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Pregunta #1

¢ De dénde proviene el )
¢ Cémo se produce el > Magnetismo?
¢Cuales son las fuentes del




THE ORIGIN OF H AND B
E,D

Source: q, p




;De donde sale H ?
+

Magnetic Field
Ley de Ampeére

Relaciona campos B,H
con la corriente | que los produce

B B

adapted from Wikimedia commons
User:Stannered

red:
http://commons.wikimedia.org/wiki/File:Electromagnetism.svg



Sources of H

Ampere's circuital law

Magnetic Field
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Pregunta #2

\
¢De donde provienen las
o, Ondas
¢Como se producen las s Electromagnéticas?
¢ Cuales son las fuentes de las )



With a.c. current...
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Point Form Integral Form
VXH=J + %—? %H dl = J’ ( zD) ds (Ampere’s law)
VXE= - % § E-dl= J ( = iIE) ds (Faraday’s law; S fixed)
V-D=p § D-dS= I pdv (Gauss’ law)
s 7
V-B=0 § B-dS=0 (nonexistence of monopole)
s

https://github.com/phetsims/faradays-law
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https://github.com/phetsims/faradays-law
https://em.geosci.xyz/content/maxwell1_fundamentals/harmonic_planewaves_homogeneous/impedancephase.html

Toda onda electromagne

que ves/siente;]mi le:
proviene de una carga e
en movimiento,

en algun lugar del Universo.



Electromagnetic Field
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Electromagnetic Field
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Ondas usadas en Hipertermia Magnetica
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Pregunta #3

¢Por qué los Materiales son Magnéticos?



Magnetic materials

Solids are composed by atoms.
Atoms have electrons orbiting around the nuclei.

P wnN e

These atomic fields are represented as atomic magnetic moment M.

'So the origin of magnetism in solids
! is the moving electron around

' the nucleus (i.e., atomic orbitals)

Elétron

Electrons have charge; therefore, the orbitals produce a magnetic field.






ALL atoms are magnetic...

| find you
very
attractive
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So, atoms are the origin of magnetism in solids

Total magnetic
moment Orbital magnetic . ]
moment Spin magnetic
moment
— Nucleus ¢ Spinning
electron
|
Orbital of electron

orbiting nucleus

S 4 ¢ Spin mgne:i:‘

moment
Atomic magnets ) =
Total magnetic Orbital of electron
moment orbiting nucleus

- /




https://en.wikipedia.org/wiki/Angular_momentum_coupling






Magnetic Systems

e Paramagnets / Superparamagnets
e Ferromagnets / Antiferromagnets / Ferrimagnets

FM: - Fe AFM: MnF




Magnetic Systems

e Complex helicoidal structures
e Low-dimensional structures

HAFM: Er, 1,
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Hysteresis cycle

Punto de ‘switching’

T Vv



(c) (d)



Todos los atomos son magnéticos.
Por tanto todos los materiales son magnéticos.

Nos centraremos ahora en los que comunmente llamamos
magnéticos, que en rigor son los

Materiales Ferro/Ferri-magneticos



AB.,O,

B-atoms
octahedral sites

A-atoms
tetrahedral sites

AB, Oy spinel The red cubes are also contained in the
back half ofthe unit cell

http://wwwchem.uwimona.edu.jm/courses/spinel.html

[M8F91-8]A[M1-8Fe1+81304

Space Group = Fd3m (227)
a=5.8-8.7
Atomic Positions
A 8a 0,0,0
M 16d 5/8,5/8, 5/8
X 32e X, X, X X ~ 0.385
Coordination Numbers/Geometry
A 4 Tetrahedral coordination
M 6 Octahedral coordination
X 4 Distorted tetrahedral coordination

MgAl,O, FeFe,0, Fe,0,

http://beamteam.usask.ca/alumni/sam-leitch.html



http://wwwchem.uwimona.edu.jm/courses/spinel.html
http://wwwchem.uwimona.edu.jm/courses/spinel.html
http://beamteam.usask.ca/alumni/sam-leitch.html
http://wwwchem.uwimona.edu.jm/courses/spinel.html

SPINEL STRUCTURE AB,O,

A B
[MsFe, 5]1°[M, sFe;,51°0, 1/2 of the 8 octahedral B holes filled
1/8 of the 16 tetrahedral A holes filled
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Moskowitz (1985)

http://cbc-wb01x.chemistry.ohio-state.edu/~woodward/ch754/struct/MgAl204.htm



http://cbc-wb01x.chemistry.ohio-state.edu/%7Ewoodward/ch754/struct/MgAl2O4.htm
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Let’s assume FERRIMAGNETICSPINEL AB,O,

mg=1p; ;m,=1.5p; and normal structure

m;=-8x 1.5 ug + 16 x 1 g llllllll

m; = (-12 +16) pg = 4 p, /unit cell et oottt

Now assume o = 0.25 llllll”
treeeett ﬁﬁﬁ"

m;=-6x 1.5p; - 2x 1pg + 14x1p, + 2x1.5,

m; = (-11+17) 1z = 6 Ly /unit cell

Small changes in 0 may produce large changes in M



FERRIMAGNETICSPINEL AB,O,

For [ZnsFe; s1°[Zn; sFe;45]°0,

T<T,=10K

YYYYYYX Zn”Fe,BO,

IRRRRRNARERRNANE!

m;=16x 1 py =16 pg /unit cell

BUT.... ZnFe, 0,

00000000 T>Ty=10K
X ¥\t |\ RS



Pregunta #4

¢Por qué algunas cosas se pegan a mi

neveray otras no?
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Maagnetic Domain
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(a) A single-domain sample with a large stray field. (b) A sample split into two domains in
order to reduce the magnetostatic energy. (c) A sample divided into four domains. The
closure domains at the ends of the sample make the magnetostatic energy zero.



Magnetic Domains

Minimization of

EEEEEREREEE //_.‘_‘_‘_‘_\ magnetostatic energy
TTTTTTTT Up=—— [Be
IIIIIIIIIIII |\_/|> 2lanIIspace
IRERRRRRRERN RARER R leads to domain
HHHHHH P wall formation

Vioment rotation at a Bloch Wall

2
Ogy =7VAK where A= 265
a




Magnetostatic Energy and Domain Structure

E=E,+Eyq =17MD +yL/D

Where y is the domain wall energy per unit area of wall, L is the thickness of the crystal and D is the thickness

of the slab-like domains.
MAA

E,..=Ny;M2/2 = 2nM2L = E=21.7M&L
bl | M [
d£ B 2 _A B 80 6 00 999@0 ——
ap ~L7MS§ -5 =0 “\ N
— N For Cobalt, y=7.6 ergs/cm?, L=1 cm
1.7M2

D=1.5x103¢m, i.e.,

700 domains in a 1 em cube crystal

Cullity. Introduction to Magnetic Materials



Critical size for single-domain particles

Magnetostatic vs. wall energy as a function of
particle size for a spherical particle of radius r

A
' 3
I—f N R 6./AK
Magnetostatic Energy / c = Regup = >
\T’ HoM
_ /
& Below R, the particle is a
= Single Magnetic Domain,

and thus permanently
magnetized. The
demagnetized state cannot
be formed.

R. ~ 10-100 nm




Overfocus In Focus Underfocus

|
TIE reconstruction
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http://Ima.unizar.es/research/transmission-electron-microscopy-tem/tem-magnetic-materials



http://lma.unizar.es/research/transmission-electron-microscopy-tem/tem-magnetic-materials




MIAQNETISM
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Single — Domain multi — domain

R <= 10—-—100nm

Below a critical size, domain wall energy exceeds
magnetostatics and Single-domain configuration Is the
fundamental state.




Magnetic Moment

Case of Co atoms

— —
M=N x 1.64;4B

N is of the order
of 1000 atoms.

The grain is a

big magnetic

moment which
produces a magnetic
field (magnetic field of
a big dipole)

3nm

P. Vargas









Magnetic Anisotropy



Magnetic Anisotropy
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MODEL OF A SINGLE-DOMAIN PARTICLE

- 270




Superparamagnetism: Low T
E(0) = KVsin?0

E= kyT

90 180 270 360

(0]
e 0
L ' kgT = 25.7 x 1073 eV
| .' kgT = 25.7 meV
|
|

i kT =411 x 10721 ]
|
I



Superparamagnetism: Room Temperature
kBT = 25.7 meV

_ A s

0

- E= kT
K =2x10°=
m
0 90 180 270 360
O
E(6) = KV sin?0 ;e i
KV =2x10°—5x 524 x 10727 m? = 1 05 X 10-21] ,,,,,,, )

KV =~ kgT



The theory of (Super)paramagnetism
states that

Mo=nuc(H
— A T
1
L(x) = coth(x) — "

0.5+

0.0+

-0.5}

-1.0
-10 -8 -6 -4 -2 0 2 4 6 8 10

C. P. Bean and J. M. Livingston [J. Appl. Phys., 30 (1959) p. 120S].



Magnetization (Am’kg")
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M (emu/g)

P=fAU
0
10080 60 40 20 0 20 40 60 80 100
H (kOe)

R.E.Rosensweig JMMM 252- 2002



Pregunta #5

Por qué medimos SAR en una muestra
SUPERPARAMAGNETICA, si Hc=07??

| Ferrofluido Seco

60 40 20 0 20 40 60
H (kOe)




Superparamagnetismo: todo es cuestion de tiempo

E, m

E= k,T

0 90 180 270 360
O

Temperatura o tiempo



The TIME factor

KV
TN = Tp €XP _kBT

Svante August Arrhenius

A transition between superparamagnetism and the blocked state occurs when 1, = Ty. In
several experiments, the measurement time is kept constant but the temperature is
varied, so the transition between superparamagnetism and blocked state is a function of
the temperature. The temperature for which t,, = t is called the blocking temperature:



https://es.wikipedia.org/wiki/Svante_August_Arrhenius

T =Ty
T=10"8s
T=100s
100 = 1072 ¢KV/kBT 10~8 = 10~92 oKV/kBT
KV
kv ——=1n101 =23
_=1n1011 — 25 kBT n
kgT
_— KV KV
B1 ™ 25 kg 52 =937%,
T
B2 11
Tpq
KV T
T=10""s I'gy = B2 ~ 3.6 —2.8




Magnetization(emu/qg)
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Néel Relaxation (t,)

Changes of direction in atomic
magnetic moments

S
e Kerel,
Ty =Tg—= ; =—eff M

N ksT

Brown Relaxation (t;)

Rotation of the particle
3n Vy
kT

Tp

1
teff

__I__

(ty + 7p)

TnNTR

Animacion del Dr. Viktor Chikan, Kansas State University, USA.
http://www.k-state.edu/chem/people/grad-faculty/chikan/
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http://www.unizar.es/

En medicina y biologia, el término hipertermia se define como una temperatura
corporal anormalmente alta.

Para algunos autores hipertermia es un sindnimo de hiperpirexia, la hiperpirexia es
una temperatura corporal muy alta que supera los 41 2C y se acerca al maximo
tolerado por el cuerpo humano, sin embargo, no existe acuerdo en esta definicion,
otros textos consideran como hipertermia cualquier elevacion de la temperatura
corporal por encima de la normalidad.

En la hipertermia oncoldgica se eleva de forma intencionada la temperatura de una
parte del cuerpo como método terapéutico (termoterapia) para el tratamiento del
cancer, en este caso se define hipertermia como la elevacion artificial y controlada
de la temperatura en el interior de un tumor, sin superar los limites de tolerancia de
los tejidos sanos vecinos.
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La enciclopedia libre


https://es.wikipedia.org/wiki/Hiperpirexia
https://es.wikipedia.org/wiki/Termoterapia
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https://www.itu.int/en/about/Pages/default.aspx
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Niveles de Energia de bases ADN
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Niveles de energia em sistemas biologicos

Electron flow in multiheme bacterial cytochromes

Electron tunneling in respiratory complex |
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https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.pnas.org%2Fcontent%2F107%2F45%2F19157&psig=AOvVaw25Um2PNEiuhtrpfU_Ukt7s&ust=1625520061070000&source=images&cd=vfe&ved=0CAsQjhxqFwoTCNj8rKSsyvECFQAAAAAdAAAAABAO
https://www.pnas.org/content/111/2/611




For single-domain Magnetic Nanoparticles (MNPs)

e The coupling between MNPs and an
alternating magnetic field is related to the
single-domain magnetic structure of MNPs

below a critical particle size.

Aragon Institute of Nanoscience - INA



Pregunta #6

Quiero calentar a saco.
Es mejor subir la frecuencia f o el campo H?



SPA model

- , 2aft 2
SPA =71ty 2tHo T 1+ (27 7) » SPA = AHg 1-(5]]5})2
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R.E.Rosensweig JMMM 252- 2002



SPA in water

k=, = BRAM 93 9ka/m < 45 kA/m
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Magnetic hyperthermia

The calorimetric side of heating
Q = (mnp Cnp + MyCy + mdcd)(AT)

_0Q _ AT
Power = v (mnp Cnp +Mycy + mdcd) (A—t)

SPA =

(Mnp Cnp + mycy) (dT)
Mnyp dt N




Calorimetric concepts

Calorimetric device. Quase-adiabatic measurements

S
f=570 kHz ,
3| H=2387kAm /
O 2
S
= o
)| o
. = ———————————————————————————
—— Experimental curve < 2|
-----Lineal fit
------- Box-Lucas fit 0 s ‘ ‘
£ 100 200 300
0 ! " 1 1 t(s) N 1
0 25 75

t ()

Sanz, B. et al., European Journal of Inorganic Chemistry (2015)

max

Non-linear fit:

Modified Box-Lucas function

T(t)=A-(1—e B+ (C

dT 1
= =A-B=(Teq—To);
max

61 *C
SPA = ——
Pnp

Diference < 8%



Pregunta #6943

¢Como mido la relacion causa-efecto?

¢ Como cuantifico el ‘efecto hipertermia’?
éTemperatura?
é¢Tiempo?

é¢Ambos?

Qué es mas eficaz:
Aplicar 452C por 20 minutos?
Aplicar 482C por 30 segundos?



International Commission on Radiological Protection (ICRP)
International Commission on Radiation Units and Measurements (ICRU)

A Word about units

Sievert Sv= J/kg S
Grey Gy= J/kg Si 1 Sv =100 rem
Roentgen Equivaneltman rem = 100erg/g Non-SlI
Dose equivalent H
H=QxD

D = absorbed dose of ionizing radiation
Q = quality factor Q (dimensionless) defined as a function of linear energy transfer by ICRU

The value of Q is not defined further, but it requires the use of the relevant ICRU
recommendations to provide this value.

The gray - quantity "D"

1 Gy = 1 joule/kilogram - a physical quantity. 1 Gy is the deposit of a joule of radiation
energy in a kg of matter or tissue.
The sievert - quantity "H"

1 Sv = 1 joule/kilogram - a biological effect. The sievert represents the equivalent biological

effect of the deposit of a joule of radiation energy in a kilogram of human tissue. The
equivalence to absorbed dose is denoted by Q.



Maximum permissible exposure values of EMF:

as determined by the Federal Communications Commission (FCC).

« Valid for 100 kHz to 6 GHz range.

ExpOSUre Fre H S Partial-body  Whole-body
P g (A/m)  (mW/cm?) SAR * SAR *
Controlled§ SOV |\k/||:|ZztO 3 163 100 < 8 Wikg < 400 mW/kg

Uncontrolled 8 8 310304I(<)|_IZ—|'[20 1.63 100 < 1.6 W/kg < 80 mW/kg

v

S Controlled limits apply to persons exposed as a consequence of their employment provided those persons are
fully aware of the potential for, and can exercise control over, the exposure.

S 8 Uncontrolled exposures apply in situations in which the general public may be exposed, that are not fully
aware of the potential for, or can not exercise control over, the exposure.

Sievert: Sv Sv = ]/kg

ICRP definition: "The sievert is the special name for the Sl unit of equivalent dose,
effective dose, and operational dose quantities. The unit is joule per kilogram".

Aragon Institute of Nanoscience - INA


https://en.wikipedia.org/wiki/Sievert#cite_note-ICRP_publication_103_-_Glossary-6

Standardization using thermal dose as a common unit

Cumulative Equivalent Minutes
n

st R=1/4; T<432C
CEMy3 = Z Ly X RS R=1/2; T>432C
i=1

Thermal dose determination in cancer therapy.Sapareto SA, Dewey WC
Int J Radiat Oncol Biol Phys. 1984 Jun; 10(6):787-800.

25" C
0.1

. CEMy3 =t; x R(3°T)

0.01 43.5°C

Malignant melanoma
(HTB-B6)

Single cell surviving fraction

60 1 2 8§ 4 5 8 7
Time (hr)

I



Survival Fraction

¥ L B

100 200

t,5 (Min)

300

Cumulative Equivalent Minutes
n

CEM,3 = Zti x R(3-Ti)
i=1

The dose survival response for asynchronous Chinese
hamster ovary cells at various temperatures plotted as
a function of equivalent-minutes at 43’C. Error bars
have been omitted for clarity.

The data at 4 1.5,42.0, and 42.5 deviate from a single
line, as shown by the dashed lines, due to the
development of thermotolerance.



Pregunta #8545643

¢Puedo calentar una unica célula

usando MNPs y campos magnéticos?



Heat as therapeutic tool

e Hyperthermia has been used to treat cancer for thousands of years.

e Although biological effects of heat remained the same along the time, the
challenge of heating only malignant cells, related to the sources of heating,
remains elusive.

e Magnetic hyperthermia aims to heat from within the cells, and only
targeted ones, using MINPs as nanoheaters under external a.c. magnetic
fields.

e Cell killing efficiency of intracellular hyperthermia has been compared to
extracellular (i.e., waterbath) heating.



Heat as therapeutic tool

, Medical Hypotheses
GORDON'’S SUGGESTION Volume 5, Issue 1, January 1979, Pages 83-102

Hypothesis: intracellular hyperthermia is a more destructive approach than
macroscopic heat sources, because it allows intracellular space to reach higher

temperatures than cell environment.
R.T Gordon, J.R Hines, D Gordon

RABIN’S THEORETICAL MODEL

Heat generation can only be produced in a large group of cells, in volumes of at least
1 mm.

“It is argued in this report that there is no reason to believe that intracellular
hyperthermia is superior to extracellular hyperthermia in the thermal sense.!

Y.Rabin, Int J. Hyperthermia 18, 194 (2002).


http://www.sciencedirect.com/science/journal/03069877
http://www.sciencedirect.com/science/journal/03069877/5/1

Experimental evidence

e “Our results are.....in agreement with the theoretical rejection by Rabin of the
Gordon’s postulate that a labeled cell could be heated independently of neighboring
unlabelled cells.”

Claire Wilhelm, Jean-Paul Fortin, and Florence Gazeau
J. Nanosci. Nanotech., 7, 1-5, 2007

* “These results suggest a minimum tumor volume threshold of approximately 1 mm3,
below which nanoparticle-mediated heating is unlikely to be effective as the sole
cytotoxic agent.”

Hedayati M, Thomas O, Abubaker-Sharif B, Zhou H, Cornejo C, Zhang Y, Wabler M, Mihalic
J, Gruettner C, Westphal F, Geyh A, Deweese TL, Ivkov R.

Nanomedicine (Lond). 2013 Jan;8(1):29-41



About cell condtions

‘micro-tumour’ environment: dense mass of cells (6x10° cells) immersed in 50
ul of protein-rich culture media

Vgy, (50 pl)
Vi, (50 pl) =50 mm3
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BV2 cells+PAA-MNPs+WB 46 °C




BV2 cells+PAA-MNPs+MHT 46 2C

INSTITUTO RSITARIO

DE INVESTIGACION EN
NANOCTENCIA DE ARAGON



Membrane damage

curr HV mag= WD |mode HFW tilt ) curr HVY ‘mag= WD mode HFW |tilt 5 pm
0.40 nA/5.00 kV 1 250 x 5.0 mm SE 102 um O ° Nova Nanolab LMA-UZ 0.40 nA 5.00 kV|6 OOO'X 50mm SE 21.3um|0° Nova Nanulab LMA-UZ
- — -

curr HV 'mag = | WD mode HFW tilt 1pm curr HV |mag = | WD mode HF tilt o 4 pm
0.40 nA'5.00 kV/ 32 500 x/5.1 mm SE 3.94pum0° Nova Nanolab LMA-UZ 0.40 nA'5.00 kV/10 000 x 5.0 mm, SE 128 um 0 ° Nova Nanolab LMA-UZ




BV2+ WB 46 ?

54

BV2+PAA-MNPsiMHT46°C




CONCLUSIONS
WHAT WE KNOW:

* We can design efficient MNPs. We know the physical mechanisms and
we can do materials engineering.

% There is no local effects in the thermal sense (applies to MHT).

* It seems possible to surpass the suggested ower limit of 1 mm?3 if better
nanoparticles are manufactured.

% Killing efficiency for WB is quite similar to MHT in the thermal sense.

s However, MNPs perform better that WB in damaging cell structures.
(Non-thermal effects cannot be ignored).



END
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