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Using magnetization of magnetic phase (NPs)
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Case of interest
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NPs are aggregated in clusters, and clusters interact 
among them. ND is the demagnetizing factor which 
corresponds both to sample shape and to cluster 
average shape. 
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This is the sought result, it gives the dependency of the effective 
demagnetizing factor in terms of cluster and sample ones, and the 
characteristic distances (dilution factors) of the problem.
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Analysis with Langevin model. 
Comparison with Allia’s proposition
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Measured susceptibility of magnetic phase. 
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Assuming a uniform distribution of NPs
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Class 2a

Understanding SAR and searching for high performance nanomaterials

zinc-doped magnetite nanoparticles and ferrofluids for hyperthermia 

applications

Citric Acid Coated Magnetite Nanoparticles for Magnetic Hyperthermia

In vitro experiments
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Citric Acid coated Magnetite
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Interactions among MNP
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Forces summary
MNP

interaction value comment

Dipolar magnetic 5e-3 nN 10 nm NP  in contact

Van der Waals -
London

4e-1nN 10 nm NP  in contact

Gravitational 2e-11 nN 10 nm NP  in contact

Electrostatic 2e-3 to 5e3 nN 10 nm NP  in contact

viscous 6e-4 to 3e-2 nN 1cm/s < BV < 100 cm/s

Magnetic field 2e-9 to 2e-7 nN 1 T2/m <GB <100 T2/m**

**1e5 T2/m would be required to compensate 1 cm/s viscous flow 

HK2010
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magnetosomes
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Searching for high SAR nanomaterials

Hergt et al. 2005



Zn doped ferrites
Fe moment 
enhancement

)5.00(43  xOFeZn xx

Modern magnetic materials, Principles and applications. R. C. O´Handley. Wiley-
Interscience publication. (2000)

magnetite



zinc-doped magnetite nanoparticles and ferrofluids for 
hyperthermia applications

P Mendoza Zélis, G A Pasquevich, S J Stewart, M B Fernández van Raap, J 

Aphesteguy, I J Bruvera, C Laborde, B Pianciola, S Jacobo and F H Sánchez

Structural and magnetic study of zinc-doped magnetite nanoparticles and ferrofluids for hyperthermia

applications, J. Phys. D: Appl. Phys. 46, (2013), 125006 doi:10.1088/0022-3727/46/12/125006.



ZnxFe3−xO4

(x = 0.0, 0.1, 
0.2, 0.3, 0.4, 0.5)

kept at 70 ◦C
for 2 h

Solution (i) 

180 ml   
NaOH  

+ KNO3

70 ◦C

Solution (ii) 
20 ml
FeSO4 · 7H2O

+ ZnSO4 · 7H2O
+ H2SO4

70 ◦C

N2
N2

30 min

stirring

washed 
several times

centrifuged

Dried 40°C
Vacuum 24 h

cooled down 
to RT

magnetic 
decantation

S1 NPs



Washed 
NPs

2% chitosan 
+ 1% acetic acid 

solution

Centrifugation 
2500 rpm 10 min

+ 3500 rpm 15 min 

resuspended in 
chitosan solution

stirred  6 h at 
RT 

Sonicated 30 
min

S1 FF

S2 NPs & FF

+ ethanol
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Ms increases with Zn low doping of magnetite (x = 0.1-0.3)

High SARs of almost 400 W/g can be obtained

At 260 kHz crossover from Néel to Brown relaxation is at 18 nm

At 260 kHz frequency factor is maximum at 16 nm

SAR can be improved further by increasing Ms of 16 nm NPs 
and reducing polydistersity



Citric Acid Coated Magnetite Nanoparticles for Magnetic 
Hyperthermia

M. Elisa de Sousa, Marcela B. Fernández van Raap, Patricia C. Rivas, Pedro 

Mendoza Zélis, Pablo Girardin, Gustavo A. Pasquevich, Jose L. Alessandrini, 

Diego Muraca, and Francisco H. Sánchez

Stability and relaxation mechanisms of citric acid coated magnetite nanoparticles for magnetic

hyperthermia, J. Phys. Chem. C, (2013), 117 (10), pp 5436–5445. DOI: 10.1021/jp311556b.



Modified Masart Method

Chemical coprecipitation from ferric chloride and ferrous chloride in the presence 
of excess ammonia NH4OH solution (AS)  magnetite NPs.

Magnetite cores were negatively charged by Citric Acid (CA) adsorption over its 
surfaces. Both steps, co-precipitation and CA adsorption, were carried out under 
a N2 reflux at 60 °C. 

11 nm

CA

uncoated CA coated

2-4 nm



The pH at which CA was adsorbed to the MNP surface (pHad) was varied
from 4.58 to 7.08. AS (0.25% w/w) was used to adjust the suspension pH
to pHsus close to 7.

The suspensions were placed on a permanent magnet during 600 s. By
this way six colloids Ci were obtained.
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Allia et al., Phys. Rev. B 2001, 64 (14), 1−12.
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Citric accid coating: highly stable FFs

High influence of coating on dead layer thickness and Ms

High influence of dipolar interactions on SAR



MNP: 20 g/ml

A549

ht 12

MNP: 50 g/ml

A549

MNP: 100 g/ml

A549
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HSP: Same cell line A549 infected with a lentiviral vector containing an inducible promotor 
(under stress) named HSP60B. It leads to the expression of GFP.

CMV: Same cell line A549 infected with a lentiviral vector containing a constitutive promotor 
named CMV. Always expreses GFP.

Lt-CMV/GFP

Lt-HSP/GFP

pRRL.SIN18 Human HSP70B promoter

Lentivectors encoding GFP under the human HSP70b promoter

Cellular Thermometer for hyperthermia
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Se observa que la expresión de GFP bajo mucho ya que, como se ve en el grafico de la 
izquierda, estas células están muy dañadas y al lisarse la membrana se pierde la GFP. 

HSP(58µgNPM/ml)
y 60 min de RF

170kHz  H= 34 kA/m
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Class 2b

In Vitro Magnetofection: Magnetic Force Influence

Ferrogels PVA/Fe oxide



In Vitro Magnetofection: Magnetic Force Influence

Arciniegas L, Pardo J, Pasquevich GA, Goya RG, 

Mykhaylik O, Sánchez FH

Magnetofection is a simple and highly efficient transfection 
method that uses magnetic fields to concentrate particles 
containing nucleic acid into target cells
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Fe(II) + Fe(III) salts solution

oxygen-free atmosphere

precipitation of Fe(II)/Fe(III) 

hydroxide

fluorinated surfactant 

ZONYL FSA (lithium 3-[2-

(perfluoroalkyl)ethylthio]pro

pionate) + 25-kDa branched 

polyethylenimine (PEI-25Br)

PEI-Mag2 NPs

Dialyzed against ddH2O

sterilized using 60Co gamma 

irradiation at 25 kGy

Olga Mykhaylyk, TUM, Munich

core

PEI



Rad-GFP: Adenovector 
which expresses GFP 
gen (Aequorea victoria) 
under citomegalovirus 
murino (mCMV) 
promotor control.

PEI-Mag2 NPs

PEI-Mag2 RAd-GFP 

Complex

Magnetic core 

(thickness Dm  9nm)

Polimeric coating 

(thickness tpol  35 nm)

Complex PVP/NPs 

(volume Vc)

Dc

N NPs/ PVPN

RAd-GFP

PEI-Mag2

5000300N

Virus (PVP, thickness 

DV 80 nm)



Rad-GFP



Rad-GFP / PEI-Mag2



Rad-GFP / PEI-Mag2



B92 cells (mouse glial cell)
MEM (Minimum Essential Media), 
10% FBS (Foetal Bovine Serum)
100 U de penicillin/ml
0,1 mg de streptomycin/ml
0,25 μg de anphotericin B/ml
5% CO2 atmosphere 
37 °C
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It changes state of motion of complexes

It changes distribution of complexes in the fluid

 tzv ,

 tzc ,

z

magnet

F


complex

Constant Force approximation: force variation within 

each PD can be neglected
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Magnetic force analysis gives a fair semiquantitative account of 
experiments of magnetofection vs z

Field applicators can be designed to optimaze magnetic force 
for in vivo magnetofection at moderate depths

Longer times or Stronger magnetic force is needed in order to 
improve magnetofection effects. 



Ferrogels PVA/Fe oxide

Arciniegas L, Pasquevich GA, Mendoza Zélis P, 

González J., Álvarez V, Hoppe C, Sánchez FH

Ferrogeles: magnetic hydrogels with high hydration ability 
and strong magnetic response. 

Hydrogels are constituted by crosslinked polymeric chains. 
Physically crosslinked PVA hydrogels are soft biocompatible 
materials. 
With nanometric aditions (nanocelulose, hidroxiapatite, 
iron oxide) produce composites with specific potential 
aplications in biomedicina:  



PVA

PVA hydrogel crosslinked 
by freezing – thawing

cycling
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Muito obrigado!
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Mi nane is Gofman. G as in Gauss, O as in Oersted, F as 
in Ferrita, M as in magnetization, A as in Ampere and N 
as for the number of moments per volume unit!!
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