore,	the	FexOy	NP-based	MRI	contrast	Feridex,187	Resovist,188	Ferumoxytol,189	

and	Ferucarbotran,190	that	had	been	approved	by	the	Food	and	Drug	Administration,	

have	been	recently	withdraw	from	the	market.	Nevertheless,	T2	contrast	agents	are	

highly	valued	for	research	purposes	in	applications	such	as	cell	tracking	studies.191		

Cell	 therapy	 is	 currently	 used	 to	 treat	 a	 wide	 range	 of	 ailments	 such	 as	 cancer,	

autoimmune	 diseases	 and	 repairing	 injuries.	 In	 order	 to	 assess	 the	 therapeutic	

potential	 of	 cells,	 their	 precise	 location,	 the	 dynamics	 of	 cell	 migration	 and	

differentiation	after	implantation	into	the	host	must	be	studied.	This	requires	access	

to	non-invasive	modalities,	allowing	cell	monitoring	and	guidance	over	time.	MRI	cell	

tracking	is	a	medical	method	that	is	rapidly	advancing	and	has	become	an	important	

tool	 since	 the	 earliest	 studies	 of	 stem	 cell	 detection.192-194	 Cell	 tracking	 by	 MRI	

requires	 strategies	 of	 labeling	 the	 cells	 with	 MRI	 contrast	 agents.	 FexOy-based	

nanomaterials	 are	 among	 the	 most	 used	 systems	 for	 labeling	 of	 cells	 for	 in	 vivo	

tracking	experiments	as	exemplified	in	Figure	2.12.191,	193,	195-196	
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Figure	2.12.	In	vivo	MRI	T2-weighted	image	of	a	rat	brain	after	the	implantation	of	
mesenchymal	 cells	 labeled	with	 a	 fluorescent	 dye	 (left	 side)	 or	with	MNPs	 (right	
side).	Modified	from	Argibay,	B.	et	al,	2016.196	
	

	

2.5 	Magnetic	nanowires	for	cancer	cell	killing		

NWs	are	anisotropic	colloidal	structures	with	submicronic	diameters	and	lengths	in	

the	 range	 of	 1	 to	 100	 µm	 grown	 by	 electrochemical	 deposition	 in	 nanoporous	

templates.169,	197	This	is	a	simple	and	cheap	method	of	synthesis	that	is	used	in	our	lab	

for	the	fabrication	of	NWs	with	different	dimensions	and	chemical	compositions	as	

observed	in	scanning	electron	microscope	(SEM)	images	(Figure	2.13).		
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Figure	2.13.	SEM	images	of	multiple	NWs	(A)	and	a	single	NW	(B)	fabricated	in	our	
lab.		
	

NWs	with	different	chemical	compositions	(i.e.:	Fe,	Ni,	Au,	Co	and	multilayer	NWs)	

have	 been	 used	 in	 varied	 biomedical	 applications	 such	 as	 cell	 manipulation,	

purification,	and	separation,26-27,	169,	198-202	as	therapeutic	agents	for	smart	delivery	of	

biological	 entities,203	 hyperthermia,204	 cell	 inflammation	 induction,205	 and	 as	

magnetic	resonance	imaging	contrast	agents.19,	206	A	comparison	between	the	surface	

area	to	volume	ratio	of	the	NWs	(considering	them	as	cylinders)	and	spherical	NPs,	

when	 both	 have	 the	 same	 volume	 (length	 of	 the	 cylinder	=	 4/3	 of	 the	 radius,	 r),	

results	in	a	larger	surface	area	for	the	NWs	in	comparison	to	the	spherical	NPs	so	that:	

𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟	  4 #
$
𝜋𝑟#¢ > 𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑎𝑟𝑒𝑎	𝑠𝑝ℎ𝑒𝑟𝑒	(4𝜋𝑟#)											(2.4)																																												

Furthermore,	 the	 larger	 surface	 area	 enables	 the	 attachment	 of	 higher	 amount	 of	

chemical	and	biological	agents	than	spherical	NPs.		

Most	metal	particles	will	oxidize	when	exposed	to	air,	oxygen,	and	different	solutions	

10 μm 

A B 
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during	the	processing.	For	Fe-based	NWs,	the	resultant	FexOy	layer	is	4-7	nm	thick,30	

composed	 of	 both	 Fe3O4	 and	 Fe2O3,8,	 207	 and	 has	 a	 significant	 contribution	 to	 the	

biocompatibility,207	functionalizability,8,	30,	197	and	magnetic	properties	of	the	NWs.208		

The	 magnetic	 properties	 of	 the	 NWs	 depend	 on	 different	 factors	 that	 can	 be	

advantageously	 controlled	 depending	 on	 the	 intended	 application.	 The	 material	

composition	 and	 aspect	 ratio	 are	 parameters	 that	 can	 be	 handled	 to	 tailor	 the	

magnetic	properties	of	the	NWs.		From	the	previous	sections,	it	is	understood	that	the	

behavior	of	magnetic	NWs	is	intrinsically	controlled	by	magnetocrystalline,	shape	or	

magnetoelastic	anisotropies.	An	easy	axis	of	magnetization	denotes	the	direction	in	

which	 it	 is	energetically	 favorable	 for	 the	magnetization	to	align	to	 for	each	of	 the	

anisotropies.		

During	the	magnetic	characterization	of	NWs,	hysteresis	loops	have	been	measured	

from	 the	 array	 of	 NWs	 embedded	 in	 the	 porous	 alumina	membrane	 used	 for	 the	

fabrication	process	as	observed	in	Figure	2.14A,	where	the	hysteresis	curves	for	NWs	

composed	by	Fe	are	shown.	Notably,	the	magnetization	loop	of	a	single	NW	deviates	

considerably	from	the	one	of	an	array	due	to	the	magnetostatic	interaction	between	

the	NWs	inside	of	 the	template.	Single	Fe-based	NWs	demonstrated	single	domain	

properties,	 and	 are	 permanently	 magnetized	 with	 the	magnetic	 remanence	 value	

being	equal	to	the	one	of	MS	measured	in	the	parallel	direction	as	presented	in	Figure	

2.14B.207		
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Figure	2.14.	Magnetic	loops	of	an	array	of	Fe-based	NWs	measured	by	VSM	with	the	
applied	 field	 parallel	 and	 perpendicular	 to	 the	 NWs	 (A)	 and	 simulated	 for	 an	
individual	Fe-based	NW	(B).	Modified	from	Ivanov,	Y.P.	et	al.,	2016.207		
	

In	the	case	of	magnetic	NWs	composed	of	Fe,	their	shape	anisotropy	dominates	over	

the	weak	 crystalline	 anisotropy,	 orienting	 the	 easy	 axis	 parallel	 to	 the	 axis	 of	 the	

wire.209	Therefore,	when	a	AMF	is	applied,	NWs	can	generate	large	forces	and	torques	

when	the	magnetic	moment	along	their	easy-axes	tries	to	align	to	the	direction	of	the	

applied	field.27	The	magnetic	torque	exerted	on	a	NW	by	a	magnetic	field	is	given	by:	

𝜏% = 𝑚	 × 𝐇 = 	ll	𝑚	ll	ll	𝐇	ll	𝑠𝑖𝑛𝜃,	 								 	 							(2.5)	

where	m	is	the	magnetic	moment	of	the	NW,	and	θ		the	angle	between	m	and	H.	The	

magnetic	 moment	 m	 is	 equal	 to	 m	 =	 VM,	 where	 V	 is	 the	 volume	 of	 the	 NW	

(approximated	to	the	volume	of	a	cylinder,	V	=	πr2l).	Equation	2.5	results	in:	

𝜏% = 𝐌𝜋𝑟#𝑙𝐇𝑠𝑖𝑛𝜃,	 	 	 	 									(2.6)	
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with	r	and	l	being	the	radius	and	length,	respectively	and	M	being	equal	to	MS	when	

exposed	to	a	saturating	field.210	

The	torque	of	a	single	Fe-based	NW	can	be	calculated	by	substituting	the	following	

parameters	in	Equation	2.6.	For	a	NW	with	d	=	35	nm,	l=4	µm,	MS=168.5	Am2/kg	

(1.33	E6	A/m),	and	H0=0.5	mT;	𝜏%	=	2.55	x	10-18	Nm	when	θ	=	90°	(angle	at	which	

𝜏%	reach	its	maximum	value).		With	the	𝜏%	value,	the	force	an	AMF	exerts	on	the	edges	

of	a	single	Fe	NW	can	be	calculated	using	the	simple	model	illustrated	in	Figure	2.15.	

	

Figure	2.15.	Schematic	of	a	model	for	estimating	the	force	exerted	on	a	NW	by	an	AMF	
at	its	edges.	Adapted	from	Contreras,	M.F.,	2015	(PhD	thesis).210	
	

Assuming	 that	 the	NW	rotates	about	 its	midpoint	marked	as	M	 in	Figure	2.15,	 the	

magnitude	of	the	force	acting	on	each	of	the	ends	of	the	NW	is	0.6	pN	(F	=	𝜏%/l).210-

211	 Consequently,	 at	 low	 frequencies	 of	 an	 AMF,	 a	 magneto-mechanical	 effect	 is	
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produced	by	the	oscillation	of	the	NWs	while	a	hyperthermia	effect	can	be	generated	

at	high	frequencies	(~100	kHz),	as	explained	previously.147,	212	Furthermore,	the	large	

aspect	ratios	provide	ferromagnetic	NWs	with	large	remanent	magnetizations,	and	

hence	they	can	be	operated	in	low-field	environments	where	spherical	MNPs	do	not	

have	a	relevant	response.	

As	stated	above,	the	FexOy	interphase	allows	the	attachment	of	coating	agents	to	the	

NW’s	 surface.	 Different	 biocompatible	 coatings	 such	 as	 (3-

aminopropyl)triethoxysilane	(APTES),	BSA,	and	PEG	have	been	used	to	improve	the	

NWs	stability	under	physiological	conditions	and	to	increase	their	biocompatibility.28,	

207,	 213	 Besides,	 the	 presence	 of	 free	 chemical	 groups	 in	 the	 surface	 of	 the	 coating	

agents	enables	further	functionalization	of	the	NWs.8,	24,	122,	214			

NWs	 internalization	by	 cells	 has	 been	documented	over	 the	past	 years	describing	

different	ways	of	entry	for	NWs	with	different	properties	and	in	different	cell	lines.	In	

our	lab,	it	was	reported	that	NW	internalization	takes	place	through	the	activation	of	

the	actin-mediated	phagocytosis	pathway,	a	 type	of	endocytosis,	 in	HCT	116	colon	

cancer	cells	for	NWs	composed	of	Ni	with	similar	dimensions	to	the	Fe-based	NWs	

employed	 in	 this	 thesis,	 as	 observed	 in	 transmission	 electron	 microscopy	 (TEM)	

images	(Figure	2.16).27	In	this	process,	several	integrin	membrane	receptors	link	the	

actin	cytoskeleton	to	extracellular	components,	driving	the	cell	membrane	to	engulf	

the	 foreign	 particle	 that,	 after	 being	 internalized	 by	 this	 pathway,	 are	 probably	

dissolved	in	lysosomes.215-216		



70 
 

Figure	2.16.	TEM	images	of	Ni	NWs	internalized	at	24	and	72h.	Modified	from	Perez	
et	al.,	2015.216	
	

Other	reports	suggest	that	Fe-based	NWs	similar	to	ours,	individually	and	in	clusters,	

exhibited	a	 fast	but	continuous	 internalization	 in	HeLa	cells	process	and	two	main	

mechanisms	for	the	uptake	were	proposed	depending	on	the	NW	size,	including	non-

specific	 pinocytosis	 for	 short	 (~2	 µm)	 NWs	 and	 perforation	 of	 the	 outer	 plasma	

membrane	for	longer	(~5	µm)	NWs.30	Moreover,	uptake	and	intracellular	location	of	

nanostructures	have	been	shown	to	depend	on	several	factors	such	as	the	NW	aspect	

ratio,	cell	line,	NW	surface	charge,	etc.169,	217	Therefore,	several	portals	of	entry	of	the	

wires	into	the	cells	exist	in	parallel,	helping	the	uptake	of	those	structures.	

Particularly,	Fe-based	NWs	internalize	into	cells	with	low	cytotoxic	effects,	even	at	

high	concentrations	with	long	incubation	periods	in	different	cell	lines	such	as	HeLa	

cells,	MDA-MB-231	breast	cancer	cells,	HCT	116	colon	cancer	cells,	and	recently	in	

KG1A,	the	model	of	leukemic	stem	cells.8,	28,	30,	169,	213	Figure	2.17	shows	the	results	of	



71 
 

a	cell	viability	study	performed	in	our	lab,	where	colon	cancer	cells	were	treated	with	

different	concentrations	of	Fe	NWs	under	different	incubation	times.210	

	

Figure	 2.17.	 Cell	 viability	 of	 HCT	 116	 colon	 cancer	 cells	 incubated	 with	 different	
concentrations	 of	 Fe	 NWs	 under	 different	 incubation	 periods.	 Adapted	 from	
Contreras	M.F.,	2015	(PhD	Thesis).210	
	

A	previous	study	in	our	lab	revealed	the	therapeutic	potential	of	magnetic	NWs	for	

cancer	treatment	taking	advantage	of	the	NWs	magnetic	torque.	There,	colon	cancer	

cells	were	incubated	for	one	hour	with	magnetic	NWs	and	exposed	to	low	frequency	

AMF	(0.4	kA/m	and	1	Hz	or	1	kHz)	for	10	or	30	minutes.	The	application	of	the	AMF	

induced	 a	 force	 on	 the	NWs,	 triggering	 a	mechanical	 disturbance	 to	 the	 cells	 and	

therefore	 inducing	 cell	 death	 (Figure	 2.18),	 decreasing	 the	 cell	 viability	 by	

approximately	39%	at	the	highest	NW	concentration	tested.216		
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Figure	2.18.	Schematic	of	the	magneto-mechanical	actuation	of	magnetic	NWs	inside	
cancer	cells	when	exposed	to	a	low	frequency,	 low	amplitude	alternating	magnetic	
field.	Adapted	from	Contreras,	M.F.	et	al.,	2015.211	
	

Recently,	 I	combined	the	magneto-mechanical	effect	exerted	by	the	Fe-based	NWs,	

when	a	low-frequency	alternating	magnetic	field	(AMF,	0.8	kA/m,	10	Hz)	is	applied,	

with	the	chemotherapeutical	effect	of	DOX,	which	was	linked	to	the	NWs	through	a	

pH-sensitive	covalent	bond	between	the	DOX	derivative	and	BSA/APTES	NWs	with	

activated	linkers.	An	additive	cytotoxic	effect	was	observed	in	MDA-MB-231	breast	

cancer	 cells,	 decreasing	 the	 cell	 viability	 by	 ~70%.	 Furthermore,	 the	 bimodal	

treatment	 showed	 higher	 efficiency	 than	 the	 one	 obtained	 by	 either	 strategy	

individually	as	observed	in	Figure	2.19.8		
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Figure	2.19.	Viability	of	breast	cancer	cells	incubated	with	different	formulations	of	
NWs	 with/without	 the	 application	 of	 a	 low	 frequency	 alternating	 magnetic	 field.	
Adapted	from	Martinez-Banderas,	A.I.	et	al.,	2016.8	
	

Although	the	smart	drug	release	given	by	the	NWs	ensures	specific	release	only	inside	

the	targeted	cells,	the	cytotoxic	effect	of	free	DOX	remained	higher	than	the	NW-based	

therapeutic	platform.	Thereby,	additional	therapeutic	strategies	based	on	NWs	have	

to	be	explored	in	order	to	achieve	the	maximum	efficiency	and	specificity.	
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Chapter	3	

Methodology		

In	this	section,	the	main	methods	used	for	this	project	are	described.	A	more	profound	

description	of	the	materials	and	some	methods	can	be	found	in	the	Appendix	A.		

	

3.1	Iron-based	nanowires	synthesis	and	characterization	

The	core-shell	NWs	composed	of	Fe	were	fabricated	by	electrochemical	deposition	

into	nanoporous	alumina	membranes	(Figure	3.1),	as	previously	reported.218-220		

Briefly,	a	99.99	%	pure	aluminum	substrate	(Goodfellow,	London,	UK)	was	cleaned	

with	 acetone,	 isopropanol	 and	 deionized	 water	 followed	 by	 an	 electropolishing	

process	 to	even	 its	 surface.	A	 two-step	anodization	of	 the	polished	aluminum	was	

carried	out	with	0.3	M	oxalic	acid	at	4°C	applying	a	voltage	of	40	V	to	a	sealed	cell	

containing	the	aluminum	substrate	and	under	constant	stirring.	This	resulted	in	the	

growth	of	a	porous	anodic	alumina	 template	with	hexagonally	ordered	nanopores	

with	diameters	from	30	to	40	nm.	The	first	anodization	process	lasted	for	24	hours,	

creating	 inhomogeneous	pores	at	 the	surface	but	with	highly	 regular	alignment	at	

their	 bottom.	 After	 removal	 of	 the	 alumina	 with	 an	 aqueous	 solution	 of	 0.4	 M	

phosphoric	acid	and	0.2	M	chromium	trioxide	at	40ᵒC,	a	second	anodization	lasted	for	

4	h,	yielding	pores	with	parallel	orientation	and	ordered	arrangement	and	dendrites	

were	formed	in	a	consecutive	step	reducing	the	alumina	layer.	NWs	were	grown	into	
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the	alumina	template	by	pulsed	electrodeposition	with	current	pulses	limited	to	60	

mA,	 employing	 a	 solution	 composed	 of	 0.5	M	 Fe	 (II)	 sulfate	 heptahydrate,	 0.5	M	

sodium	sulfate,	0.4	M	boric	acid	and	0.1g/100	mL	of	ascorbic	acid.		The	NWs’	length	

was	controlled	by	the	deposition	time,	which	was	1.5	h.	The	template	containing	the	

NWs	was	 dissolved	with	 1	M	 sodium	hydroxide,	 and	 the	 alumina	membrane	was	

removed.	The	sodium	hydroxide	solution	was	replaced	every	hour	for	four	times.	The	

NWs	 were	 then	 collected	 with	 a	 magnetic	 rack	 (DynaMag™-2;	 Life	 Technologies,	

Carlsbad,	CA,	USA)	and	rinsed	thoroughly	several	times	with	ethanol	with	sonication	

steps	in-between.	The	released	NWs	were	suspended	in	1	mL	of	absolute	ethanol	and	

stored	at	room	temperature.		

	

Figure	3.1.	 Synthesis	 of	 Fe-based	NWs	by	 a	 two-step	 anodization	process.	A.	 First	
anodization	of	the	aluminum	disk	(A1)	and	SEM	image	of	the	non-ordered	nanopores	
of	alumina	formed	(A2).	B	Etching	of	the	alumina	layer	revealing	the	ordered	domains	
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on	the	aluminum	substrate	(B1)	and	SEM	image	(B2).	C	Second	anodization	process	
obtaining	highly	ordered	pores	with	narrow	diameter	size	distribution	(C1)	and	SEM	
image	(C2).	D.	Formation	of	dendrites	through	reduction	of	the	alumina	layer	(D1)	
and	image	magnification	(D2)	for	allowing	the	flow	of	current	in	the	next	step.	E.	Fe-
based	NWs	 formation	after	pulsed	 chemical	 electrodeposition	 (E1)	and	aluminum	
disk	showing	the	deposition	area	(E2).	Alumina	refers	to	aluminum	oxide.	
	

The	morphology,	length,	and	diameter	of	the	NWs	were	investigated	by	SEM	(Quanta	

3D;	FEI	Company,	Hillsboro,	OR,	USA)	and	TEM	(Tecnai	BioTWIN;	FEI	Company).	The	

images	were	analyzed	using	ImageJ	software	as	previously	described.216	The	NWs’	

dimensions	 (i.e.,	 length	 and	 thickness)	 were	 determined	 out	 of	 100	 NWs	 from	

different	samples.		

A	sample	of	NWs	was	subjected	to	an	oxidation	process,	where	the	NWs	were	first	

dried	and	then	placed	in	an	oven	at	150	°C	overnight.	The	chemical	composition	of	

the	NWs	was	investigated	by	scanning	transmission	electron	microscopy	(STEM)	and	

electron	energy	 loss	 spectrometry	 (EELS,	Thermofisher	 (FEI)	Titan	Cube	80-300).	

The	EELS	maps	were	acquired	in	STEM	mode	as	so-called	spectrum	imaging	from	4	

individual	NWs.	For	sample	preparation,	2	µl	of	NWs	suspended	in	absolute	ethanol	

(0.2	ug/ml)	were	added	on	a	copper-carbon	mesh	substrate	and	left	to	dry	before	the	

examination.	

Magnetization	 loops	 of	 NWs	 composed	 of	 Fe	 inside	 the	 alumina	membrane	were	

measured	at	room	temperature	with	a	vibrating	sample	magnetometer	(VSM,	Micro-

Mag™	3900,	Lake	Shore	Cryotonics	Inc.,	Westerville,	OH).	The	alumina	template	with	

the	 embedded	 NWs	was	 aligned	 parallel	 and	 perpendicular	 to	 the	magnetic	 field	
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applied.	 Measurements	 were	 performed	 by	 triplicate	 and	 expressed	 as	 average	

values.		

3.2	Functionalization	of	iron-based	nanowires	

Fe-based	 NWs	 were	 first	 coated	 with	 bovine	 serum	 albumin	 (BSA)	 and	 then	

functionalized	with	a	DOX	derivative,	as	previously	performed8	and	shown	in	Figure	

3.2.		

The	bare	NWs	were	suspended	in	phosphate	buffer	(10	mM	and	pH	7.4)	to	a	 final	

volume	of	2.5	mL	in	a	glass	vial	and	0.8	mg	of	BSA/mg	Fe	were	added,	followed	by	1.5	

hours	of	sonication.	The	BSA	coated	NWs	were	washed	three	times	with	phosphate	

buffer	and	stored	at	4	°C	in	sterile	conditions.	The	surface	charge,	ζ	(zeta)	potential,	

of	the	NWs	coated	with	BSA	was	measured	in	deionized	(DI)	water	using	a	Zetasizer	

Nano	ZS,	He–Ne	laser	633	nm	(Malvern	Instruments,	Malvern,	UK,	n	=	3).	

Coated	 NWs	 were	 then	 functionalized	 through	 the	 activation	 of	 the	 free	 primary	

amino	groups	present	in	the	BSA	by	the	addition	of	2-iminothiolane	(Figure	3.2A).	

This	reagent	adds	thiol	moieties	as	observed	in	Figure	3.2B	for	further	attachment	of	

the	DOX	derivative.	The	activation	of	the	coated	NWs	was	evaluated	by	quantifying	

the	content	of	sulfhydryl	groups	by	the	addition	of	aldrithiol,	a	molecule	composed	of	

two	pyridines	joined	by	a	disulfide	bond	(Figure	3.2C).	The	released	2-pyridinethione	

(λmax	=	 343	 nm,	 ε343	 nm	=	8080	 L	mol-1	 cm-1)	was	 quantified	with	 a	 UV/Vis	 and	

fluorescence	 spectrophotometer	 (Synergy	 H4	 microplate	 reader,	 BioTek)	 as	

previously	described.122	Then,	1	mM	of	a	DOX	derivative	was	added	to	the	activated	
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BSA	coated	NWs	suspended	in	1	mL	of	PBS	of	pH	7.4,	to	reach	100	µmol	of	DOX/g	Fe.	

The	sample	was	incubated	overnight	at	37	°C	with	slow	oscillation	to	maintain	the	

NWs	in	suspension	(Figure	3.2D).	Functionalized	NWs	were	retained	with	a	magnetic	

rack	and	washed	3	times	with	PBS	solution.	From	the	functionalization	supernatant,	

the	covalently	 immobilized	DOX	onto	 thiolated	NWs	was	 indirectly	determined	by	

quantification	of	free	DOX	in	solution	using	UV/Vis	spectrophotometry	comparing	the	

result	with	the	result	obtained	from	a	solution	of	free	DOX	at	the	same	concentration	

(λmax	 =	 495	 nm).	 All	 functionalization	 processes	 were	 carried	 out	 under	 sterile	

conditions	and	the	DOX	solution	used	was	filtered	through	a	0.22	µm	strainer.	

	

Figure	3.2.	General	 scheme	of	Fe-based	NWs	coating	and	 functionalization.	 (A)	Fe	
NWs	were	coated	with	BSA.	(B)	Introduction	of	free	thiol	groups	by	the	addition	of	2-
imminothionalne	in	BSA-NWs,	represented	by	the	presence	of	free	amino	groups.	(C)	
Evaluation	 of	 the	 thiol	 groups	 introduction	 efficiency	 by	 adding	 aldrithiol.	 (D)	
Functionalization	of	BSA-NWs	with	a	DOX	derivative	generating	the	formulation	BSA-
NWs-DOX.	
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3.3	Optical	characterization	of	iron-based	nanowires	and	determination	

of	their	photothermal	efficiency	and	specific	loss	power	

The	optical	absorbance	profile	of	two	different	samples	of	core-shell	NWs	composed	

of	Fe	in	aqueous	solution	(0.05	mg	Fe/ml)	were	determined	in	a	Shimadzu	UV-3600	

Spectrophotometer.	Measurements	were	performed	in	the	optical	range	from	400	to	

1300	nm	in	1	cm	path	length	cuvettes.	A	cuvette	filled	with	miliQ	water	was	used	as	

a	reference.	Finite	element	method	simulations	of	the	Fe-based	NWs	were	performed	

with	COMSOL	Multiphysics	software	and	the	model	was	based	on	the	electromagnetic	

waves	 (frequency	 domain)	module	 using	Drude-Lorentz	 dispersion	model	 for	 the	

metallic	part	(i.e.	Fe)	and	relative	permittivity	model	for	the	semiconductor	part	(i.e.	

the	FexOy)	and	the	surrounding	media	(i.e.	air).		

The	optical	set-up	used	to	trigger	the	photothermal	effect	of	the	core-shell	NWs	used	

a	NIR	808	nm	diode	laser	(Lumics,	LU0808T040)	as	the	illumination	source	with	an	

irradiance	 of	 0.8	W/cm2	 (Figure	 3.3).	 The	 laser	 beam	was	 conducted	 through	 an	

optical	fiber	to	the	sample.	The	temperature	was	monitored	using	an	infrared	thermal	

camera	(FLIR	A35)	located	above	the	sample.		
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Figure	3.3.	Set	up	for	characterization	experiments	of	the	photothermal	effect	of	Fe-
based	NWs	(A)	and	magnification	showing	the	position	of	the	laser	and	the	IR	thermal	
camera	with	respect	to	the	sample	(B).	
	

In	 order	 to	 determine	 the	 efficiency	 of	 the	 core-shell	 NWs	 for	 photothermal	

applications,	solutions	of	NWs	in	PBS	with	concentrations	of	0.02,	0.04,	and	0.2	mg	

Fe/mL	were	prepared.	110	µL	of	each	solution	was	added	into	a	quartz	micro-cuvette	

(Cuvette	Ultra	Micro	Cell,	Hellma™),	which	was	then	irradiated	with	a	NIR	laser	for	

10	minutes.	Special	care	was	taken	in	order	to	guarantee	that	the	full	sample	area	was	

evenly	illuminated.	The	temperature	of	the	solution	was	monitored	during	irradiation	

and	for	10	minutes	after	the	laser	was	turned	off.	As	mentioned	above,	the	camera	

was	located	on	top	of	the	sample	to	take	thermal	images	directly	from	the	solution´s	

surface.	 Thermographic	 images	were	 collected	 from	 each	 solution	 at	 the	 point	 of	

maximum	 temperature,	 and	 a	 PBS	 solution	 without	 NWs	was	 used	 as	 a	 negative	

control	and	for	background	correction.	Temperature	measurements	were	expressed	

as	the	change	in	the	solution´s	temperature	over	time.	The	photothermal	response	of	

the	 NWs	 after	 multiple	 irradiation	 cycles	 was	 evaluated	 by	 measuring	 the	
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temperature	of	a	solution	of	NWs	in	PBS	(0.2	mg	Fe/mL)	before	and	after	10	minutes	

of	laser	irradiation	for	5	consecutive	days.	The	temperature	delta	at	each	irradiation	

cycle	 was	 normalized	 to	 the	 first	 measurement.	 The	 room	 temperature	 was	

simultaneously	monitored	and	counted	in	during	normalization.	

The	 photothermal	 conversion	 efficiency	 of	 the	 core-shell	 NWs	 was	 calculated	 as	

described	by	Roper	et	al.,21	and	adapted	by	Cole	et	al.,22	where	the	following	energy	

balance	equation	can	be	used	to	describe	the	change	of	temperature	of	the	sample	

over	time	during	and	after	the	irradiation	with	the	NIR	laser.		

∑ 𝑚&& 𝐶',&
)*
)+
= 𝑄, + 𝑄- + 𝑄./+ ,																																											(3.1)	

where	mi	 and	 Cp,i	 are	 the	masses	 and	 heat	 capacities	 of	 each	 component	 i	 of	 the	

sample,	)*
)+
	is	the	derivative	of	the	sample	temperature	T	over	time	t,	QI	is	the	energy	

input	of	the	NWs	due	to	illumination,	Q0	is	the	energy	input	from	the	sample	in	the	

absence	of	NWs,	 i.e.	 the	contribution	of	the	solvent	and	the	cuvette,	and	Qext	 is	 the	

outgoing	energy.	A	model,	in	which	Qext	is	linearly	proportional	to	the	temperature,	is	

used	with	a	heat	transfer	coefficient	(h)	as	the	proportionality	constant		

𝑄./+ = ℎ𝐴(𝑇 − 𝑇0%1),	 					 	 	 			(3.2)	

where	𝑇0%1	is	the	ambient	temperature	and	A	is	the	surface	area	of	the	sample.	When	

the	sample	reaches	an	equilibrium	temperature	()*
)+
	=	0),	the	energy	flowing	into	the	

sample	becomes	equivalent	to	the	energy	outflow	and	from	Equation	(3.1)	and	(3.2),	

𝑄, + 𝑄- = ℎ𝐴(𝑇%0/ − 𝑇0%1),																																																(3.3)	
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where	𝑇%0/	is	the	equilibrium	temperature.	QI		is	proportional	to	the	energy	absorbed	

by	the	NWs	and	depends	thus	on	the	illumination	conditions	and	on	the	photothermal	

transduction	efficiency	(h)	defined	as	the	ratio	of	the	heat	energy	produced	by	the	

NWs	to	the	energy	of	the	incident	laser	

𝑄, = 𝐼¶1 − 10234·𝜂	 → 𝜂 = 53(*!"#2*"!$)28%
,(929!&'()

	,																													(3.4)	

where	𝐼	is	the	power	of	the	incident	laser	radiation	and		𝐴4	is	the	optical	density	of	

the	sample	solution	at	 the	 laser	wavelength	used	(808	nm).	 In	 the	second	term	of	

Equation	(3.4),	Equation	(3.3)	has	been	used,	and	the	resulting	expression	has	been	

rearranged	to	give	a	definition	of	h	 in	which	almost	every	parameter	can	be	easily	

determined	experimentally.	Indeed,	only	h	remains	unknown.	However,	within	this	

model,	a	time	constant	(τ)	can	be	introduced	to	describe	the	thermal	evolution	over	

time	that	would	be	given	by		

𝜏 =
∑ %)) ;*,)

5<
	,																																																													(3.5)	

In	the	cooling	part	of	the	temporal	response	curve,	the	thermal	evolution	behaves	as	

a	simple	exponential	decay	with	t	as	time	constant.	Thus,	the	cooling	curve	can	be	

fitted	to	experimentally	determine	hA.		

Additionally,	 the	 specific	 loss	 power	 (SLP)	 was	 calculated	 from	 the	 temperature	

response	curves	of	each	NW	solution	by	using	the	following	expression:		

𝑆𝐿𝑃 = ∑ ;)%)
%,-

)*
)+
|%0/		,																																															(3.6)	
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where	𝐶& 	is	the	specific	heat	capacity	of	each	component	of	the	solution,	𝑚& 	is	the	mass	

of	each	component	of	the	solution,	𝑚=. 	is	the	mass	of	NWs	employed,	and	
)*
)+
|%0/	is	

the	slope	of	the	temperature	response	immediately	after	starting	with	NIR	irradiation	

of	the	sample.	A	linear	fit	was	performed	from	the	temperature	response	curves	of	

aqueous	suspensions	with	different	concentration	of	NWs.		

	

3.4	Cell	culture	and	nanowire	internalization	studies	

The	 internalization	of	 the	core-shell	NWs	coated	with	BSA	 in	MDA-MB-231	breast	

cancer	cells	was	qualitatively	assessed	using	confocal	reflection	microscopy.	Ibidi	µ-

slides	8	wells,	seeded	with	1x104	cells/well	and	incubated	for	24	hours	in	200	µL	of	

DMEM	containing	10%	FBS	for	24	hours	at	37°C	and	5%	CO2	to	reach	confluence.	The	

cells	were	treated	with	the	NW	concentrations	0.01	mg	Fe/mL	and	0.02	mg	Fe/mL	

and	incubated	for	24	hours	at	37	°C.	Then,	the	cells	were	incubated	30	minutes	with	

NucRed™	Live	647	(ThermoFisher)	or	with	DAPI,	washed	three	 times	with	PBS	to	

remove	free	NWs,	and,	finally,	250	µL	of	Opti-MEM	medium	was	added	to	each	well.	

Cellular	uptake	was	detected	with	a	confocal	 laser-scanning	microscope	(LSM	880,	

Carl	 Zeiss	 Jena,	 German)	 using	 a	 confocal	 reflection	 mode.	 Fixed	 excitation	

wavelengths	 of	 633	 nm	 and	 488	 nm	 were	 used	 for	 all	 the	 confocal	 fluorescent	

microscopy	experiments	for	the	cell	nucleus	observation	and	the	NW	detection	by	the	

reflection	mode,	respectively.	Intracellular,	focal	plane-independent	images,	as	well	
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as	intracellular	z-stacks,	were	taken	from	samples	incubated	for	24,	48	and	72	hours	

with	the	NW	formulations.	Experiments	were	performed	by	triplicate.		

For	the	quantification	of	NWs	that	interact	with	the	cancer	cells,	6x104	breast	cancer	

cells	 per	well	were	 seeded	 in	 a	 4	well	 plate	 and	 incubated	 for	 24	 hours	 to	 reach	

confluence	 at	 37	 °C	 and	 5%	 CO2.	 In	 order	 to	 prepare	 two	 samples	 of	 different	

concentrations,	 0.01	mg	 Fe/mL	 and	 0.02	mg	 Fe/mL	were	 added	 to	 the	 cells	 and	

incubated	for	24	hours	at	37	°C,	5%	CO2.	The	cells	were	washed	twice	with	PBS	and	

incubated	for	10-15	minutes	with	500	µL	of	Trypsin	at	37	°C.	450	µL	of	the	unattached	

cells	 of	 each	 treated	 group	were	 collected	 in	 Eppendorf	 tubes	 and	 the	 remaining	

volume	was	used	for	cell	counting	by	bright	field	microscopy	in	a	Neubauer	chamber.	

The	Fe	concentration	was	determined	by	measuring	the	samples	using	an	ICP-MS	as	

detailed	in	Appendix	A.	

	

3.5	Photothermal	effect	of	iron-based	nanowires	in	cancer	cells	

The	potential	of	the	core-shell	NWs	for	photothermal	therapy	was	evaluated	in	vitro	

in	breast	cancer	cells	with	the	same	set	up	used	for	the	photothermal	characterization	

adapted	 for	ensuring	optimal	 conditions	 for	 cells	 as	observed	 in	Figure	3.4.	6x104	

MDA-MB-231	 breast	 cancer	 cells	 per	 well	 were	 seeded	 in	 a	 24	 well	 plate	 and	

incubated	for	24	hours	to	reach	90%	confluence	at	37	°C	and	5%	CO2.	Then,	0.02	mg	

Fe/mL	BSA	coated	NWs	were	added	to	the	cells	and	incubated	for	24	hours	at	37	°C,	

5%	CO2.	The	cells	were	washed	twice	with	PBS	and	incubated	for	10	minutes	with	
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500	 µL	 of	 trypsin	 at	 37	 °C.	 Unattached	 cells	 from	 24	 wells	 (1.5x106	 cells)	 were	

collected	 in	 Eppendorf	 tubes,	 centrifuged	 at	 10000	 rpm	 for	 20	 minutes	 and	 the	

supernatant	discarded	carefully	without	drying	the	pellet,	which	was	then	solvated	

in	100	µL	of	PBS.	A	second	pellet	of	non-treated	cells	(without	NWs)	was	also	formed	

and	 used	 as	 a	 negative	 control	 (1.5x106	 cells).	 The	 complete	 volume	 of	 both	 cell	

solutions	(200	µL)	was	placed	into	a	96	well	plate,	which	was	then	irradiated	with	a	

NIR	 laser	 (808	 nm)	 with	 a	 power	 density	 of	 0.8	 W/cm2	 for	 10	 minutes.	 The	

temperature	 was	 monitored	 every	 second	 during	 the	 irradiation	 time	 and	 for	 5	

minutes	after	the	laser	was	turned	off.	The	camera	was	located	on	top	of	the	sample.	

Images	 were	 collected	 from	 each	 concentrated	 cell	 solution	 once	 the	 maximum	

temperature	 was	 reached.	 The	 results	 were	 expressed	 as	 the	 change	 in	 the	

temperature	of	the	solution	over	time.		
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Figure	 3.4.	 Set	 up	 for	 in	 vitro	 photothermal	 therapy	 experiments	 (A)	 and	
magnification	showing	the	position	of	the	laser	on	top	of	the	24	well	plate	inside	of	an	
incubator	at	37	°C.	
	

As	performed	for	the	NWs	aqueous	solutions,	the	SLP	of	cells	with	internalized	NWs	

was	calculated	by	using	the	following	expression:		

𝑆𝐿𝑃 = 	 (;./0%./0>;1-22%1-22>;,-%,-)
%,-

)*	
)+
|%0/ ,																																						(13)	

where	𝐶@AB𝑚@AB	are	the	mass	and	specific	heat	capacity	of	the	PBS,	𝐶C.DD𝑚C.DD 		are	the	

mass	and	specific	heat	capacity	of	the	breast	cancer	cells,		𝐶=.𝑚=. 	are	the	mass	and	

specific	 heat	 capacity	 of	 the	 Fe	 NWs	 employed,	 and	 )*
)+
|%0/	 is	 the	 slope	 of	 the	

temperature	response	immediately	after	starting	with	NIR	irradiation	of	the	sample.	

A	linear	fit	was	performed	from	the	temperature	response	curve	of	breast	cancer	cells	

with	internalized	NWs.		
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3.6	 Multimodal	 strategy	 for	 cancer	 cell	 death	 induction	 with	

functionalized	nanowires	in	vitro	

To	assess	the	cell	death	induction	by	various	NW	treatments,	i.e.	NWs	functionalized	

with	DOX	(NWs_DOX)	with	and	without	AMF,	with	and	without	NIR	laser	irradiation	

as	well	as	with	and	without	AMF	combined	with	NIR	laser	irradiation.		

The	magnetic	field	was	applied	to	the	seeded	cells	with	the	set	up	illustrated	in	Figure	

3.5.	The	AMF	generator	employed	in	this	study	is	a	home-made	air-cooled	ferrite	core	

with	a	C	shape	and	a	gap	of	16	mm,	coiled	with	Litz	wires.	The	AMF	generator	allows	

adjusting	independently	the	frequency	and	intensity.	The	size	of	the	core	gap	allowed	

applying	the	AMF	to	a	single	well	of	NUNC(TM)	4	well	dishes	(internal	well	diameter	

of	10	mm).	The	AMF	direction	 is	perpendicular	 to	 the	wells,	and	 its	 field	 intensity	

gradient	is	about	10%	from	the	center	of	the	well	to	the	external	border.	Before	the	

in	vitro	studies,	 it	was	experimentally	confirmed	 that	 the	AMF	generator	does	not	

heat	the	cell	media	under	the	conditions	employed	in	this	study.	The	applied	AMF	was	

8	kA/m	(field	amplitude)	and	10	Hz	(field	frequency)	for	10	minutes.	Immediately	

after	the	magnetic	treatment,	NIR	laser	irradiation	(808	nm,	0.8	W/cm2)	was	applied	

for	10	minutes	in	the	set	up	shown	in	Figure	3.4.	
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Figure	3.5.	Alternating	magnetic	field	generator	for	cell	viability	studies	(A)	and	a	4	
well	plate	placed	in	the	16	mm	gap	of	the	C-shape	magnetic	coil	(B).	
	

MDA-MB-231	cells	were	cultured	on	a	4-well	plate	at	a	density	of	6x104	cells	per	well	

in	500	µl	of	DMEM	containing	10%	FBS	at	37	°C	and	5%	CO2	to	reach	90%	confluence.	

After	24	hours,	the	growth	medium	was	removed,	and	the	cells	were	incubated	for	24	

hours	 at	 37	 °C	 with	 free	 DOX	 (1	 µM),	 BSA	 coated	 NWs	 (0.02	 mg	 Fe/mL),	 and	

NWs_DOX	(0.02	mg	Fe/mL,	1	µM	of	DOX).	The	concentration	of	the	NWs	tested	in	this	

experiment	was	found	by	ICP-MS	from	the	NWs’	stock	solutions	of	both	formulations,	

as	described	in	the	Appendix	A.	As	controls,	non-treated	cells	and	empty	wells	were	

used.	After	incubation,	cells	were	washed	three	times	with	PBS	and	then	maintained	

in	0.5	mL	of	DMEM	containing	10%	FBS	at	37	°C	and	5%	CO2.	Then,	the	magnetic	field	

was	 applied	 for	 10	 minutes,	 while	 maintaining	 the	 temperature	 at	 37	 °C.	 As	

mentioned	before,	 immediately	after	 the	magnetic	 treatment,	NIR	 laser	 irradiation	

(808	nm,	0.8	W/cm2)	was	applied	for	10	minutes	at	37	°C.		
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Cell	 viability	 was	 assessed	 using	 the	 Alamar	 Blue	 assay.	 After	 72	 hours	 of	 post-

treatment	incubation,	the	medium	was	replaced	with	DMEM	containing	10%	FBS	and	

5%	of	Resazurin	dye	(1	mg/ml	PBS).	Cells	were	maintained	at	37	°C	and	5%	CO2	in	

an	 incubator	for	4	h,	after	which	a	Tecan	GENiosPro	multimode	microplate	reader	

was	used	to	determine	the	amount	of	Resazurin	by	measuring	the	fluorescence	of	the	

supernatant	(excitation	540	nm,	emission	590	nm).	500	µl	of	5%	of	Resazurin	dye	

were	 added	 to	 empty	 wells	 as	 a	 negative	 control.	 The	 viability	 of	 the	 cells	 was	

expressed	as	the	percentage	of	fluorescence	of	treated	cells	in	comparison	to	control	

cells	(untreated).	All	experiments	were	carried	out	in	four	sets	of	quadruplicates,	one	

set	with	the	AMF,	one	set	with	NIR	irradiation,	one	with	both	AMF	and	NIR	irradiation,	

and	one	without	any	of	the	treatments.	

	

3.7	Photothermal	therapy	with	iron-based	nanowires	for	tumor	ablation	

in	vivo	(Preliminary	Tests)	

The	NW-based	phothermal	therapy	is	planned	to	be	tested	in	vivo	in	mice	bearing	a	

subcutaneous	tumor	using	triple	negative	cancer	cells	(i.e.	MDA-MB-231),	where	the	

efficacy	of	the	treatment	is	measured	in	terms	of	tumor	size	reduction	and	compared	

against	 the	 tumor	 size	 in	mice	where	no	NW	 injection/no	external	 treatment	was	

applied	(i.e.	NIR	laser	irradiation).	All	animal	experiments	are	approved	by	the	local	

IACUC	 (19IACUC01)	 and	 a	 total	 of	 24	mice	 (pathogen-free	 6-17-week-old	 female	

immunodeficient	mice	with	a	weight	of	approximately	15-30	g)	have	been	used	so	
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far.	 Before	 any	 experiment,	 each	 mouse	 was	 weighed,	 physically	 inspected,	 and	

isofluane	was	used	for	inducing	anesthesia.		

Prior	to	the	main	experiment	a	series	of	pilot	studies	are	being	performed.	First,	an	

assessment	 to	 determine:	 the	 number	 of	 MDA-MB-231	 cells	 needed	 to	 induce	 a	

tumor,	the	rate	of	tumor	growth,	and	the	efficiency	of	tumor	engraftment.	MDA-MB-

231	breast	cancer	cells	were	cultured,	concentrated	and	suspended	in	sterile	HBSS	

buffer	at	phisiologyc	pH.	Mice	were	inoculated	with	approximately	0.5,	1	or	2	million	

cells	in	250	µL	of	the	sterile	buffer	solution	by	subcutaneous	injection	into	the	loose	

skin	at	the	lateral	side	of	the	mouse	(n=4	for	each	cell	concentration).	Tumor	volumes	

were	measured	with	a	Vernier	caliper	in	two	dimensions	two	times	per	week	for	45	

days.		

Tumor	volumes	were	calculated	as	follows:	

E×13

#
,	 	 	 	 	 	 (14)	

where	a	and	b	are	the	largest	and	smallest	diameters	of	the	tumor,	respectively.	

The	toxicity	of	NWs	was	tested	by	the	subcutaneous	injection	of	BSA-coated	NWs	in	

mice	 without	 tumors	 (0.02,	 0.04	 and	 0.06	 mg	 Fe/mL;	 n=4	 for	 each	 NWs	

concentration)	and	daily	monitoring	for	signs	of	distress	and	discomfort	for	4	weeks.		

Additionally,	 at	 weeks	 2,	 3	 and	 4	 post	 NWs	 injection,	 one	 mouse	 per	 each	 NW	

concentration	 was	 euthanized	 and	 dissected	 in	 order	 to	 look	 for	 signs	 of	

inflammation/necrosis	 in	the	surrounding	tissue	of	the	injected	area	as	well	as	for	

physical	observation	of	different	organs.		
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Further	 experiments	 include	 to	 assess	 the	 safety	 of	 the	 laser	 irradiation	 applying	

different	power	densities	and	for	different	time	periods	in	mice	without	tumors	and	

testing	 the	 effect	 of	 laser	 irradiation	 in	 mice	 bearing	 subcutaneous	 tumors.	

Irradiation	experiments	will	be	carried	out	with	a	class	IV	high	stability	infrared	laser	

at	808	nm	MDL-III-808NM-1.5W	with	PSU-III-LED	driver,	Changchun	New	Industries	

Optoelectronics	 Technology	 Co.,	 Ltd.	 The	 different	 parts	 of	 the	 laser	 system	 are	

illustrated	in	Figure	3.6.	

	

Figure	3.6.	Detailed	parts	of	the	laser	MDL-III-808NM-1.5W	with	PSU-III-LED	driver.	
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The	components	of	the	irradiation	experiment	including:	laser	diode,	converging	lens,	

heating	pad	(maintain	mouse	temperature	when	under	anesthesia)	and	mouse	rectal	

thermometer	 were	 placed	 inside	 of	 a	 table	 class	 I	 enclosure	 for	 a	 class	 IV	 laser	

(Laservision®,	USA)	as	illustrated	in	Figure	3.7.	The	enclosure	was	then	placed	inside	

of	a	biosafety	cabinet.	The	enclosure	 is	made	of	M5P06,	a	metal	 laser-rated	safety	

panel	with	a	maximum	irradiance	level	of	1.5	kW/cm2	at		810	nm,	and	has	a	window	

in	 the	 front.	 The	 window	 is	 made	 of	 P5P10	 polycarbonate,	 allowing	 the	 user	 to	

visualize	the	contents	of	the	enclosure	absorbing	the	light	at	the	laser	wavelength.	A	

magnetic	switch	was	incorporated	in	the	opening	side	of	the	enclosure	(window)	and	

was	connected	 to	 the	 interlock	system	of	 the	 laser,	 located	at	 the	back	side	of	 the	

driver.	Therefore,	the	laser	can	irradiate	only	when	the	enclosure	is	completely	closed	

and	will	shut	down	if	the	magnetic	switch/window	of	the	enclosure	is	opened.	The	

set	up	has	been	prepared	for	the	next	experiments	of	photothermal	therapy	involving	

NIR	laser	irradiation	of	mice	under	anesthesia	in	different	testing	conditions	(Figure	

3.7).	

Once	the	pilot	studies	are	finalized	we	shall	proceed	to	the	main	experiment	with	a	

statistically	 significant	 quantity	 of	 mice	 in	 the	 different	 experimental	 gorups	

described	at	the	beginning	of	this	subsection.	
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Figure	3.7.	Experimental	set-up	for	photothermal	therapy	experiment.	Laser	diode,	
convergent	lens,	anesthetic	gas	conduct	and	heating	pad	are	placed	inside	of	a	class	1	
enclosure	for	a	class	IV	laser.	
	

	

3.8	Statistical	analysis	

All	 the	 data	 obtained	 from	 the	 in	 vitro	 cell	 viability	 assays	 were	 plotted	 and	

statistically	 analyzed	 using	 the	 software	 package	 GraphPad	 Prism	 version	 7	 for	

Windows.	All	samples	were	compared	using	a	one-way	ANOVA	and	Tukey’s	multiple	

comparison	test	(*P	<	0.05,	**P	<	0.01,	and	***P	<	0.001).	Only	significant	differences	

among	the	samples	are	indicated	in	the	chart.	
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Chapter	4	

Results	and	Discussion	

4.1	Characterization	of	iron-based	nanowires		

Following	the	synthesis	method	described	in	Chapter	3,	with	a	deposition	time	of	1.5	

h,	Fe-based	NWs	with	a	diameter	of	30	to	40	nm	and	an	average	length	of	6.4±1.3	µm	

(n=100)	were	fabricated	and	released	from	the	alumina	template	as	observed	in	TEM	

and	SEM	images,	respectively	(Figure	4.1).	Since	the	NWs	are	exposed	to	air,	water,	

sodium	hydroxide,	and	ethanol	before	and	during	the	release	process,	oxidation	of	

their	 surface	 is	unavoidable.	A	 thin	 layer	 surrounding	 the	NW	can	be	observed	 in	

Figure	4.1A	

	

Figure	4.1.	Physical	characterization	of	Fe-based	NWs.	(A)	TEM	image	of	a	single	
NW.	(B)	SEM	image	of	NWs	on	a	silicon	substrate	after	being	released	from	the	
template.	
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In	Figure	4.2,	the	chemical	composition	analysis	of	a	single	NW	confirms	the	presence	

of	the	oxide	layer	and	displays	a	core-shell	structure	of	the	NW	with	a	solid	Fe	

core	surrounded	by	the	FexOy	shell	as	denoted	by	the	oxygen	counts	in	the	plot	of	

Figure	4.2.	Oxygen	counts	are	measurable	at	the	edge	of	the	NW	in	plot	1,	while	they	

are	absent	in	plot	2.	The	FexOy	shell	has	been	described	to	be	4-7	nm	thick30	and	to	be	

composed	of	both	Fe3O4	and	Fe2O3.8,	207	The	oxide	shell	has	a	significant	contribution	

to	the	biocompatibility,207	functionalizability,8,	30,	197	and	magnetic	properties	of	the	

NWs.208		

	

Figure	4.2.	Point	EDX	spectra	showing	the	composition	analysis	of	a	single	Fe-based	
NW	at	its	surrounding	layer	(1)	and	core	(2).	
	

The	magnetization	curve	of	 the	Fe	NWs	inside	the	alumina	membrane	 is	shown	in	

Figure	4.3.	The	values	of	the	saturation	magnetization	and	the	coercive	field	are	164	

Am2/kg	and	105	kA/m,	respectively,	for	a	field	applied	parallel	to	the	NWs.	Similar	

values	for	the	saturation	magnetization	have	been	reported	for	Fe	NWs	before,30,	221	
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and	they	are	lower	than	the	one	of	bulk	Fe	at	room	temperature	(218	Am2/kg)222.	The	

difference	 is	 caused	 by	 the	 presence	 of	 the	 oxide	 layer	 surrounding	 the	 NWs.	

Magnetization	 measurements	 of	 core-shell	 NWs	 composed	 by	 Fe	 with	 different	

oxidation	levels	revealed	that	the	saturation	and	remanent	magnetizations	depend	

on	the	oxide	shell	thickness.207	

	

Figure	 4.3.	 Magnetization	 curves	 of	 Fe-based	 NWs	 embedded	 in	 the	 alumina	
membrane	with	the	NWs	placed	parallel	(black	curve)	and	perpendicular	(red	curve)	
to	the	direction	of	the	applied	magnetic	field	(MS	is	the	saturation	magnetization	and	
HC	the	coercive	field,	n	=	3).	
	

A	sample	of	NWs	released	from	the	template	was	placed	into	an	oven	at	150	°C	for	24	

hours	to	induce	oxidation,	and	its	chemical	composition	was	compared	with	the	one	

of	NWs	that	remained	all	the	time	in	ethanol	at	room	temperature	(Figure	4.4).	The	

EELS	 chemical	 composition	 map	 in	 Figure	 33AI	 to	 AIV	 confirms	 the	 core-shell	

structure	with	 an	 Fe	 core	 (red,	 Figure	 4.4AII)	 surrounded	 by	 a	 FexOy	 shell	 (blue,	
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Figure	 4.4AIII).	 However,	 the	 EELS	 map	 of	 the	 NW	 sample	 placed	 in	 oxidizing	

conditions	shows	an	increase	in	the	thickness	of	the	surrounding	oxide	layer	(Figure	

4.4BI	 to	 IV).	 This	 shell	 can	 be	 identified	 in	 the	 Fe	 map	 (Figure	 4.4BII),	 where	 a	

difussed	color	layer	is	observed	surrounding	the	core	that		presents	a	more	intense	

color	and	that	exactly	overlaps	with	the	oxygen	map	(Figure	4.4BIII).	This	oxide	layer	

displays	a	continuous	thickness	in	contrast	to	the	sample	with	a	native	oxide	layer	

that	 appears	 more	 diffuse.	 Furthermore,	 Figures	 4.4BIII	 and	 4.4BIV	 indicate	 an	

apparent	increase	of	oxygen	in	the	core	region.	Fully	oxidation	of	polycrystalline	Fe	

NWs,	such	as	the	ones	employed	in	this	study,	has	been	previously	corroborated	by	

our	group	using	similar	oxidizing	conditions.207		
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Figure	 4.4.	 Chemical	 characterization	 of	 two	 samples	 of	 Fe-based	 NWs.	 (A)	 EELS	
mapping	of	NWs	with	native	oxidation	layer.	STEM	image	of	NWs	(A1),	corresponding	
Fe	 map	 in	 red	 color	 (A2),	 oxygen	 map	 in	 blue	 color	 (A3)	 and	 superimposed	
Fe/oxygen	 color	 mix	 map	 (A4).	 (B)	 EELS	 mapping	 of	 NWs	 exposed	 to	 oxidizing	
conditions.	STEM	image	of	NWs	(B1),	corresponding	Fe	map	in	red	color	(B2),	oxygen	
map	in	blue	color	(B3)	and	superimposed	Fe/oxygen	color	mix	map	(B4).	
	

	

4.2	Optical	characterization	and	photothermal	efficiency	of	iron-based	

nanowires	

As	 a	 first	 step	 for	 determining	 the	 photothermal	 response	 of	 Fe-based	 NWs,	 the	

optical	 absorption	 spectra	 of	 aqueous	 solutions	 of	 NWs	 with	 different	 levels	 of	

oxidation	was	 acquired,	 using	 an	 ultraviolet-visible-NIR	 spectrophotometer	 in	 the	
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optical	 range	 from	300	 to	 1300	nm.	 Samples	were	measured	 in	 1	 cm	path	 length	

cuvettes,	 where	 a	 cuvette	 filled	 with	 Milli-Q®	 water	 was	 used	 as	 reference.	 The	

spectra	depicted	in	Figure	4.5	shows	that	the	absorption	gradually	decreases	from	

the	near-ultraviolet	(400	nm)	through	the	visible	region	(400	nm	to	700	nm)	to	the	

NIR	region	(>700	nm)	for	both	samples.	This	trend	is	 in	agreement	with	reported	

spectra	of	different	Fe	and	FexOy	based	nanomaterials.4,	97,	223-225	Even	though	light	

absorbance	 for	 both	 core-shell	 NWs	 is	 lower	 for	 the	NIR	 compared	 to	 the	 visible	

range,	deep	light	penetration	on	the	biological	tissue	occurs	only	in	the	NIR	range.158	

Therefore,	 NWs	 within	 biological	 tissue	 absorb	 NIR	 wavelengths	 more	 efficiently	

than	visible	light,	making	them	potential	NIR-based	PTT	agents.	

The	inset	of	Figure	4.5	shows	that	at	the	808	nm	wavelength	region	the	NWs	with	

native	oxide	shell	(Figure	4.5,	blue	line)	exhibit	an	absorption	~27%	higher	than	that	

of	the	oxidized	NWs	(Figure	4.5,	black	line).		

	

	

	

	

	

	

	

	

	

	



100 
 

Figure	 4.5.	 Optical	 absorption	 spectra	 of	 aqueous	 solutions	 of	 Fe-FexOy	 core-shell	
NWs	with	native	oxide	layer	(blue)	and	exposed	to	oxidizing	conditions	(black)	both	
at	the	Fe	concentration	of	3	mM	(0.17	mg	of	Fe/ml).	Inset	shows	a	magnification	of	
the	region	of	interest	(right).	

	

From	the	absorption	spectra,	 the	extinction	coefficients	(at	808	nm)	for	NWs	with	

native	FexOy	shell	and	oxidized	NWs	were	calculated	to	be	~922	L/mol·cm	and	~680	

L/mol·cm,	 respectively.	 The	 previously	 reported	 absorbance	 spectra	 of	 NPs	

composed	of	Fe	measured	at	different	time	points	during	oxidation	process	display	

the	same	trend.	Sligthly	oxidized	NPs,	analogous	to	our	NWs	with	their	Fe-FexOy	core-

shell	structure,	showed	higher	absorption	in	the	NIR	range	compared	to	the	same	NPs	

at	a	longer	oxidation	time.225	Altogether,	these	results	confirm	that	the	presence	of	

both	Fe	and	FexOy	have	an	influence	on	the	optical	properties	of	nanomaterials.		

The	optical	absorption	spectra	of	different	FexOy	nanocrystals	have	been	explained	

by	the	charge	transfer	and	ligand	transitions	of	Fe	in	its	oxidized	forms223.	However,	
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the	role	of	the	solid	Fe	core	on	the	optical	properties	of	core-shell	Fe-FexOy	NPs	has	

not	been	described	in	the	past.	In	general,	the	fate	of	light	incident	onto	the	surface	of	

Fe	depends	on	its	wavelength.	High-energy	light	will	be	absorbed	at	specific	energy	

transitions	of	Fe	such	as	the	first	ionization	energy	(~7.9	eV)226	or	the	workfunction	

(~4.5	eV).227	Since	the	energy	of	the	light	at	808	nm	(1.53	eV)	is	lower	than	the	work	

function	 or	 the	 ionization	 energies	 of	 Fe,	 most	 of	 the	 light	 will	 be	 reflected	 or	

scattered,	 due	 to	 the	 electric	 field	 component.228	 However,	 given	 the	 physical	

confinement	at	the	nano-scale	(e.g.	the	short-axis	of	the	NWs)	the	electrons	in	the	Fe	

core	are	still	subject	to	oscillations	and	dipoles	created	by	the	alternating	electric	field	

of	the	incident	light.	This	leads	to	significant	electron-electron	and	electron-phonon	

interactions	similar	to	the	ones	described	for	plasmonic	noble	metals.229	These	types	

of	interactions	are	weaker	in	semiconductors	such	as	FexOy,	due	to	the	lower	amount	

of	 free	electrons	and	phonons	participating	 in	 the	 conduction	phenomena.	A	 clear	

example	of	this	difference	is	illustrated	by	the	thermal	conductivity,	depicting	values	

of	80	W/m·K	for	Fe,230	and	<7	W/m·K	for	FexOy.231	Other	nanoscale-related	effects	

such	as	photon	trapping	and	photon	localization232	as	well	as	interfacial	effects	such	

as	metal-oxide	band	alignment	and	electron	transport233	can	lead	to	increased	light-

matter	interactions	in	core-shell	structures	in	contrast	to	pure	FexOy	nanoparticles.		

As	 compared	 to	 Au-based	 nanoparticles	 coated	with	 FexOy,	 the	 energy	 needed	 to	

move	electrons	from	the	metal	to	the	oxide	is	lower	in	the	case	of	Fe-FexOy	core-shell	

nanoparticles.	The	work	function	of	Au	(ΦAu	~	5.1	eV)	is	larger	than	the	one	of	Fe	(ΦFe	

~	4.5	eV),227	giving	rise	to	a	lower	potential	barrier	for	the	electrons	in	the	Fe	core	to	
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difusse	 into	 the	 conduction	 band	 of	 the	 oxide	 shell	 upon	 light	 excitation.	 This	 is	

normally	 correlated	 to	 an	 enhanced	 photocatalytic	 activity234	 and	 will	 lead	 to	

recombinations	 related	 to	 the	 photothermal	 effect.235	 An	 electromagnetic	 wave	

traveling	into	an	Fe-FexOy	core-shell	NW	will	first	interact	with	the	oxide	shell,	where	

it	gets	partially	absorbed,	then	it	will	interact	with	the	metal,	partly	being	subject	to	

reflection,	and	then	it	will	interact	again	with	the	oxide	in	a	multi-absorption	path.	

Meanwhile,	 in	 the	 case	 of	 pure	 FexOy	 nanoparticles,	 light	 travels	 in	 a	 single-pass	

absorption	event,	whereas	pure	Fe	nanoparticles	could	reflect	most	of	 the	 light.	 In	

order	to	evaluate	this	theory,	finite	element	method	simulations	were	performed	by	

comparing	core-shell	Fe-based	NWs	with	different	thickness	of	the	oxide	shell	and	

evaluating	 the	 amplitude	of	 the	 electric	 field	originating	 from	 the	 electromagnetic	

wave	interacting	with	the	sample	(Figure	4.6).	For	simplicity,	the	cross-section	of	the	

NWs	was	used	to	illustrate	the	short-axis	(i.e.	the	in-plane	vectors),	while	the	out-of-

plane	vector	corresponds	to	the	long-axis	of	the	NWs.	As	seen	in	Figure	4.6,	a	laser	

light	with	a	wavelength	of	808	nm	is	projected	along	the	y-axis	in	order	to	interact	

with	three	different	types	of	NWs.	The	images	in	the	top	row	show	the	detail	of	the	

interaction,	whereas	the	images	in	the	bottom	row	show	the	projection	path	of	the	

light	and	the	intensity	profile	at	a	distance	of	0.5	µm	after	the	NWs.		
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Figure	 4.6.	 Simulation	 of	 the	 light	 absorption	 in	 Fe-based	 NWs	 with	 different	
oxidation	levels	showing	the	intensity	of	electric	field	generated	by	the	interaction	of	
a	focused	laser	light	(808	nm)	and	the	cross-section	of	the	NWs.	The	top	row	shows	
the	vicinity	of	the	NWs	and	the	bottom	row	shows	the	light	path	and	intensity	profile	
of	the	incident	light	after	interaction	with	(A)	a	fully	oxidized	NW,	(B)	a	model	of	the	
NW	exposed	to	oxidizing	conditions	(FexOy	shell	=	10	nm),	and	(C)	a	model	of	the	NW	
with	native	oxide	shell	(FexOy	shell	=	5	nm).	For	comparison,	the	electric	field	profile	
of	the	laser	light	without	obstacles	(i.e.	without	NWs)	is	plotted	as	dotted	line.	
	

In	Figure	4.6A,	a	NW	made	of	only	FexOy	concentrates	the	electric	field	of	the	incident	

light	(E	=	1	V/m)	up	to	1.9	times,	due	to	the	dipole	created	under	the	influence	of	the	

alternating	 electric	 field	 from	 the	 light.	 There	 is	 very	 low	 reflection	 (i.e.	 subtle	

interference	patterns)	and	most	of	the	incident	light	is	undisturbed.	The	later	effect	

can	be	observed	from	the	intensity	profile	after	interaction	with	the	NW,	showing	a	

Gaussian	distribution	closely	similar	to	the	one	exhibited	by	the	same	laser	light	in	an	

obstacle-free	path	(i.e.	without	NW	interaction),	shown	as	a	dotted	line	in	the	plot.	In	
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Figure	4.6B	and	Figure	4.6C,	Fe-FexOy	core-shell	NWs	with	a	thick	(10	nm)	and	with	

a	thin	(5	nm)	oxide	shell	showed	an	increase	in	the	strength	of	the	electric	field	by	a	

factor	of	~3	and	~3.9,	respectively.	These	values	represent	an	increase	of	37%	and	

51%	as	compared	to	the	NW	composed	of	only	FexOy.	This	enhancement	of	the	light-

matter	 interaction	 among	 the	 core	 and	 the	 shell	 has	 been	 observed	 on	 metal-

semiconductor	 NW	 structures	 designed	 to	 improve	 the	 light	 absorption	 of	

semiconductors.236	In	a	similar	way,	as	seen	in	the	simulations,	the	peak	intensities	of	

the	 electric	 field	 are	 found	 within	 the	 oxide	 shell	 giving	 rise	 to	 a	 potential	

enhancement	of	the	photothermal	effect.	Figure	4.6	also	reveal	interference	patterns,	

due	to	the	significant	reflection	from	the	Fe	core,	as	well	as	scattering	that	can	be	seen	

in	the	perturbed	intensity	profile	of	the	light	after	interaction	with	the	core-shell	NWs.	

These	 phenomena	 is	 expected	 to	 enhance	 the	 overall	 absorption	 in	 randomly	

dispersed	NWs	by	achieving	multiple	absorption	events,	where	the	light	that	is	being	

reflected	from	one	NW	would	be	recycled	towards	another	NW.	

Simulations	of	the	intensity	of	electric	field	generated	after	808	nm	light	absorption	

in	pure	Fe	NWs	(i.e.	without	any	oxide	shell)	were	also	performed	(Figure	4.7A)	and	

compared	against	fully	oxidized	NWs	as	single	NWs	and	arrays	of	paralely	oriented	

NWs	(Figure	4.7B).	The	model	of	a	NW	made	of	pure	Fe	concentrated	the	electric	field	

of	up	to	~8.8	times	of	the	incident	beam	compared	to	the	1.9	observed	for	the	fully	

oxidized	NW.	This	is	expected	from	the	strong	interaction	of	electromagnetic	waves	

with	 the	 electron	 density	 of	 the	metal.	 Even	 though	 this	 could	 be	 attractive	 as	 a	

potential	photothermal	agents,	an	oxide	layer	is	unavoidable	in	reality.	Moreover,	the	
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strong	interaction	of	light	with	the	elemental	Fe	can	be	responsible	for	reducing	the	

penetration	of	light	through	an	array	of	NWs	as	observed	in	the	lower	panels	of	Figure	

4.7,	 limiting	 the	 depth	 and	 the	 number	 of	 NWs	 involved	 in	 the	 light-matter	

interaction.	These	findings	highlight	the	novelty	of	utilizing	Fe-FexOy	core-shell	NWs.	

	

Figure	 4.7.	 Simulation	 of	 the	 light	 absorption	 in	 Fe-based	 NWs	 with	 different	
oxidation	levels	showing	the	intensity	of	electric	field	generated	by	the	interaction	of	
a	focused	laser	light	(808	nm)	and	the	cross-section	of	the	NWs.	The	top	row	shows	
the	vicinity	of	a	single	NW	and	the	bottom	row	shows	the	collective	interaction	of	an	
array	of	NWs.	(A)	Ideal	model	of	NWs	composed	of	pure	Fe	metal.	(B)	Model	of	fully	
oxidized	NWs.	
	

Additional	considerations	such	as	a	the	high	refractive	index	contrast	(Fe3O4:	n	~	2.3;	

Fe2O3:	n	~	2.8;	 compared	 to	blood	and	 tissue:	n	~	1.3)237-239	 and	 the	energy	band	

alignment	at	the	Fe-FexOy	interface,	could	potentially	benefit	the	light	guiding,	photon	

trapping,	electron	diffusion,	and	electron-phonon	interaction,	leading	to	an	increased	
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phototermal	effect	in	the	oxide	shell.	A	summary	of	the	proposed	light-NW	interaction	

is	shown	in	Figure	4.8.	Considering	the	diameter	of	a	single	NW	(30-40	nm),	reflection	

may	not	be	ocurring,	as	it	is	known	that	reflection	will	not	happen	in	a	structure	with	

a	size	smaller	that	the	wavelenght/4.	However,	by	the	high	magnetization	of	our	NWs	

some	 of	 them	 may	 be	 present	 in	 solution	 as	 agglomerates	 of	 diverse	 sizes	 and	

morphologies	incresing	the	chances	for	reflection	to	occur.	Nevertheless,	we	attribute	

the	enhanced	absorption	and	 therefore	 the	heating	effect	mostly	 to	 the	plasmonic	

effects	such	as	electron-electron	and	electron-phonon	interactions	produced	by	the	

collective	oscillation	created	by	the	alternating	electric	field	of	the	NIR	incident	light.	

	

Figure	4.8.	Proposed	phenomena	of	 the	 light-matter	 interaction	 for	Fe-FexOy	 core-
shell	NWs	upon	light	exposure,	leading	to	increased	light	absorption	and	augmented	
photothermal	effect.	
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The	core-shell	NWs	with	native	oxide	layer	(~5	nm	thick)	were	chosen	for	further	

experiments,	due	to	the	higher	absorption	observed	at	808	nm	in	comparison	with	

NWs	exposed	to	oxidizing	conditions	and	the	higher	retention	of	the	electric	field,	as	

shown	 in	 the	 FEM	 simulations.	 Infrared	 thermography	 images	 from	 the	 NW	

suspensions	 during	 NIR	 laser	 irradiation	 are	 shown	 in	 Figure	 4.9A.	 A	 significant	

difference	in	the	temperature	is	observed	between	the	image	of	the	phosphate	buffer	

saline	(PBS)	solution	(Figure	38AI)	before	irradiation	and	the	NW	suspensions	in	PBS	

at	 different	 concentrations	 during	 the	 laser	 irradiation	 (Figure	 4.9AII-AIV)	 that	

increased	with	the	Fe	concentration.	The	average	temperatures	of	the	solutions	were	

calculated	from	the	area	within	the	cuvette,	indicated	by	yellow	squares	(9	mm	x	2	

mm)	 in	each	sample,	and	were	plotted	as	a	 function	of	 time	(Figure	4.9B).	After	2	

minutes,	 a	 ΔT	 of	 about	 13	 °C	was	measured	 in	 the	 solution	with	 the	 highest	 NW	

concentration	(0.2	mg	Fe/mL),	whereas	the	solution	with	10	times	less	NW	content	

showed	a	ΔT	of	approximately	4	°C.		

	

	



108 
 

Figure	4.9.	Photothermal	effect	of	Fe-FexOy	core-shell	NWs.	(A)	Thermal	images	of	the	
NW	solutions	in	quartz	micro-cuvettes	acquired	with	an	IR	camera.	(AI)	PBS	solution	
before	 laser	 irradiation.	 (AII)	 to	 (AIV)	 samples	 with	 0,	 0.02	 and	 0.20	mg	 Fe/mL,	
respectively,	after	2	min	of	NIR	 laser	 irradiation	at	808	nm.	The	 laser	was	applied	
with	0.8	W/cm2,	and	the	images	show	top	views	of	the	samples.	The	yellow	rectangles	
indicate	the	area	from	which	the	average	temperature	was	calculated.	Scale	bar	=	1	
cm.	(B)	Temperature	response	of	the	NW	suspensions,	when	irradiated	with	a	NIR	
laser	(808	nm)	at	the	concentrations	of	0,	0.02,	0.04,	and	0.20	mg	Fe/mL.	
	

These	results	confirmed	that	the	heating	occurred	by	the	NWs	present	in	the	solution,	

as	the	control	sample,	containing	only	PBS,	showed	a	ΔT	of	only	2°C.	Furthermore,	

cyclic	measurements	of	the	initial	and	final	temperature	of	a	NW	solution	in	PBS	(0.2	

mg	Fe/mL)	 throughout	5	consecutive	days	show	no	decrease	 in	 the	photothermal	
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response	of	the	NWs,	indicating	stability	after	multiple	irradiation	sessions	(Figure	

4.10).			

	

Figure	 4.10.	 The	 photothermal	 response	 of	 Fe-FexOy	 core-shell	 NWs	 during	 cyclic	
irradiations	 over	 5	 days.	 The	 response	 is	 normalized	 by	 relating	 the	 temperature	
changes	measured	in	a	suspension	of	NWs	in	PBS	(0.2	mg	Fe/mL)	that	was	irradiated	
with	a	NIR	laser	(808	nm/0.8	Wcm-2/10	min)	in	a	cyclic	manner	during	consecutive	
days	to	the	first	irradiation	cycle.	
	

The	efficiency	of	core-shell	NWs	to	convert	optical	energy	into	heat	was	determined	

by	calculating	the	photothermal	conversion	efficiency	(η)	as	described	in	Chapter	3.	

From	the	temporal	response	curves	of	each	NW	solution,	when	cooling	down	(Figure	

4.11),	the	characteristic	thermal	time	constant	of	the	system	(τ)	was	determined.	
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Figure	4.11.	Temperature	change	of	NW	suspensions	after	photothermal	heating.	The	
NW	suspensions	were	irradiated	with	an	NIR	laser	(808	nm)	at	the	concentrations	of	
0,	0.02,	0.04,	and	0.20	mg	Fe/mL.	The	cooling	curves	are	fit	to	a	single	exponential	
decay	with	 t	 as	 time	 constant.	 The	 t	 values	 for	 each	 nanowire	 concentration	 are	
shown	together	with	R2	values	that	illustrate	the	fit.		
	

This	thermal	time	constant	was	correlated	to	a	linearized	heat	transfer	coefficient	(h,	

Equation	3.5	in	Chapter	3)	that	can,	in	turn,	be	used	to	calculate	the	amount	of	heat	

energy	 accumulated	 in	 or	 lost	 from	 the	 sample,	 given	 the	 temperature	 inside	

(Equation	3.4	 in	Chapter	3).	An	average	conversion	efficiency	η	value	of	83%	was	

found	for	the	3	NW	solutions.	This	value	is	in	the	same	range	as	those	obtained	for	

Au-based	 nanoparticles,	 Au	 nanorods,	 Au/Au2S	 nanoshells,	 and	 Au	 nanostars	 at	

similar	 irradiation	 conditions.21-23	 The	 η	 value	 of	 the	 solution	 decreases	 with	

increasing	 NW	 concentration,	 which	 can	 be	 explained	 by	 a	 reduction	 in	 the	 light	

penetration	when	increasing	the	NW	concentration,	as	the	laser	beam	is	attenuated	

by	the	NW	suspension.	Since	the	samples	were	rather	diluted,	their	mass	and	heat	
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capacity	 were	 approximated	 to	 be	 close	 to	 that	 of	 water	 (Cp	 =	 4.18	 J/g∙°C).	 The	

calculated	parameters	are	summarized	in	Table	4.1.	

	

Table	 4.1.	 Experimental	 parameters	 associated	with	 the	 photothermal	 conversion	
efficiency	of	Fe-FexOy	core-shell	NWs		

NW-PBS	
dispersion	
[Fe]	(g/L)	

Thermal	
time	

constant		
(τ,	s)	

Equilibrium	
heat	loss	(Q,	

mW)	

Temperature	
increment	
(ΔT,	°C)	

Optical	
density	
at	

808nm	
(Aλ)	

Incident	
laser	
power			
(I,	mW)	

Photothermal	
conversion	
efficiency							
(η,	%)	

0	 41.5	 29.9	 2.7	 -	 190	 -	
0.02	 45.1	 62.7	 6.0	 0.097	 190	 86	
0.04	 41.2	 62.7	 8.1	 0.194	 190	 88	
0.2	 43.2	 62.7	 14.6	 0.979	 190	 74	

	

As	an	example,	the	step	by	step	calculation	of	the	conversion	efficiency	η	for	the	

NWs	solution	containing	0.02	g	of	Fe/L	appears	bellow.	First,	the	thermal	time	

constant	t	determined	from	the	cooling	part	for	the	temporal	response	curves	is	

substituted	in	Equation	3.5	in	order	to	calculate	hA:	

ℎA =
∑ %)) ;*,)

G
=

(!.99	I)(4.6789°; ))

JJ.!	K
= 0.01045	𝐽/°C ∙ 𝑠,	

Once	the	product	of	the	heat	transfer	coefficient	and	the	surface	area	of	the	sample	

is	known,	this	value	can	be	substituted	in	Equation	3.4:	

𝜂 =
<.<6<4=8
°;∙? (L.!	°N)2!.!#OO	P

!.9O!	P(929!&<.<@A)
= !.!$#Q	P

!.!$Q	P
= 0.863		.	

Additionally,	the	SLP	was	determined,	using	Equation	3.6	(Chapter	3)	considering	the	

dynamical	 temperature	 curves	 of	 each	NW	 suspension	 shown	 in	 Figure	 4.9,	 from	
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which	the	slope	at	initial	times	after	NIR	irradiation	(Figure	4.12)	was	used	together	

with	the	specific	heat	capacity	and	mass	of	the	suspension	components.		

	

Figure	4.12.	Determination	of	dT/dt|max	at	 initial	 times	 immediately	after	applying	
NIR	irradiation	to	the	aqueous	suspensions	with	different	NWs	concentrations	from	
Figure	4.9B.	Dashed	lines	are	a	guide	to	the	eye	for	fitting	the	initial	slope.	
	

The	specific	heat	capacity	and	mass	of	the	suspension	components	were	obtained	at	

25	°C	with	the	help	of	a	calorimeter	(Discovery	DSC,	TA	Instruments).	The	following	

values	were	determined	for	NWs	dispersed	in	PBS:	CPBS	=	3.99±0.03	J/g∙K	and	mPBS	

=	110	mg	related	to	a	PBS	volume	of	110	µL;	CFe	=	0.47	J/g∙K;		mFe	=	[Fe]	x	0.11	mL	

for	the	Fe	mass	of	NWs.	The	product	CFemFe	is	negligible	with	respect	to	other	Cimi	

values	(i=PBS	and	cells)	and	therefore	was	eliminated	from	equation	3.6	(Chapter	3)	

and	not	included	in	the	calculation.	
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The	calculated	SLP	values	range	from	121.7±1.3	kW/g	Fe	to	74.4±0.7	kW/g	Fe	for	

NW	dispersions	with	Fe	contents	of	0.02	and	0.2	mg	Fe/ml,	respectively	as	stated	in	

Table	4.2.	The	reason	for	the	decrease	in	the	SLP	value	at	higher	concentrations	 is	

again	 attributed	 to	 the	 increased	 laser	 beam	 attenuation	 by	 the	 NW	 suspension.	

Although	 the	 temperature	 response	 curves	 in	 Figure	 4.9	 were	 obtained	 in	 non-

adiabatic	 conditions,	which	 significantly	 influence	 the	 temperature	 slope	 at	 initial	

times	 during	 NIR	 irradiation,240-243	 the	 SLP	 values	 of	 core-shell	 Fe-FexOy	 NWs	

remained	much	higher	than	those	reported	for	other	FexOy	nanoparticles.4,	244-248		

	

Table	4.2.	Parameters	associated	with	the	specific	loss	power	of	Fe-FexOy	core-shell	
NWs	in	different	environments.	

	
NW	

sample	

Concentration	 Temperature	slope	at	initial	times	during	NIR	
irradiation	(t	®0)	 	

SLP	(kW/g)	[Fe]	(g/L)	 BC	
BE
|FGH	(K/s)	

1	 0.02	 0.61	 121.7	±	1,3	
2	 0.04	 1.07	 106.7	±	1,2	
3	 0.20	 3.73	 74.4	±	0,7	

	

	

4.3	Coating	and	functionalization	of	iron-based	nanowires	

The	NWs	were	coated	with	BSA	and	functionalized	with	a	DOX	derivative	following	

the	procedure	described	in	Chapter	3.8	BSA	was	attached	to	the	NWs	through	simple	

adsorption	 on	 the	NW	 surface	 promoted	 by	 the	 oxide	 shell.	 30,	 122,	 197,	 249	 Previous	

characterization	 of	 the	 coating	 in	 our	 lab	 revealed	 an	 immobilization	 of	 410	 µg	
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BSA/mg	de	Fe	through	Bradford	assay	of	the	supernatant	after	the	coating	process.	

Likewise,	the	presence	of	the	BSA	on	the	surface	of	the	NWs	was	confirmed	by	TEM	

imaging,	showing	an	homogenous	layer	of	protein	around	the	NW	that	is	absent	in	

non-coated	NWs	as	observed	in	Figure	4.12A.	BSA	provides	the	surface	of	the	NWs	

with	free	primary	amino	groups	that	are	used	for	the	introduction	of	free	thiol	groups	

by	 the	addition	of	2-iminothiolane	generating	 thiol	moieties,	 as	exemplified	 in	 the	

Figure	3.12B	in	Chapter	3.	This	process	has	been	evaluated	by	the	quantification	of	

the	2-pyridinethione	released	from	the	reaction	between	the	free	thiol	groups	and	

alditriol,	 added	 in	 excess,	 as	 observed	 in	Figure	3.12C.	The	 evaluation	of	 the	 thiol	

moieties	showed	that	~32	µmol	of	2-pyridinethione	per	g	of	Fe	were	immobilized	in	

BSA-NWs,	which	can	be	used	for	further	functionalization.		

DOX	was	bound	to	the	BSA-NWs	through	a	pH-sensitive,	covalent	bond	(BSA-NWs-

DOX)	 that	 allows	 the	 selective	 release	 of	 the	 unmodified	 drug	 when	 exposed	 to	

intracellular	 conditions,	 as	 previously	 described.8	 As	 mentioned	 before,	 covalent	

bonds	 that	 are	 sensible	 to	 acidic	 hydrolysis	 are	 a	 suitable	 and	 efficient	 option	 for	

attaching	drugs	to	nanomaterials	due	to	the	pH	difference	existing	between	the	extra	

(pH	7.4)	and	intracellular	compartments	(pH	5.5–6.4	in	endosomes).9,	129,	250-251	The	

immobilization	of	the	DOX	derivative	occurred	through	the	reaction	between	the	free	

thiols	 on	 the	 surface	 of	 the	 activated	 NWs	 and	 the	 maleimide	 group	 of	 the	 DOX	

derivative	 (Figure	 3.12D).	 The	 success	 of	 the	 functionalization	 was	 evaluated	

spectrophotometrically,	where	40%	of	DOX	immobilization	was	quantified	and	thus,	

the	 NW	 formulation	 bears	 ~40	 µmol	 DOX/g	 Fe.	 The	 release	 of	 DOX	 from	 the	
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functionalized	NWs	through	the	pH-sensitive	covalent	bond	was	assessed	for	NWs	

coated	with	BSA	and	APTES	(Figure	4.13B).	DOX	was	released	from	functionalized	

NWs	 after	 transferring	 them	 from	PBS	 pH	 7.4	 to	 acetate	 buffer	 pH	 5.0	 in	 a	 time-

dependent	manner.	 Fluorescence	 spectrophotometric	 measurements	 showed	 that	

after	 4	 hours	 80%	 of	 DOX	was	 released	 from	 BSA-NWs-DOX	with	 a	 total	 release	

occurring	after	10	hours	as	observed	in	the	release	kinetics.	Minimum	release	was	

observed	in	the	control	experiments	where	the	functionalized	NWs	remained	in	PBS	

solution,	 which	 confirms	 the	 stability	 of	 the	 nanoformulation.	 Due	 to	 several	

sonication	processes	that	break	the	NWs	apart	during	the	functionalization	process,	

the	length	of	the	NWs	was	reduced	to	3.0	±	1.2	µm	as	observed	in	Figure	4.13C.		
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Figure	4.13.	Functionalization	of	Fe-FexOy	core-shell	NWs.	(A)	TEM	image	of	a	NW	
coated	with	BSA.	(B)	Release	kinetics	of	DOX	 from	NWs	coated	with	 two	different	
agents.	With	pH	7.4,	empty	circles,	 crosses	and	solid	 line;	pH	5.0,	empty	 triangles,	
empty	squares	and	dashed	line.	(C)	SEM	image	of	NWs	on	a	silicon	substrate	after	
functionalization	with	DOX.	
	

	

4.4	Cellular	internalization	of	iron-based	nanowires		

The	cellular	internalization	of	different	formulations	of	NWs	was	previously	assessed	

in	 our	 lab.213,	 252	 Here,	 the	 internalization	 of	 BSA-NWs	 in	 breast	 cancer	 cells	 was	

confirmed	both	quantitatively	and	qualitatively	through	ICP-MS	measurements	and	
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confocal	 reflection	 microscopy.	 ICP	 measurements	 showed	 average	 Fe	 masses	 of	

42±2	and	115±2	pg	Fe/cell	 for	cells	 incubated	with	0.01	or	0.02	mg/mL	Fe	NWs,	

respectively.	 This	 internalization	 represents	 ~60%	 and	 ~79%	 of	 the	 NW	 mass	

dispersed	in	the	cell	media	for	incubation.	It	should	be	noted	that	these	values	refer	

not	 only	 to	 internalized	 NWs	 but	 also	 to	 NWs	 embedded	 in	 or	 adsorbed	 on	 the	

extracellular	structures	surrounding	the	plasma	membrane	of	the	cells.	

Confocal	 reflection	 microscopy	 images	 of	 internalized	 BSA	 coated	 NWs	 in	 breast	

cancer	 cells	were	 taken	after	24	hours	of	 incubation	with	0.01	mg	Fe/mL	 (Figure	

4.14AI	to	AIII)	or	0.02	mg	Fe/mL	(Figure	4.14BI	to	BIII)	by	triplicates.	This	method	

exploits	the	ability	of	the	NWs	to	reflect	light	at	a	wavelength	of	488	nm	and	has	been	

successfully	implemented	before	to	study	the	internalization	of	NWs	in	MDA-MB-231	

cells.8		The	BSA	coated	NWs,	which	are	shown	in	green,	were	colored	with	ZEN-ZEISS	

imaging	software,	and	the	nucleus,	shown	in	red,	was	stained	with	NucRed™	Live	647	

(ThermoFisher).	 A	 considerably	 larger	 number	 of	 NWs	 appeared	 in	 the	 cells	

incubated	 with	 0.02	 mg	 Fe/mL.	 Previous	 studies	 utilizing	 NWs	 with	 similar	

dimensions	show	that	cellular	internalization	is	a	continuous	process	that	starts	upon	

contact	 between	 NWs	 and	 cells,213	 and	 takes	 place	 through	 the	 activation	 of	 the	

integrin-mediated	 phagocytosis	 pathway.27,	 252	 Frustrated	 phagocytosis,	 a	 process	

that	 could	 led	 to	 inflammatory	 process	 in	 vivo	 due	 to	 extracellular	 release	 of	

lysosomes,	has	been	observed	in	cells	incubated	with	much	longer	NWs	(>14	µm).253	

Perez	 et	 al.,	 2016	 have	 reported	 that	 internalized	 NWs	 were	 observed	 inside	

endosomes	 24	 hours	 post	 incubation	 and	 that	 a	minimal	 fraction	 (~2%)	 of	 them	
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dissolved	 intracellularly	 after	 72	 hours	 due	 to	 the	 acidic	 environment	 of	 the	

lysosomal	compartments	within	the	cytoplasm.	These	data	suggest	that	the	NWs	are	

physically	and	chemically	stable	in	the	cell	and	this	stability	would	allow	enough	time	

for	their	functional	application.216		

	

Figure	4.14.	Confocal	microscopy	images	of	MDA-MB-231	cells	incubated	with	BSA	
coated	NWs.	Cell	incubated	with	BSA	coated	NWs	after	24	hours	with	a	concentration	
of	0.01	mg	Fe/mL	(AI-AIII)	and	0.02	mg	Fe/mL	(BI-BIII).	Scale	bars	=	10	µm.	NWs	
through	 light-reflected	 signal	 are	 shown	 in	 green	 and	were	 pseudo-colored	 using	
ZEN-ZEISS	imaging	software.	The	nucleus,	shown	in	red,	was	stained	with	NucRed™	
Live	647.	These	are	representative	images	of	three	independent	experiments	for	each	
NW	concentration.	
	

Likewise,	 confocal	 reflection	 microscopy	 was	 used	 to	 investigate	 the	 subcellular	

location	of	the	DOX	functionalized	NWs	after	endocytosis	and	to	evaluate	the	selective	
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intracellular	 release	 of	DOX	 in	breast	 cancer	 cells.	 Images	 of	 an	 intracellular	 focal	

plane	were	acquired	after	48	hours	of	incubation	with	BSA-NWs-DOX	(Figure	4.15).	

The	NWs	were	monitored	by	confocal	reflection	mode	as	in	Figure	4.14,	the	nucleus	

and	endosomes/lysosomes	were	 stained	with	NucRed™	Live	647	 (ThermoFisher),	

and	the	released	DOX	was	monitored	by	its	intrinsic	fluorescence.	The	merged	imaged	

(Figure	4.15IV)	corroborated	the	intracellular	localization	of	the	NWs,	which	mostly	

co-localized	 with	 the	 endosomes/lysosomes.	 It	 also	 confirmed	 that	 DOX	 was	

internalized	together	with	the	NWs	and	was	released	from	them	after	48	hours	post	

incubation,	when	it	started	to	accumulate	inside	the	endosomes/lysosomes	(Figure	

4.15II).	
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Figure	4.15.	Confocal	microscopy	images	of	MDA-MB-231	cells	incubated	with	DOX	
functionalized	NWs	for	48	h.	Cells	were	incubated	with	NWs_DOX	at	a	concentration	
of	 0.02	 mg	 Fe/mL.	 The	 nucleus	 and	 endosomes/lysosomes,	 shown	 in	 red,	 were	
stained	with	NucRed™	Live	647	(I).	DOX	is	shown	in	yellow	(λexc:	465	nm	and	λem:	595	
nm)	(II).	NWs	detected	through	light-reflected	signal	are	shown	in	green	and	were	
pseudo-colored	using	ZEN-ZEISS	imaging	software	(III).	Merge	of	the	three	previous	
channels	(IV).	
	

Furthermore,	after	72	hours	of	incubation	of	the	cells	with	the	functionalized	NWs	

the	signal	coming	from	DOX	was	observed	in	the	nucleus	and	co-localized	with	the	

DAPI	staining	(Figure	4.16).		
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Figure	4.16.	Confocal	microscopy	images	of	MDA-MB-231	cells	incubated	with	DOX	
functionalized	NWs	for	72h.	Cells	were	incubated	with	NWs_DOX	at	a	concentration	
of	0.02	mg	Fe/mL.	The	nucleus,	 shown	 in	blue,	was	 stained	with	DAPI	 (I).	DOX	 is	
shown	 in	 red	 (λexc:	 465	 nm	 and	 λem:	 595	 nm)	 (II).	 NWs	 detected	 through	 light-
reflected	signal	are	shown	in	white	(III).	Merge	of	the	three	previous	channels	(IV).	
	

	

4.5	Photothermal	effect	of	iron-based	nanowires	in	breast	cancer	cells	

The	photothermal	conversion	effect	of	the	NWs	inside	cells	was	evaluated	by	using	a	

concentrated	 suspension	 of	 breast	 cancer	 cells	 (1.5x106	 cells/mL)	 after	 being	

incubated	with	 the	NWs	at	a	concentration	of	0.02	mg	Fe/mL.	A	concentrated	cell	
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suspension	 with	 no	 internalized	 NWs	 was	 used	 as	 a	 negative	 control.	 The	

concentrated	cellular	suspensions	were	placed	inside	a	well	of	a	96	well	plate	and	

irradiated	with	an	808	nm	laser	at	0.8	W/cm2	for	10	minutes	at	room	temperature	

(Figure	 4.17).	 The	 temperature	 was	 monitored	 with	 an	 IR	 thermal	 camera	 fixed	

above	the	samples.	As	shown	in	Figure	4.17A,	thermal	images	from	both	the	control	

and	the	NW-incubated	cell	suspensions	were	acquired	before	and	during	the	 laser	

irradiation,	 and	 the	 temperature	 profiles	 were	 plotted	 in	 Figure	 4.17B.	 During	

irradiation,	the	NW-incubated	cell	suspension	reached	a	temperature	of	almost	40°C	

(Figure	 4.17AIV),	 which	 is	 translated	 into	 a	 ∆T	 of	 ~20°C,	 whereas	 control	 cells	

(Figure	 4.17AII)	 showed	 only	 a	 slight	 temperature	 increase	 of	 ~2°C.	 This	 result	

indicates	that	intracellular	confinement	did	not	hinder	the	photothermal	conversion	

of	NWs	when	a	high	cell	density	is	used.	A	remarkable	difference	is	observed	between	

the	temperature	change	with	the	dense	cellular	suspension	(initially	incubated	with	

NWs	at	a	concentration	of	0.02	mg	Fe/mL;	∆T	=	20°C)	and	the	aqueous	suspension	

of	 NWs	 (Figure	 4.9B;	 ∆T	=	 5°C;	 0.02	mg	 Fe/mL),	which	 can	 be	 explained	 by	 the	

smaller	volume	in	which	the	cells	remained	after	being	concentrated	into	a	pellet	that	

caused	 the	 NWs	 concentration	 to	 increase.	 The	 temperature	 change	 of	 the	 dense	

suspension	of	cells	with	internalized	NWs	was	even	higher	than	the	one	observed	in	

the	NW	solution	with	a	concentration	that	 is	10	times	higher	(Figure	4.9B;	0.2	mg	

Fe/mL,	∆T	=	13°C).	
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Figure	 4.17.	 Photothermal	 effect	 of	 BSA	 coated	 NWs	 in	 breast	 cancer	 cells.	 (A)	
Thermal	images	acquired	with	an	infrared	camera	of	a	concentrated	suspension	of	
breast	 cancer	 cells.	 	 Cells	 without	 NWs	 before	 (AI)	 and	 after	 (AII)	 NIR	 laser	
irradiation.	Cells	incubated	with	BSA	coated	NWs	before	(AIII),	and	after	(AIV)	NIR	
laser	irradiation.	The	laser	was	applied	with	a	power	density	of	0.8	W/cm2,	and	the	
images	 correspond	 to	 the	 view	 from	 the	 top	 of	 a	 96	well	 plate.	 (B)	 Temperature	
response	 curves	of	 concentrated	 suspensions	of	breast	 cancer	 cells	non-incubated	
(control)	and	incubated	with	BSA	coated	NWs	(0.02	mg	Fe/mL)	that	were	irradiated	
with	a	NIR	laser	(808	nm).	
	

	
Considering	 the	 dynamic	 temperature	 curves	 from	 Figure	 4.17,	 the	 temperature	

slope	at	initial	times	after	NIR	irradiation	was	obtained	with	the	value	of	1.99	K/s	for	



124 
 

cells	with	a	Fe	content	of	0.86	g/L	(Figure	4.18).	As	previously	performed	for	the	NWs	

in	 aqueous	 solutions,	 the	 specific	 heat	 capacity	 and	 mass	 of	 the	 cell	 suspension	

components	were	determined.	A	cell	pellet	was	formed	and	dispersed	in	a	volume	of	

100	µL	of	PBS:	CPBS	=	3.99±0.03	J/g∙K	and	mPBS	=	106	mg;	Ccell	=	3.71±0.03	J/g∙K	and	

mcell	=	3.2	mg	(for	1.5x106	cells);	CFe	=	0.47	J/g∙K	and	mFe	=	[Fe/cell]	x	1.5x106	cells	

=	 173	 µg	 of	 Fe.	 The	 total	 sample	 volume	 (cells	 and	 PBS)	 was	 200	 µL.	 As	 stated	

previously,	the	product	CFemFe		was	not	included	in	the	calculation.	By	using	Equation	

3.6	(Chapter	3),	the	SLP	of	the	NWs	inside	breast	cancer	cells	was	estimated	with	a	

value	of	5.0	±	0.1	kW/g	of	Fe.	

In	addition,	from	the	NW	mass	inside	cells	(i.e.,	115±2	pg	Fe/cell),	the	average	heat	

released	by	the	NWs	per	cell	under	irradiation	at	the	mentioned	exposure	conditions	

can	be	determined.	This	average	heat	dose	per	cell	(HDC)254	is	the	product	of	SLP,	Fe	

mass	 per	 cell,	 and	 heat	 exposure	 time	 (i.e.,	 irradiation	 time)	 resulting	 in	 HDC	 =	

SLP×mFeCell×tirrad	 =	 345	 ±	 30	 µJ	 per	 cell.	 As	 mentioned	 above,	 the	 non-adiabatic	

conditions	 and	 strong	 conduction	 losses	during	 the	measurement	 of	 the	 temporal	

response	 curves	 affect	 the	 estimated	 SLP	 of	 NWs	 inside	 breast	 cancer	 cells	 and	

therefore	the	HDC.241-242	Recently,	a	40%	decrease	of	the	temperature	slope	at	initial	

times	was	shown,	when	the	temporal	response	curves	were	recorded	in	the	absence	

of	vacuum	shield	(i.e.	high	conduction	thermal	losses	of	the	sample	holder).243	Hence,	

the	 calculated	 HDC	 value	 is	 smaller	 than	 the	 real	 one,	 due	 to	 the	 experimental	

limitations	of	the	calorimetric	set-up	for	accurately	determining	the	SLP	value	of	the	

BSA	coated	NWs	inside	cells	under	non-adiabatic	conditions.	
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Figure	4.18.	Determination	of	dT/dt	|max	immediately	after	applying	NIR	irradiation	
to	a	dense	suspension	of	cells	with	internalized	NWs	from	Figure	4.17.	Dashed	line	is	
a	guide	to	the	eye	for	fitting	the	initial	slope.	
	

	

4.6	 Combinatorial	 strategy	 for	 cancer	 cell	 death	 induction	 with	

functionalized	nanowires	in	vitro	

The	 ability	 of	 the	 functionalized	 core-shell	 NWs	 to	 induce	 cancer	 cell	 death	 by	

combining	the	selective	drug	release	with	both,	the	mechanical	disturbance	exerted	

by	 the	NWs	upon	 the	application	of	 an	AMF	(8	kA/m,	10	Hz	 for	10	min),	 and	 the	

irradiation	with	an	NIR	laser	(808	nm,	0.8	W/cm2	for	10	min)	was	examined	on	MDA-

MB-231	 breast	 cancer	 cells	 by	 using	 Alamar	 Blue	 assays	 with	 n	 =	 4	 in	 each	

experimental	condition	(Figure	4.19).	Cultured	cells	in	the	absence	of	NWs	and	empty	

wells	were	used	as	positive	and	negative	controls,	respectively.	Neither	of	the	applied	

treatments,	i.e.,	AMF,	NIR	laser	irradiation	or	a	combination	of	the	two,	reduced	the	

cell	viability	of	cultured	breast	cancer	cells	in	the	absence	of	NWs.	Cancer	cells	were	
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also	incubated	with	free	DOX	at	a	concentration	of	0.5	µM	and	1	µM,	which	reduced	

the	cell	viability	by	~40%	and	~75%.	The	chemotoxic	effect	of	 the	free	anticancer	

drug	was	not	affected	by	the	application	of	the	AMF	and/or	the	NIR	laser	irradiation	

(Figure	4.19).		

The	BSA	coated	NWs	did	not	show	any	cytotoxic	effect,	when	no	external	stimuli	were	

applied,	 at	 the	 two	 concentrations	 tested	 for	 the	 time	 periods	 used	 in	 this	 study,	

confirming	their	excellent	biocompatibility.	A	decrease	of	~20%	in	cell	viability	was	

observed	for	cells	treated	with	NWs	(0.01	mg	Fe/mL),	when	the	NIR	laser	irradiation	

and	 the	 AMF	 were	 applied	 independently	 and	 combined	 with	 no	 considerable	

additive	effect.	A	higher	cytotoxic	effect	of	~28%,	22%,	and	34%	in	cell	viability	was	

observed	 for	 cells	 treated	 with	 NWs_2	 (0.02	 mg	 Fe/mL),	 when	 the	 NIR	 laser	

irradiation,	 AMF,	 and	 combinatory	 treatment	 were	 applied,	 respectively.	 The	

combination	of	 the	NIR	 laser	 irradiation	and	AMF	has	a	slightly	stronger	effect	on	

reducing	 cell	 viability	 than	 the	 independent	 treatments	 and	 there	 is	 a	 similar	

efficiency	between	NIR	laser	irradiation	and	AMF	induced	stress,	which	we	attribute	

to	the	fact	that	only	a	certain	number	of	cells	internalize	enough	NWs	to	be	sensitive	

to	the	photothermal	effect	and/or	the	magneto-mechanical	disruption.	It	is	important	

to	note	that	no	temperature	change	is	expected	by	applying	the	AMF	at	the	frequency	

and	field	strength	employed.147,	211-212,	216	This	was	confirmed	by	a	control	test,	where	

the	temperature	of	a	NWs	solution	(0.2	mg	Fe/mL)	remained	constant,	when	the	AMF	

(8	kA/m,	10	Hz	for	10	min)	was	applied	for	10	min.		
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For	the	 functionalized	NWs,	 the	cytotoxic	effect,	due	to	 the	DOX	release,	showed	a	

decrease	of	approximately	21%	and	40%	in	cell	viability	for	NWs_DOX	(0.01	mg	of	

Fe/mL	 with	 0.5	 µM	 DOX)	 and	 NWs_DOX_2	 (0.02	 mg	 of	 Fe/mL	 with	 1	 µM	 DOX),	

respectively.	It	is	noticeable	that	the	cytotoxic	effect	of	the	free	DOX	is	higher	than	the	

one	triggered	by	the	released	drug	from	the	NWs.	However,	the	important	feature	is	

that	the	NWs	act	as	nano	drug-delivery	vehicle,	and	DOX	can	only	be	released	when	

the	 NWs	 are	 located	 in	 endosomes	 after	 the	 internalization,	 ensuring	 a	 selective	

release,9,	255	as	observed	in	Figure	4.15	and	Figure	4.16.	This,	 in	turn,	prevents	the	

appearance	of	side	effects	arising	 from	the	non-specific	effect	of	DOX	in	an	 in	vivo	

scenario,122,	129	and	the	development	of	drug	resistance.256	

Focusing	 in	 NWs_DOX_2	 where	 the	 differences	 are	 more	 pronounced	 among	 the	

strategies,	combining	the	chemotoxic	action	with	the	laser	irradiation	and	the	AMF	

resulted	in	a	decrease	in	viability	of	~76%	and	~54%,	respectively.		The	combination	

of	 the	anticancer	drug	with	the	NIR	 laser	 irradiation	 is	significantly	more	effective	

than	the	combination	of	DOX	and	AMF	(Figure	4.19).	I	assume	that	the	temperature	

increase	 from	 the	 photothermal	 treatment	 enhances	 the	 cytotoxicity	 probably	 by	

increasing	 the	 susceptibility	of	 the	 cancer	 cells	 to	 the	effect	of	DOX.	 	Through	our	

experimental	design,	it	cannot	be	assessed	if	the	laser	irradiation	induces	the	release	

of	the	DOX.	However,	the	cell	viability	was	measured	72	hours	after	the	adding	the	

NWs,	 ensuring	 the	 release,	 localization	 of	 DOX	 in	 the	 nucleus	 and	 maximum	

chemotoxic	 effect.	 Thus,	 any	 contribution	 to	 the	 rate	 of	 drug	 release	 through	 the	

photothermal	or	magneto-mechanical	treatments	can	be	disregarded.	
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Finally,	the	combination	of	the	three	treatments,	i.e.,	DOX,	NIR	laser	irradiation,	and	

AMF,	yielded	a	highly	efficient	additive	cytotoxic	effect.	A	reduction	in	the	cell	viability	

of	~55%	and	~91%	was	observed	when	applying	the	combinatory	treatment	to	the	

cells	incubated	with	NW_DOX	and	NW_DOX_2,	respectively.	In	case	of	the	latter,	the	

cytotoxic	 effect	 was	 increased	 by	 15%	 and	 30%	when	 compared	 to	 the	 bimodal	

treatments	of	DOX	in	combination	with	NIR	laser	irradiation	and	AMF,	respectively.	

This	 treatment	 is	 even	 more	 efficient	 than	 the	 free	 anticancer	 drug	 at	 the	 same	

concentration.	
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Figure	4.19.	Viability	of	MDA-MB-231	cells	incubated	with	different	formulations	of	
Fe-FexOy	core-shell	NWs	with	or	without	application	of	a	low	power	AMF	and/or	
NIR	laser	irradiation.	NWs:	0.01	mg	Fe/mL,	NWs_2:	0.02	mg	Fe/mL,	NWs_DOX:	0.01	
mg	Fe/mL	and	0.5	µM	of	DOX,	NWs-DOX_2:	0.02	mg	Fe/mL	and	1	µM	of	DOX.	Free	
DOX:	0.5	µM	(DOX)	and	1	µM	(DOX_2).	(*p	<	0.05,	**p	<	0.01,	and	***p	<	0.001;	n	=	
4).	
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4.7	Photothermal	therapy	with	iron-based	nanowires	for	tumor	ablation	

in	vivo	(Preliminary	tests)	

The	phothermal	therapy	with	Fe-based	NWs	is	planned	to	be	tested	in	vivo	in	mice	

bearing	a	human	subcutaneous	tumor	of	triple	negative	breast	cancer	cells,	where	the	

efficacy	 of	 the	 treatment	 will	 be	 measured	 in	 terms	 of	 tumor	 size	 reduction	 and	

compared	 against	 the	 tumor	 size	 in	 mice	 where	 no	 NW	 injection/no	 external	

treatment	was	applied	(i.e.	NIR	laser	irradiation).		

Prior	to	the	main	experiment	a	series	of	pilot	studies	are	being	performed.	Pathogen-

free	~11-week-old	female	immunodeficient	NSG	mice	with	a	weight	of	approximately	

25	g	are	used	for	these	experiments.	Before	any	experiment,	each	mouse	was	weighed	

and	physically	inspected	for	health.		

First,	the	number	of	MDA-MB-231	cells	needed	to	induce	the	tumor,	the	rate	of	tumor	

growth,	as	well	as,	the	efficiency	of	tumor	engraftment	were	determined.	MDA-MB-

231	 breast	 cancer	 cells	 suspended	 in	 sterile	 buffer	 solution	 at	 3	 different	

concentrations	(0.5,	1	or	2	million	cells	in	250	µL)	were	delivered	by	subcutaneous	

injection	into	the	loose	skin	at	the	lateral	side	of	each	NSG	mouse	(n=4	for	each	cell	

concentration).	A	control	group	of	mice	were	injected	with	sterile	buffer	solution.	The	

largest	and	smallest	diameters	of	each	tumor	within	the	experimental	groups	were	

measured	with	a	Vernier	caliper	2	times	per	week	for	45	days,	and	the	tumor	volume	

was	determined	for	each	animal	using	Equation	14	(described	in	Chapter	3).	Average	

values	for	the	tumor	volumes	of	each	testing	group	were	calculated.	The	change	in	
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the	average	tumor	volume	over	time	for	the	3	testing	groups	is	shown	in	Figure	4.20.	

In	 all	 experimental	 groups	 tumors	 were	 detectable	 only	 after	 15	 days	 post	

implantation.	 Mice	 injected	 with	 the	 lowest	 concentration	 of	 cells	 showed	 a	

significanly	 lower	 rate	 of	 tumor	 growth	 and	 lower	 size	 variability	 at	 each	

measurement	point	indicating	suitability	for	the	further	experiments.	

	

Figure	 4.20.	 Tumor	 development	 in	 immunodeficient	 NSG	 mice	 subcutaneouslly	
injected	with	0.5,	1	and	1.5	million	MDA-MB-231	breast	cancer	cells	at	the	lateral	side.	
Tumor	volumes	were	measured	every	3	days	after	their	first	detection	for	45	days	(n	
=	4).	Bars	respresent	standard	deviation.	
	

Pictures	of	the	mice	with	tumors	were	taken	43	days	post	injection	of	the	different	

concentrations	of	cancer	cells	as	well	as	from	the	extirpated	tumors	after	euthanasia,	

as	shown	in	Figure	4.21.	At	the	lowest	number	of	implanted	cells		(500,	000	cells),	

tumors	had	an	average	size	of	~300	mm3	and	were	located	in	the	subcutaneous	area	

at	 the	 interphase	 between	muscle	 and	 skin	 tissues.	 Mice	 appeared	 to	 be	 in	 good	
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physical	condition	with	no	distress	symptoms/behaviour	observed	(Figure	4.21A).	

Dissected	tumors	had	an	average	size	of		~200	mm3	and	were	surrounded	by	adipose	

tissue.	Two	regions	with	different	consitency	were	observed	inside	of	the	tumor	with	

different	color	tonality,	as	shown	in	Figure	4.21B.	The	inner	part	of	the	tumor	with	a	

whiter	color	showed	a	hard	consitency,	while	 the	external	 layer	with	a	yeallowish	

coloration	was	much	softer.	The	tumors	developed	 in	mice	 injected	with	1	million	

cells	merged	with	the	skin	on	top	of	them	generating	ulceration	and	had	a	size	in	the	

rage	of	600	-	1000	mm3,	as	observed	in	Figure	4.21C.	Mice	appeared	to	be	physically	

more	affected,	as	suggested	by	the	observable	lower	stiffness	of	the	skin	and	lost	of	

musculature.	Disected	tumors	within	this	experimental	group	had	a	size	within	the	

same	range	as	the	measurements	performed	in	live	mice,	and	showed	two	types	of	

colorations,	white	in	the	inner	part	and	reddish	in	the	outer	layer,	that	could	be	given	

by	vascularization,	both	with	similar	 levels	of	hardness,	as	shown	in	Figure	4.21D.	

Finally,	the	tumors	in	mice	injected	with	1.5	million	cells	had	a	size	in	the	range	of	

900	–	1200	mm3	with	attachement	and	ulceration	of	the	skin	on	top	of	them	(Figure	

4.21E).	 The	 physical	 appearance	 of	 the	 mice	 was	 similar	 to	 the	 previous	 group.	

Dissected	tumors	had	very	similar	characteristics	to	the	previous	experimental	group	

and	similar	levels	of	hardness,	as	observed	in	Figure	4.21F.	
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Figure	4.21.	Tumor	growth	in	NSG	immunodeficient	mice	43	days	post-implanatation	
of	 MDA-MB-231	 cells.	 Pictures	 of	 mice	 bearing	 lateral	 subcutanoues	 tumors	 and	
disected	tumors	43	days	post	injection	of	5x105	cells		(A	and	B),	1X106	cells	(C	and	
D),	and	1.5x106	cells	(E	and	F).	
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It	 is	 important	 to	mention	 that	mice	were	weighed	 twice	per	week	 since	 the	 first	

detection	of	the	tumor	in	order	to	detect	any	physiological	distress	originated	by	the	

tumors.	A	 graph	 showing	 the	weight	 values	 of	mice	 group	 injected	with	1	million	

cancer	cells	is	shown	in	Figure	4.22.	No	significant	difference	is	observed	between	the	

control	mouse	 and	mice	with	 tumor.	 However,	 change	 in	 the	 skin	 stiffness	 and	 a	

decrease	in	the	muscular	volume	was	observed	when	the	tumor	were	bigger	that	500	

mm3	(Figure	2.21C	and	E).	These	results	indicate	that	a	change	in	the	weight	of	the	

mice	 is	 not	 a	 sensitive	 parameter	 of	 animal	 disstress	 in	 our	 experimental	 set	 up.	

However,	a	sudden	change	in	weight	is	still	indicative	of	overall	health		deterioration	

in	mice.		

	

Figure	4.22.	Monitoring	of	mice	weight	during	tumor	development.	Mice	injected	with	
1	million	breast	cancer	cells	were	weighed	2	times	per	week	since	the	first	detection	
of	tumors.	Control	mice	were	injected	with	saline	solution	only.		
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The	possible	toxicity	of	NWs	was	tested	by	the	subcutaneous	injection	of	BSA-coated	

NWs	 in	mice	without	 tumors	 (0.02,	 0.04	 and	 0.06	mg	 Fe/mL;	 n=4	 for	 each	NWs	

concentration)	and	continuous	monitoring	for	signs	of	disstress	and	discomfort	for	4	

weeks.	Mice	injected	subcutaneously	with	sterile	buffer	solution	were	used	as	control	

group.	 Pictures	 of	 representative	 mice	 at	 the	 injection	 site	 were	 taken	 24h	 after	

injection	and	after	7,	14,	and	28	days,	as	shown	in	Figure	4.23.	Only	images	of	mice	

injected	with	the	lowest	and	highest	concentration	of	Fe	are	shown.	In	all	cases,	it	is	

possible	to	visualize	the	NWs	with	their	black	color	under	the	skin	of	the	mice	at	the	

injection	site	 thoughout	 the	28	days	of	monitoring	(indicated	by	red	circles).	NWs	

seem	 to	 remain	 at	 the	 injection	 site	 with	 minimal	 degradation	 and	 systemic	

absorption.	 No	 apparent	 irritation,	 inflammation	 or	 redness	 was	 observed	 at	 the	

immediate	 vicinity	 of	 the	 injection	 site	 and	 no	 signals	 of	 distress,	 such	 as	 loss	 of	

weight,	or	behavior	change	were	observed	over	the	course	of	testing.			

Additionally,	 at	 weeks	 2,	 3	 and	 4	 post	 NWs	 injection,	 one	 mouse	 per	 each	 NW	

concentration	was	euthanized	and	dissected.	No	signs	of	 inflammation	or	necrosis	

were	observed	around	the	injection	site.	The	NWs	were	observed	at	the	interphase	

between	the	skin	and	the	muscle	tissues.		
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Figure	4.23.	Tolerance	of	NWs	after	subcutaneous	injection	into	mice.	Pictures	were	
taken	at	different	 time	points	 after	 subcutaneous	 injection	of	NW	at	 two	different	
concentrations.	Control	mice	were	 injected	with	sterile	buffer	solution.	Red	circles	
indicate	the	presence	of	NWs	under	the	skin.	
	

The	next	steps	will	include	the	assessment	of	the	safety	and	tolerability	of	the	NRI	

laser	irradiation	under	different	irradiation	conditions	as	well	as	the	elucidation	of	
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the	effect	of	photothermal	therapy	in	mice	bearing	subcutaneous	tumors	after	

intratumoral	injection	of	Fe-FexOy	core-shell	NWs.	
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Chapter	5	

Conclusions	and	Future	Perspectives	

Core-shell	Fe-FexOy	NWs	are	nanomaterials	with	attractive	properties	for	biomedical	

applications,	 due	 to	 their	 ability	 to	 interact	 with	 cells	 in	 various	ways.	 The	 NW’s	

effects	can	be	controlled	by	different	mechanisms,	which	can	be	remotely	applied	by	

magnetic	fields	or,	as	shown	in	this	work,	by	laser	light.	NWs	combine	low	cytotoxicity	

with	 large	surface	areas,	magnetization	values,	and	photothermal	efficiency.	While	

their	magnetic	 properties	 have	 been	 explored	 for	 killing	 cancer	 cells	 before,	 their	

optical	properties	have	not	been	employed	yet.	 In	this	work,	 the	potential	of	core-

shell	 NWs	 for	 photothermal	 treatment	 was	 evaluated	 using	 NIR	 laser-mediated	

heating.	An	 extremely	high	photothermal	 conversion	 efficiency	of	more	 than	80%	

was	 found,	 which	 is	 in	 the	 range	 of	 the	 best	 Au-based	 nanomaterials.	 This	

photothermal	 conversion	 efficiency	 was	 translated	 into	 a	 large	 intracellular	 heat	

dose.	The	efficiency	of	the	NWs’	photothermal	effect	was	further	supported	by	the	

outstanding	SLP	values	of	NWs	in	aqueous	solution	and	inside	breast	cancer	cells.	The	

Fe-FexOy	 core-shell	 structure	 of	 our	 NWs	 was	 found	 to	 be	 essential	 for	 their	

photothermal	 efficiency	 through	 the	 enhancement	 of	 the	 light-matter	 interaction,	

when	compared	to	pure	FexOy	NWs.	Finally,	the	multifunctional	capability	of	the	NWs	

was	explored	for	cancer	cell	destruction	by	combining	the	chemotherapeutic	effect	of	

DOX-functionalized	core-shell	NWs	with	their	optical	and	magnetic	properties.	The	

combinatory	treatment	resulted	in	nearly	complete	cancer	cell	death	in	vitro	being	

more	effective	than	individual	or	bimodal	strategies.	In	case	of	the	latter,	either	the	
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magneto-mechanical	effect	or	the	photothermal	therapy	with	the	chemotoxic	effect	

of	DOX	delivered	to	cancer	cells	by	the	NWs	were	combined.	The	combination	of	the	

chemotoxic,	magneto-mechanical	and	optical	treatment	modes	was	found	to	produce	

synergistic	effects	and	led	to	a	higher	cytotoxic	effect	of	cancer	cells	than	the	free	DOX	

at	 the	 same	 concentration.	 Furthermore,	 preliminary	 tests	 towards	 assessing	 the	

potential	 of	 the	 NW’s	 photothermal	 effect	 for	 tumor	 ablation	 in	 vivo	 are	 being	

performed.	 The	 ideal	 parameters	 for	 the	 subcutaneous	 tumor	 growth	 have	 been	

determined	 in	 the	 animal	model	 selected	 for	 this	 study	 and	NWs	 have	 shown	 no	

toxicity	when	administered	subcutaneously.		

The	 treatments	 employed	 here	 require	 low	 power	 magnetic	 fields	 and	 low	 laser	

power	 density,	 avoiding	 the	 need	 for	 large	 and	 complex	 equipment	 and	 favoring	

further	translation	into	clinical	application	as	well	as	eliminating	the	probability	of	

tissue	damage	by	the	laser	irradiation.		In	comparison	to	our	system,	hyperthermia-

based	methods	 require	 high	 field	 strengths	 and	high	 frequencies.	 This	 is	 not	 only	

relevant	from	a	safety	point	of	view,	but	it	also	reduces	the	power	consumption	by	

several	 orders	 of	magnitude,	 making	 it	 very	 efficient	 in	 terms	 of	 costs.	 However,	

future	 therapeutic	 applications	 would	 require	 increasing	 the	 specificity	 of	 our	

nanosystem.	 Therefore,	 the	 addition	 of	 targeting	molecules	 such	 as	 antibodies	 or	

peptides	during	the	functionalization	step	is	needed	for	selectively	directing	the	NWs	

towards	target	tumor	cells.	Within	this	scope,	it	has	been	shown	that	targeting	agents	

can	 be	 added	 to	 our	 system	 using	 similar	 functionalization	 strategies	 to	 the	 ones	

reported	 here.	 In	 this	 manner,	 it	 was	 reported	 the	 efficient	 targeting	 of	 NPs	
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functionalized	with	an	antibody	through	a	similar	method	in	vitro128	and	the	efficacy	

of	a	thiol	derivative	of	a	Nucant	pseudopeptide	that	can	act	as	both	a	targeting	and	

anticancer	agent	in	vitro	and	in	vivo.20,	129	These	strategies	are	compatible	with	our	

system	 and	 offer	 great	 potential	 for	 future	 studies.	 Furthermore,	 due	 to	 their	

magnetic	properties,	such	remotely	controllable	drug	carriers	could	have	advantages	

over	other	methods,	such	as	being	directed	to	the	target	tissue	by	the	application	of	a	

magnetic	field	(magnetic	guidance)	thus	increasing	the	selectivity	of	the	system.	

In	an	additional	project	attached	 to	 this	dissertation	 it	was	demonstrated	 that	Fe-

based	 NWs	 can	 act	 as	 excellent	 MRI	 T2	 contrast	 agents	 for	 the	 efficient	 labeling,	

detection	and	tracking	of	cells	 implanted	 in	mice	brains	 for	over	40	days.	MRI	cell	

tracking	with	NWs	can	be	applied	for	cell	 therapy	in	diverse	pathologies	 including	

degenerative	 disorders,	 where	 pluripotent	 cells	 labeled	 with	 NWs	 can	 be	

magnetically	guided	and	concentrated	 into	 the	 target	 site	and	 their	differentiation	

induced	 by	 photothermal,	 magnetic	 or	 mechanical	 responses	 of	 the	 NWs,	 as	

suggested	 in	 different	 publications.257-260	 The	 possibility	 of	 using	 the	NWs	 as	MRI	

contrast	agents	opens	the	door	for	theranostics	in	diseases	such	as	cancer,	where	the	

process	can	be	followed	in	a	non-invasive	manner.		

Utilizing	 the	different	control	mechanisms	of	 the	core-shell	NWs	 individually	or	 in	

combination	provides	new	avenues	 for	personalized	medical	 treatments.	With	 the	

diverse	 therapeutic	 strategies	 enhanced	 by	 the	 targeting	 mechanisms	 previously	

mentioned	and	the	possibility	of	tracking	by	MRI,	the	core-shell	NWs	have	immense	

potential	for	developing	advanced	nanotherapies	and	theranostic	applications.	
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APPENDICES	

Appendix	A.	Materials	and	Methods	

A.1	Chemical	reagents	

BSA	and	DOX	were	purchased	from	Sigma-Aldrich.	Double	distilled	water	was	used	

in	all	experiments.	A	DOX	derivative	[(5-Maleimidovaleroyl)	hydrazone	of	DOX]	was	

synthesized	 as	 previously	 described129	 using	 as	 precursor	 5-aminovaleric	 acid	

instead	of	6-aminocaproic	acid,	to	functionalize	the	coated	NWs	with	DOX.	1H	NMR	

(400	MHz,	MeOD,	δ):	7.92	(bd,	lH),	7.81	(t,	lH),	7.55	(d,	lH),	6.57	(m,	2H),	5.51	(m,	lH),	

5.07	(m,	lH),	4.54	(d,	lH),	4.25	(m,	lH),	4.06	(s,	3H),	3.61-2.7	(m,	5H),	2.55-2.26	(m,	

4H),	2.20-1.90	(m,	3H),	1.62-1.25	(m,	10	H);	HRMS	(ESI)	m/z:	[M+H]+	calculated	for	

C36H41N4O13,	737.2664;	found,	737.2638.	

A.2	Cell	culture		

The	MDA-MB231	cell	 line	was	purchased	 from	American	Type	Culture	Collections	

(Manassas,	VA,	USA).	Cells	were	grown	as	a	monolayer	in	Dulbecco’s	Modified	Eagle’s	

Medium	 (DMEM)	 supplemented	 with	 10%	 fetal	 bovine	 serum	 (FBS),	 2	 mM	 L-

glutamine,	100	units	of	penicillin/mL	and	100	µg/mL	of	streptomycin.	All	reagents	

were	 purchased	 from	GIBCO.	 Cells	were	maintained	 in	 an	 incubator	 at	 37	 °C	 in	 a	

humidified	atmosphere	of	95%	air	and	5%	CO2.	
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A.3	Quantification	of	iron-based	nanowires		

In	order	to	quantify	the	amount	of	NWs	contained	in	the	NW	solutions,	ICP-MS	for	Fe	

quantification	was	performed.	From	each	formulation	of	NWs	in	aqueous	solution,	

100	µL	were	 taken	 to	a	 falcon	 tube,	where	300	µL	of	37%	hydrochloric	acid	were	

added.	The	resulting	suspension	was	sonicated	for	30	min	at	40°C.	Finally,	3	mL	of	bi-

distilled	water	were	added.	The	Fe	concentration	was	determined	by	measuring	the	

samples	using	an	ICP-MS	NexION	300XX	(Perkin	Elmer)	(n	=	3).	

In	order	to	quantify	the	amount	of	NWs	internalized	in	the	breast	cancer	cells,	 the	

Eppendorf	tubes	containing	detached	cells	treated	and	non	treated	with	NWs	were	

centrifuged	at	10000	rpm	for	20	minutes,	and	the	supernatant	discarded	carefully.	

300	 µL	 of	 37%	hydrochloric	 acid	were	 added	 to	 the	 cell	 pellet,	 and	 the	 resultant	

suspension	was	sonicated	 for	30	minutes	at	40	 °C.	Finally,	3000	mL	of	bi-distilled	

water	were	added.	The	Fe	concentration	was	determined	by	measuring	the	samples	

using	an	ICP-MS	NexION	300XX	(Perkin	Elmer)	(n	=	3).	
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Appendix	B.	Published	article:	Iron-Based	Core−Shell	Nanowires	for	

Combinatorial	Drug	Delivery	and	Photothermal	and	Magnetic	Therapy	



176 
 

	



177 
 

	



178 
 

	



179 
 

	



180 
 

	



181 
 

	



182 
 

	



183 
 

	



184 
 

	



185 
 

	



186 
 

	



187 
 

	



188 
 

Appendix	C.	Published	article:	Magnetic	core–shell	nanowires	as	MRI	

contrast	agents	for	cell	tracking			
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