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Introduction
Magnetic nanoparticles for biomedicine  
(diagnosis and therapy)

! Magnetic Resonance Imaging (MRI)"
! Drug delivery"
! Hyperthermia"
! …

Iron oxides, chemically produced.

Patterned magnetic particles

! Great shape versatility"
! Many di#erent compositions"
! Excellent reproducibility"
! …

Produced by physical methods (vapor deposition, lithography, …)
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Motivation
Magneto-mechanical actuation of Permalloy discs with vortex state 
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Magnetic Vortex state

V. Novosad et al. Biomedical Engineering (2011) 
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! Large permeability and magnetization "
! Null remanence

high actuation capability"
no particle agglomeration

!"
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B. Pigeau et al. Appl. Phys. Lett. 96, 132506 (2010) S. Tsunegi et al. Appl. Phys. Lett. 109, 252402 (2016)

Magnetic Vortex state
Studied intensively in the last decades

R. P. Cowburn et al. PRL 83 (1999) 1042

Information storage Spin torque oscillators

T. Shinjo et al. Science 289 (2000) 930 K. Y. Guslienko et al. PRB 65 (2001) 024414
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Objetives
" Downsize Permalloy discs, maintaining the vortex state

1 µm 
! 60 nm 

intra-cell actuationexternal actuation

" Explore the size limits of the vortex state

" In-vitro test of magneto mechanical actuation

Few works on magnetism of sub-100 nm discs
C.A. Ross et al. PRB 65, 144417 (2002)

R.K. Dumas et al. PRB 75, 134405 (2007) I.V. Roshchin et al. Euro. Phys. Lett. 86, 67008 (2009)
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Fabrication of the discs
Need a method:
! relatively simple. Reasonable preparation time."
! moderate cost. A#ordable for a standard laboratory."
! high yield. Enough sample production for laboratory in-vitro assays.

" Standard UV photolithography 

" Electron beam lithography (EBL)

" Deep UV (DUV) lithography

" Others (nanoimprint lithography, etc …)

! Minimum size ~1$m."
" High yield and fast process."
" Standard laboratory equipment (also used in this work).

" State of the art below 14 nm."
" Standard in microelectronic industry. Suited for high volumen production."
! Extremely expensive for research laboratories.

" Very small features (< 10 nm)."
" Expensive, but usual in research laboratories."
! Small yield and slow process.
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Fabrication of the discs
Nanosphere lithography

Use self-assembled latex spheres as template

hexagonal closed-packed arrangement
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Hole-mask colloidal lithography
Use charged spheres to create a distribution of holes on a polymer

1) deposit a PMMA layer (spin coating)

2) charge surface with PDDA
+ + +

+ + +
- - -

3) deposit charged spheres

non-regular dense arrangement of nanospheres

Si

PMMA



Hole-mask colloidal lithography
4) Ti sputtering

PMMA
Si

6) Oxygen plasma PMMA etching

5) Tape stripping

Ti template of holes
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Hole-mask colloidal lithography

7) Py sputtering

8) PMMA  removal

Py nanodots on Si substrate
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Morphology of the discs
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Production yield

> 2 billions of nanodisks 

HCL 

1 cm2 

0.1 mg  
in a 

2” wafer 
 

Estimated from SEM images

enough for laboratory test!

60 nm diameter, 50 nm thick

of discs
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Substrate detachement

magnetGold

Permalloy
Ge (50 nm)

Si wafer

! HCL fabrication process performed onto a sacrificial layer

! Ge o#ers best results (Cu, SiO2 also tested)

! Ge disolved in H2O2, releasing the discs

! Magnetic decantation for collecting them

Gold deposited in both sides of Py
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Substrate detachement

∅ 60 nm

∅ 140 nm
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Micron-sized discs
Microdiscs (∅ 2 µm) Fabricated at Cambridge University (Prof. Cowburn)

Standard UV photolithography (lift-o#)

2 µm ! 
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Magnetic Properties

" MOKE 20 $m spot size " averages hundreds of discs

" SQUID average the whole sample

" MFM

" Micromagentic simulations OOMMF

A. Asenjo, ICM-CSIC Madrid 

Use of di#erent techniques

" Magnetization process and hysteresis loops

" Magnetic phase diagram of Py discs

" Structure of the vortex in small dots
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Magnetic phase diagram
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Magnetic phase diagram
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distribution calculated by the FE simulation and
the rigid vortex model d ¼ jMFE "Mrvj is shown in
Fig. 12 for Hext ¼ 66:0 kA=m ¼ 830 Oe; /MxS=
Ms ¼ "0:72; and b=R ¼ "0:76: The light areas at
the circumference and in the center of the nanodot
indicate differences between the rigid vortex model
and the FE simulation.

In remanence, the demagnetizing field arising
from the vortex structure is mainly concentrated in
the vortex core (Fig. 13). It has a dominating z-
component and a smaller radial component.

7. Phase diagram

A summary of the results of the equilibrium
magnetization distribution of nanodots with dif-
ferent aspect ratios is given in the phase diagram in

Fig. 14. The transition from the in-plane magne-
tization to the vortex state is sharp, because this
requires that the symmetry of the single domain
state with (almost) homogeneous in-plane magne-
tization breaks in order to form the vortex state
with cylindrical symmetry. The line separating the
in-plane and out-of-plane remanent states has a
slope of 1.8, which is in agreement with the
simulations by Ross et al. [2] and analytical
calculations [18]. Magneto-optical measurements
of hysteresis curves [5] also show a distinct change
between these two regimes. The single domain
particles retain high remanence and switch at very
low fields, whereas a sudden loss in magnetization
reducing the external field (cf. Fig. 4) is typical of a
flux closure configuration (vortex state). However,
the transition from the vortex to the perpendicular
magnetization (parallel to the cylinder axis) is not
well defined. The numerical experiments show a
smooth transition from one state to the other. For
decreasing dot aspect ratio, the magnetization
starts to twist and exhibits a very inhomogeneous

ARTICLE IN PRESS

Fig. 12. Contour plot of d ¼ jMFE "Mrvj: Dark areas indicate
good agreement of the magnetization distribution between the
rigid vortex model (black cones) and the FE model (gray
cones), lighter areas indicate larger differences.
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Fig. 14. Phase diagram of magnetic ground states (axis scaling
in units of the exchange length). The data points indicated by
the open symbols have been calculated with the FE model. The
circles (J) represent dots with lowest energy in the in-plane
magnetization state, squares (&) those with perpendicular
magnetization, and diamonds (B) dots in vortex/multidomain
state. The experimental data have been taken from Ross et al.
[2]. The crosses (#) indicate ‘‘Ni Type A’’ samples with out-of-
plane (perpendicular) magnetization at remanence, the plus
symbols (þ) indicate ‘‘Ni Type B’’ samples with in-plane, and
the asterisks (!) ‘‘Ni Type C’’ samples with vortex or
multidomain states, respectively. The experimental data nicely
fit in the phase diagram with one exception, which is indicated
by ‘‘(1)’’. There, a remanent state with in-plane magnetization
has been found, where a vortex state might be expected. The
solid lines give the analytical equilibrium single-domain radius
calculated by Metlov et al. [19].

W. Scholz et al. / Journal of Magnetism and Magnetic Materials 266 (2003) 155–163 161Experiment, theory and simulation Micromagnetic simulation

W. Scholtz et al. J. Magn. Magn. Matter. 266, 155 (2003)

S.-H. Chung et al. PRB 81, 024410 (2010)

K.L. Metlov, K.Y. Guslienko J. Magn. Magn. Matter. 
242-245, 1015 (2002) M. Goiriena-Goikoetxea et al. Nanotechnology 27, 175302 (2016)
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Magnetic phase diagram
Small Py discs studied in this work are close to boundaries
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Magnetization process
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Magnetization process
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Magnetization process
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Uniformity of patterning
MOKE hysteresis loops



30

Large vortex core

T. Shinjo et al. Science 289, 930 (2000) M. Goiriena-Goikoetxea et al. Nanoscale 9, 11269 (2017)

Py discs R = 500 nm Py discs R = 70 nm 

negligible core contribution"
to magnetization

non-negligible core contribution"
to magnetization

c = Rc/R  

Rc ~ 20-30 nm Rc ~ 20-30 nm 

c << 1, classical vortex c < 1, large vortex core 

Influence of the core size in the magnetization process



Large vortex core
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The size of the core can be determined by micromagnetic simulations

profiles of out-of-plane component of the magnetization

c << 1, classical vortex !"

#"

$"

%"

&"

'"

("

)" !" #" $" %" &" '" ("

*+
,-,
./
01
23

44
5-!
-62

7
8

*+,-9:*/;45-"-6278

!"#

!$# %$#

%"#

+;,<+=<>?:23
4/2@?3-*+7:/2

/2<>?:23
4/2@?3-*+7:/2

A+9,3B

c < 1, large vortex core 

c < 1, large vortex core 

c < 1, large vortex core 
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c > 1, extra large vortex core 
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Large vortex core
Analitical model of the magnetization process

M. Goiriena-Goikoetxea, K. Y. Guslienko et al. 
Nanoscale 9, 11269 (2017)

c > 1, extra large vortex core 

New analytical model, %
including core magnetization

!"#
!

$%&''($&%# ) *#+,-./0#1&23/.('&.(,3#-/+/-'&%4#5/+/%,6/5# (3#7/89# :;<9#=#-/+('/5#

.>/,-?#('#3//5/5#8,-#'@A#BCC#31#5('$'4#D>/-/#.>/#+,-./0#$,-/#('#%&-2/#$,16&-/5#D(.>#

.>/#'(E/#,8#.>/#5('$9#F,3'.&3.(3#G@'%(/3H,4#IH/-A&'J@/#7/'/&-$>#K-,8/'',-#&35#&@.>,-#

,8# .>/# 7/89# :;<4# &$$,16%('>/5# .>('# .&'H# &35# 6-,6,'/5# &#1,5/%# .>&.4# &1,32# ,.>/-#

-/'@%.'4# 2(+/'# &3# /06-/''(,3# 8,-# .>/# &33(>(%&.(,3# 8(/%5# !"## &'# &# 8@3$.(,3# ,8# .>/#

6&-&1/./-#$%L#&$M&#).>/#+,-./0#$,-/#-&5(@'#-/%&.(+/#.,#.>/#-&5(@'#,8#.>/#5('$*9#N>('#

/06-/''(,3# ('# $,3+/3(/3.# '(3$/#!"## $&3# A/# 5(-/$.%?# $,16&-/5# D(.># /06/-(1/3.&%#

-/'@%.'9# N>/#1&(3# /%/1/3.'# ,8# .>/# &3&%?.($&%# &66-,&$># &-/# 5/'$-(A/5# A/%,D9# N>/#

$,16%/./#&3&%?'('#('#6-,+(5/5#(3#=66/35(0#O9##

='#.>/#5('.&3$/'#A/.D//3#.>/#5('$'#&-/#1@$>#%&-2/-#.>&3#.>/(-#5(&1/./-#8,-#

&%%#.>/#'&16%/'4#(.#('#&''@1/5#.>&.#.>/#5(6,%&-#(3./-5('$#(3./-&$.(,3#('#3/2%(2(A%?#'1&%%#

(3#$,16&-(',3#D(.>#.>/#(3#5('$#1&23/.($#/3/-2(/'#:"P<9#N>/-/8,-/4#.>/#6-,A%/1#,8#.>/#

1&23/.('&.(,3# -/+/-'&%# ,8# &# 5('$# &--&?# ('# -/5@$/5# .,# .>/# 6-,A%/1# ,8# .>/#

1&23/.('&.(,3#-/+/-'&%#,8#&#'(32%/#$(-$@%&-#5('$#,8#2(+/3#-&5(@'#&#&35#.>($H3/''#'9#

N>/#1&23/.($#/3/-2?#5/3'(.?#)6/-#@3(.#,8#.>/#5('$#+,%@1/ *#$&3#A/#

D-(../3#&'#

### # #####)B*#

D>/-/# # ('# .>/#/0$>&32/#$,3'.&3.# )D>($>#J@&3.(8(/'# .>/#'.-/32.>#,8# .>/#1&23/.($#

(3./-&$.(,3*4 # ('# .>/# @3(.# 1&23/.('&.(,3# +/$.,-4# # ('# .>/#

1&23/.,'.&.($#8(/%54#&35# #('#.>/#Q//1&3#/3/-2?#5/3'(.?#(3#&3#(3R6%&3/#1&23/.($#

8(/%59#

N>/#5(88/-/3.#./-1'#(3#)B*#$&3#A/#$&%$@%&./5#)'//#=66/35(0#O*#8,-#.>/#$&'/#,8#

#)()*+",-"+.(%/0+*()%$0+(*#.,#,A.&(3#.>/#/3/-2?# #&'#&#8@3$.(,3#

,8# 4# .>/#6,'(.(,3#,8# .>/#+,-./0# $,-/# (3# .>/#6%&3/#,8# .>/#5('$# )-/6-/'/3./5#A?# # (3#

-/5@$/5# $,,-5(3&./'*# &35# .>/# &66%(/5# 8(/%5# 9# N>/# 1(3(1(E&.(,3# ,8# .>/# /3/-2?#

#2(+/'#.>/#/J@(%(A-(@1#6,'(.(,3# #,8#.>/#+,-./0#$,-/#8,-#/&$>#&66%(/5#8(/%59#

N>/#+,-./0#&33(>(%&.(,3#8(/%5#('#.>/3#,A.&(3/5#&'#.>/#8(/%5#&.#D>($>#.>/#6,'(.(,3#,8#.>/#

$,-/#/J@&%'#.>/#-&5(@'#,8#.>/#5('$#) *9#N>/#-/'@%.(32#/06-/''(,3#('#

### # # #####)"*#

c << 1, classical vortex 

K. Y. Guslienko et al. PRB 65, 024414 (2001)

!"#
!

$%&'#()*+,# &-# $%,#,./0,''&1-#12# $%,#)--&%&*)$&1-# 2&,*3# 4567#8#)-3#9&:+0,#87;<!=#>,#

1?$)&-#"!##@#"A#BCD#&-#(,0E#:113#):0,,B,-$#>&$%#$%,#B,)'+0,3#0,'+*$7##

C%,#)-)*E$&F)*#B13,*#210#$%,#F*)''&F)*#B):-,$&F#(10$,.#>&$%# "!

>%,0,#$%,#F10,#0)3&+'#&'#-,:*&:&?*,D#E&,*3'#$%,#,./0,''&1-!#$%!

"! ! !!! !!!!4G=!

>%,0,#$%,#2+-F$&1-# "!3,2&-,3#&-#H//,-3&.#ID#3,/,-3'#1-#$%,#)'/,F$#0)$&1#12#$%,#

3&'F#)-3#$%,#'%)/,#)''+B,3#210#$%,#(10$,.#F10,#>&$%&-#$%,#0&:&3#(10$,.#B13,*D#)-3#

!&'#$%,#,.F%)-:,#*,-:$%D#0,*)$,3#>&$%#$%,#B):-,$&F#,.F%)-:,#'$&22-,''#F1-'$)-$7#

C%,# ()*+,'# 12# ! 1?$)&-,3# 201B# 4G=# 210# $%,# F*)''&F# (10$,. ! )0,#

,'',-$&)**E# *)0:,0#$%)-#$%1',#1?$)&-,3#201B#567#48=# 210# $%,#$%&'!()!'*$+,-'&$%+.-'$+

&! J2# $%,# F10,# 12# $%,# (10$,.# &'# 'B)**,0# $%)-# $%,# 3&'F# ?+$# &'# '$&**# *)0:,# !

,6+)$&1-#4G=#F)-#?,#)3)/$,3#)'#

&!! !!!!!!!!!!!!!!!!!!4"=!

C%&'#&'#$%,#,./0,''&1-#$%)$#'%1+*3#?,D#&-#/0&-F&/*,D#)//*&F)?*,#$1#')B/*,'#KGAD#

LGA# )-3#L<A#>%&F%D# )FF103&-:# $1# $%,#B&F01B):-,$&F# '&B+*)$&1-'D# )0,# &-# $%,# F)',#

! &!

!"#"$"%&'()*+,-'.%'/%012%+2-340-%

J-# $%&'# ',F$&1-D# $%,# )!'*$+ ,-'&$%+ .-'$# '$)$,# 3&'F1(,0,3# &-# 3&'F'# 12# 'B)**# 0)3&+'# &'#

)-)*E',3# ?E# F1B/)0&-:# $%,# ,./,0&B,-$)*# 0,'+*$'D# $%,# B):-,$&')$&1-# /012&*,'#

1?$)&-,3#?E#$%,#B&F01B):-,$&F#'&B+*)$&1-'D#)-3#$%,#/0,3&F$&1-'#12#$%,#$%,10E7##

C%,#F)*F+*)$,3#()*+,'#1?$)&-,3#201B#,6+)$&1-'#48=#)-3#4"=#210#$%,#3&22,0,-$#

')B/*,'D# $1:,$%,0# >&$%# $%,# ,./,0&B,-$)*# )-3# '&B+*)$,3# 0,'+*$'D# )0,# F1B/&*,3# &-#

C)?*,# 87;7# C%,# 3&B,-'&1-'# 12# $%,# 3&'F'# )0,# )22,F$,3# ?E# '1B,# +-F,0$)&-$E# 4',,#

C)?*,#;7<D#M%)/$,0#;=D#'1#$%,#$%,10E#F1*+B-#12#C)?*,#87;#3&'/*)E'#()*+,'#210#"!##)-3#

.#F)*F+*)$,3#+'&-:#')B/*,#/)0)B,$,0'#>&$%&-#$%1',#+-F,0$)&-$&,'7#

(! = T / R)

Model neglects core magnetization
predicts the vortex annihilation field:
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Large vortex core

!"#
!

$%&''($&%# ) *#+,-./0#1&23/.('&.(,3#-/+/-'&%4#5/+/%,6/5# (3#7/89# :;<9#=#-/+('/5#

.>/,-?#('#3//5/5#8,-#'@A#BCC#31#5('$'4#D>/-/#.>/#+,-./0#$,-/#('#%&-2/#$,16&-/5#D(.>#

.>/#'(E/#,8#.>/#5('$9#F,3'.&3.(3#G@'%(/3H,4#IH/-A&'J@/#7/'/&-$>#K-,8/'',-#&35#&@.>,-#

,8# .>/# 7/89# :;<4# &$$,16%('>/5# .>('# .&'H# &35# 6-,6,'/5# &#1,5/%# .>&.4# &1,32# ,.>/-#

-/'@%.'4# 2(+/'# &3# /06-/''(,3# 8,-# .>/# &33(>(%&.(,3# 8(/%5# !"## &'# &# 8@3$.(,3# ,8# .>/#

6&-&1/./-#$%L#&$M&#).>/#+,-./0#$,-/#-&5(@'#-/%&.(+/#.,#.>/#-&5(@'#,8#.>/#5('$*9#N>('#

/06-/''(,3# ('# $,3+/3(/3.# '(3$/#!"## $&3# A/# 5(-/$.%?# $,16&-/5# D(.># /06/-(1/3.&%#

-/'@%.'9# N>/#1&(3# /%/1/3.'# ,8# .>/# &3&%?.($&%# &66-,&$># &-/# 5/'$-(A/5# A/%,D9# N>/#

$,16%/./#&3&%?'('#('#6-,+(5/5#(3#=66/35(0#O9##

='#.>/#5('.&3$/'#A/.D//3#.>/#5('$'#&-/#1@$>#%&-2/-#.>&3#.>/(-#5(&1/./-#8,-#

&%%#.>/#'&16%/'4#(.#('#&''@1/5#.>&.#.>/#5(6,%&-#(3./-5('$#(3./-&$.(,3#('#3/2%(2(A%?#'1&%%#

(3#$,16&-(',3#D(.>#.>/#(3#5('$#1&23/.($#/3/-2(/'#:"P<9#N>/-/8,-/4#.>/#6-,A%/1#,8#.>/#

1&23/.('&.(,3# -/+/-'&%# ,8# &# 5('$# &--&?# ('# -/5@$/5# .,# .>/# 6-,A%/1# ,8# .>/#

1&23/.('&.(,3#-/+/-'&%#,8#&#'(32%/#$(-$@%&-#5('$#,8#2(+/3#-&5(@'#&#&35#.>($H3/''#'9#

N>/#1&23/.($#/3/-2?#5/3'(.?#)6/-#@3(.#,8#.>/#5('$#+,%@1/ *#$&3#A/#

D-(../3#&'#

### # #####)B*#

D>/-/# # ('# .>/#/0$>&32/#$,3'.&3.# )D>($>#J@&3.(8(/'# .>/#'.-/32.>#,8# .>/#1&23/.($#

(3./-&$.(,3*4 # ('# .>/# @3(.# 1&23/.('&.(,3# +/$.,-4# # ('# .>/#

1&23/.,'.&.($#8(/%54#&35# #('#.>/#Q//1&3#/3/-2?#5/3'(.?#(3#&3#(3R6%&3/#1&23/.($#

8(/%59#

N>/#5(88/-/3.#./-1'#(3#)B*#$&3#A/#$&%$@%&./5#)'//#=66/35(0#O*#8,-#.>/#$&'/#,8#

#)()*+",-"+.(%/0+*()%$0+(*#.,#,A.&(3#.>/#/3/-2?# #&'#&#8@3$.(,3#

,8# 4# .>/#6,'(.(,3#,8# .>/#+,-./0# $,-/# (3# .>/#6%&3/#,8# .>/#5('$# )-/6-/'/3./5#A?# # (3#

-/5@$/5# $,,-5(3&./'*# &35# .>/# &66%(/5# 8(/%5# 9# N>/# 1(3(1(E&.(,3# ,8# .>/# /3/-2?#

#2(+/'#.>/#/J@(%(A-(@1#6,'(.(,3# #,8#.>/#+,-./0#$,-/#8,-#/&$>#&66%(/5#8(/%59#

N>/#+,-./0#&33(>(%&.(,3#8(/%5#('#.>/3#,A.&(3/5#&'#.>/#8(/%5#&.#D>($>#.>/#6,'(.(,3#,8#.>/#

$,-/#/J@&%'#.>/#-&5(@'#,8#.>/#5('$#) *9#N>/#-/'@%.(32#/06-/''(,3#('#

### # # #####)"*#

exchange + magnetostatic + Zeeman
! Start from energy density

! For each value of H, !w
!s

= 0 gives the equilibrium position of the core s0.

! Annihilation field Han is the field at which the core is at the border of the disc s0 = 1.

Summary of the calculation procedure

w = w(c,s,H) c = Rc/R >1  
s = !/R position of the core in the disc

core size! Model elaboration yields

!"#
!

$%&''($&%# ) *#+,-./0#1&23/.('&.(,3#-/+/-'&%4#5/+/%,6/5# (3#7/89# :;<9#=#-/+('/5#

.>/,-?#('#3//5/5#8,-#'@A#BCC#31#5('$'4#D>/-/#.>/#+,-./0#$,-/#('#%&-2/#$,16&-/5#D(.>#

.>/#'(E/#,8#.>/#5('$9#F,3'.&3.(3#G@'%(/3H,4#IH/-A&'J@/#7/'/&-$>#K-,8/'',-#&35#&@.>,-#

,8# .>/# 7/89# :;<4# &$$,16%('>/5# .>('# .&'H# &35# 6-,6,'/5# &#1,5/%# .>&.4# &1,32# ,.>/-#

-/'@%.'4# 2(+/'# &3# /06-/''(,3# 8,-# .>/# &33(>(%&.(,3# 8(/%5# !"## &'# &# 8@3$.(,3# ,8# .>/#

6&-&1/./-#$%L#&$M&#).>/#+,-./0#$,-/#-&5(@'#-/%&.(+/#.,#.>/#-&5(@'#,8#.>/#5('$*9#N>('#

/06-/''(,3# ('# $,3+/3(/3.# '(3$/#!"## $&3# A/# 5(-/$.%?# $,16&-/5# D(.># /06/-(1/3.&%#

-/'@%.'9# N>/#1&(3# /%/1/3.'# ,8# .>/# &3&%?.($&%# &66-,&$># &-/# 5/'$-(A/5# A/%,D9# N>/#

$,16%/./#&3&%?'('#('#6-,+(5/5#(3#=66/35(0#O9##

='#.>/#5('.&3$/'#A/.D//3#.>/#5('$'#&-/#1@$>#%&-2/-#.>&3#.>/(-#5(&1/./-#8,-#

&%%#.>/#'&16%/'4#(.#('#&''@1/5#.>&.#.>/#5(6,%&-#(3./-5('$#(3./-&$.(,3#('#3/2%(2(A%?#'1&%%#

(3#$,16&-(',3#D(.>#.>/#(3#5('$#1&23/.($#/3/-2(/'#:"P<9#N>/-/8,-/4#.>/#6-,A%/1#,8#.>/#

1&23/.('&.(,3# -/+/-'&%# ,8# &# 5('$# &--&?# ('# -/5@$/5# .,# .>/# 6-,A%/1# ,8# .>/#

1&23/.('&.(,3#-/+/-'&%#,8#&#'(32%/#$(-$@%&-#5('$#,8#2(+/3#-&5(@'#&#&35#.>($H3/''#'9#

N>/#1&23/.($#/3/-2?#5/3'(.?#)6/-#@3(.#,8#.>/#5('$#+,%@1/ *#$&3#A/#

D-(../3#&'#

### # #####)B*#

D>/-/# # ('# .>/#/0$>&32/#$,3'.&3.# )D>($>#J@&3.(8(/'# .>/#'.-/32.>#,8# .>/#1&23/.($#

(3./-&$.(,3*4 # ('# .>/# @3(.# 1&23/.('&.(,3# +/$.,-4# # ('# .>/#

1&23/.,'.&.($#8(/%54#&35# #('#.>/#Q//1&3#/3/-2?#5/3'(.?#(3#&3#(3R6%&3/#1&23/.($#

8(/%59#

N>/#5(88/-/3.#./-1'#(3#)B*#$&3#A/#$&%$@%&./5#)'//#=66/35(0#O*#8,-#.>/#$&'/#,8#

#)()*+",-"+.(%/0+*()%$0+(*#.,#,A.&(3#.>/#/3/-2?# #&'#&#8@3$.(,3#

,8# 4# .>/#6,'(.(,3#,8# .>/#+,-./0# $,-/# (3# .>/#6%&3/#,8# .>/#5('$# )-/6-/'/3./5#A?# # (3#

-/5@$/5# $,,-5(3&./'*# &35# .>/# &66%(/5# 8(/%5# 9# N>/# 1(3(1(E&.(,3# ,8# .>/# /3/-2?#

#2(+/'#.>/#/J@(%(A-(@1#6,'(.(,3# #,8#.>/#+,-./0#$,-/#8,-#/&$>#&66%(/5#8(/%59#

N>/#+,-./0#&33(>(%&.(,3#8(/%5#('#.>/3#,A.&(3/5#&'#.>/#8(/%5#&.#D>($>#.>/#6,'(.(,3#,8#.>/#

$,-/#/J@&%'#.>/#-&5(@'#,8#.>/#5('$#) *9#N>/#-/'@%.(32#/06-/''(,3#('#

### # # #####)"*#

! The equilibrium core size c0 is calculated from  !w
!c

= 0

with vortex at the center of the disc s = 0. 
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Large vortex core
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Comparison with experiment

!0Ms = 0.75 T

" = 5/3
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!

$%&'&# #()#*%&#+),&-*#'+*(.#./#*%&#0()-#+10# #()#*%&#2+31&*(-#)*(//1&))#
-.&//(-(&1*4#$%.)&#-.2,5&*&#&6,'&))(.1#()#3(7&1#(1#8,,&10(6#94#&:;+*(.1#9<=#

>%&# &6,'&))(.1# (1# ?@A# ()# ,5.**&0# +)# +# /;1-*(.1#./# !# (1# B(3;'&#@=CD"4# /.'# *%&#
3&.2&*'(-+5#,+'+2&*&')# -.''&),.10(13# *.# *%&# )+2,5&# EDF# ?##G#"F#124#$#G#DF#12A#
+10# ;)(13# +# 7+5;&# /.'# *%&# )+*;'+*(.1#2+31&*()+*(.1# %&'#G#F=HD#>4# +));2&0# *.# I&#
&:;+5#*.#*%&#.1&#2&+);'&0#(1#+#*%(1#/(52#./#*%&#)+2&#-.2,.)(*(.1=#

#
!"#$%&'()*+)#J7+5;+*(.1#./#*%&.'K#'&);5*)#;)(13#*%&#0+*+#-.''&),.10(13#*.#)+2,5&#EDFL#0()-#
*%(-M1&))# $#G#DF#124# '+0(;)# ##G#"F#124# %&'#G#F=HD#>4# (#G#C="# #CFNCC#O# 2NC=# "A# >%&# 7.'*&6#
+11(%(5+*(.1#/(&50#+)#+#/;1-*(.1#./#*%&#'&0;-&0#7.'*&6#-.'&#'+0(;)#!)#-+5-;5+*&0#IK#&:;+*(.1#@#
/.'#*%&#-+)&#!#P#C=#*A#Q+31&*(-#&1&'3K#-+5-;5+*&0#IK#&:;+*(.1#C=#>%&#&:;(5(I'(;2#7+5;&#./#*%&#
7.'*&6#-.'&#'+0(;)#!%#()#3(7&1#IK#*%&#2(1(2;2#./#*%&#&1&'3K=#>%()#!%#7+5;&#0&*&'2(1&)#*%&#
+11(%(5+*(.1#/(&50#/.'#*%()#-+)&#*.#I&#+",#G#<F#2>4#+)#)%.$1#(1-*%&#;,,&'#,5.*#?"A=#

R1# *%&#.*%&'#%+104# *%&#&:;(5(I'(;2#7.'*&6# -.'&# '+0(;)# # -+1#I&# /.;10#IK#
2(1(2(S(13# *%&# 2+31&*(-# &1&'3K# 4# -+5-;5+*&0# $(*%# *%&# 7.'*&6# -.'&#
)(*;+*&0#+*#*%&#-&1*'&#./#*%&#0()-#?'#G#FA=#B(3;'&#@=CD*#'&,'&)&1*)#*%&#0&,&10&1-&#./#

# ?-+5-;5+*&0# $(*%# *%&# 7+5;&)# -.''&),.10(13# *.# )+2,5&# EDFA=# >%&# &1&'3K#
2(1(2;2#-.''&),.10)#*.#*%&#&:;(5(I'(;2#7.'*&6#-.'&#'+0(;)#7+5;&#./#!%#G#C=<=#T)(13#

w = w(c)
(s=0,H=0)
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#
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+11(%(5+*(.1#/(&50#/.'#*%()#-+)&#*.#I&#+",#G#<F#2>4#+)#)%.$1#(1-*%&#;,,&'#,5.*#?"A=#

R1# *%&#.*%&'#%+104# *%&#&:;(5(I'(;2#7.'*&6# -.'&# '+0(;)# # -+1#I&# /.;10#IK#
2(1(2(S(13# *%&# 2+31&*(-# &1&'3K# 4# -+5-;5+*&0# $(*%# *%&# 7.'*&6# -.'&#
)(*;+*&0#+*#*%&#-&1*'&#./#*%&#0()-#?'#G#FA=#B(3;'&#@=CD*#'&,'&)&1*)#*%&#0&,&10&1-&#./#

# ?-+5-;5+*&0# $(*%# *%&# 7+5;&)# -.''&),.10(13# *.# )+2,5&# EDFA=# >%&# &1&'3K#
2(1(2;2#-.''&),.10)#*.#*%&#&:;(5(I'(;2#7.'*&6#-.'&#'+0(;)#7+5;&#./#!%#G#C=<=#T)(13#
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$%&''($&%# ) *#+,-./0#1&23/.('&.(,3#-/+/-'&%4#5/+/%,6/5# (3#7/89# :;<9#=#-/+('/5#

.>/,-?#('#3//5/5#8,-#'@A#BCC#31#5('$'4#D>/-/#.>/#+,-./0#$,-/#('#%&-2/#$,16&-/5#D(.>#

.>/#'(E/#,8#.>/#5('$9#F,3'.&3.(3#G@'%(/3H,4#IH/-A&'J@/#7/'/&-$>#K-,8/'',-#&35#&@.>,-#

,8# .>/# 7/89# :;<4# &$$,16%('>/5# .>('# .&'H# &35# 6-,6,'/5# &#1,5/%# .>&.4# &1,32# ,.>/-#

-/'@%.'4# 2(+/'# &3# /06-/''(,3# 8,-# .>/# &33(>(%&.(,3# 8(/%5# !"## &'# &# 8@3$.(,3# ,8# .>/#

6&-&1/./-#$%L#&$M&#).>/#+,-./0#$,-/#-&5(@'#-/%&.(+/#.,#.>/#-&5(@'#,8#.>/#5('$*9#N>('#

/06-/''(,3# ('# $,3+/3(/3.# '(3$/#!"## $&3# A/# 5(-/$.%?# $,16&-/5# D(.># /06/-(1/3.&%#

-/'@%.'9# N>/#1&(3# /%/1/3.'# ,8# .>/# &3&%?.($&%# &66-,&$># &-/# 5/'$-(A/5# A/%,D9# N>/#

$,16%/./#&3&%?'('#('#6-,+(5/5#(3#=66/35(0#O9##

='#.>/#5('.&3$/'#A/.D//3#.>/#5('$'#&-/#1@$>#%&-2/-#.>&3#.>/(-#5(&1/./-#8,-#

&%%#.>/#'&16%/'4#(.#('#&''@1/5#.>&.#.>/#5(6,%&-#(3./-5('$#(3./-&$.(,3#('#3/2%(2(A%?#'1&%%#

(3#$,16&-(',3#D(.>#.>/#(3#5('$#1&23/.($#/3/-2(/'#:"P<9#N>/-/8,-/4#.>/#6-,A%/1#,8#.>/#

1&23/.('&.(,3# -/+/-'&%# ,8# &# 5('$# &--&?# ('# -/5@$/5# .,# .>/# 6-,A%/1# ,8# .>/#

1&23/.('&.(,3#-/+/-'&%#,8#&#'(32%/#$(-$@%&-#5('$#,8#2(+/3#-&5(@'#&#&35#.>($H3/''#'9#

N>/#1&23/.($#/3/-2?#5/3'(.?#)6/-#@3(.#,8#.>/#5('$#+,%@1/ *#$&3#A/#

D-(../3#&'#

### # #####)B*#

D>/-/# # ('# .>/#/0$>&32/#$,3'.&3.# )D>($>#J@&3.(8(/'# .>/#'.-/32.>#,8# .>/#1&23/.($#

(3./-&$.(,3*4 # ('# .>/# @3(.# 1&23/.('&.(,3# +/$.,-4# # ('# .>/#

1&23/.,'.&.($#8(/%54#&35# #('#.>/#Q//1&3#/3/-2?#5/3'(.?#(3#&3#(3R6%&3/#1&23/.($#

8(/%59#

N>/#5(88/-/3.#./-1'#(3#)B*#$&3#A/#$&%$@%&./5#)'//#=66/35(0#O*#8,-#.>/#$&'/#,8#

#)()*+",-"+.(%/0+*()%$0+(*#.,#,A.&(3#.>/#/3/-2?# #&'#&#8@3$.(,3#

,8# 4# .>/#6,'(.(,3#,8# .>/#+,-./0# $,-/# (3# .>/#6%&3/#,8# .>/#5('$# )-/6-/'/3./5#A?# # (3#

-/5@$/5# $,,-5(3&./'*# &35# .>/# &66%(/5# 8(/%5# 9# N>/# 1(3(1(E&.(,3# ,8# .>/# /3/-2?#

#2(+/'#.>/#/J@(%(A-(@1#6,'(.(,3# #,8#.>/#+,-./0#$,-/#8,-#/&$>#&66%(/5#8(/%59#

N>/#+,-./0#&33(>(%&.(,3#8(/%5#('#.>/3#,A.&(3/5#&'#.>/#8(/%5#&.#D>($>#.>/#6,'(.(,3#,8#.>/#

$,-/#/J@&%'#.>/#-&5(@'#,8#.>/#5('$#) *9#N>/#-/'@%.(32#/06-/''(,3#('#

### # # #####)"*#



Additional MFM results
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$%%&'&()*+# ,-,# &.*/01# 2030# 304(3%0%# 5)%03# &)67+*)0#.*/)0'&4# 8&0+%1# '(#
.()&'(3#'90#%&17+*40.0)'#(8#'90#:(3'0;#4(30#'(2*3%1#'90#0%/0#(8#'90#%&14<#=90#&.*/01#
)&40+>#4(33017()%#'(#'90#.*/)0'&4#1'*'01#30:0*+0%#&)#'90#9>1'0301&1#+((7#*1#19(2)#&)#
-&/530#?<@A<#$'#B03(#*77+&0%#8&0+%C#'90#:(3'0;#4(301#*30#40)'30%C#29&+0#'90#4(30#.(:01#
'(2*3%1# '90#0%/0#(8# '90#%&14#290)#*# 1.*++# 8&0+%# &1# *77+&0%C#D0&)/# '90#:(3'0;# 4(30#
%&17+*40.0)'#70370)%&45+*3#'(#'90#8&0+%#%&304'&()<#$1#&'#4*)#D0#100)#&)#'90#+((7C#'90#
*:*&+*D+0#8&0+%1#*30#)('#0)(5/9#'(#4(.7+0'0+>#0;70+#'90#:(3'0;#*)%#/(#'(#*#1*'53*'0%#

<##

#
!"#$%&'()*+)#EFGHI#9>1'0301&1#+((7#(8#1*.7+0#J!KC#2&'9#'90#&.*/0%#7(&)'1#.*3L0%#D>#30%#
%('1#*)%#'90#4(33017()%&)/#,-,#&.*/01#5)%03#%&88030)'#!"#$!%&#8&0+%1<#

=(# 4(.7+0.0)'# '90# 0;703&.0)'*+# 3015+'1C# 20# 7038(3.0%# .&43(.*/)0'&4#
1&.5+*'&()1#&)#%&141#(8#'90#1*.0#/0(.0'3&01<#$/*&)C#20#510%#MM,,-#1(8'2*30#*)%#
'90#.*'03&*+# 7*3*.0'031# %0143&D0%# 730:&(51+># 0;407'# '90# 40++# 1&B0<# $+'9(5/9C# '90#
515*+#40++#1&B0#&)#'9&1#L&)%#(8#1&.5+*'&()1#&1#N#).C#20#(D'*&)0%#'90#1*.0#3015+'1#2&'9#
1.*++03#40++# 1&B01<#=(# &)430*10# '90#%0)1&'>#(8#7(&)'1# &)#-&/530#?<@NC# '90#%*'*#2030#
(D'*&)0%#51&)/#40++#1&B01#(8#@#).#8(3#1*.7+01#EAK#*)%#E!K#O'#P#AK#).QC#*)%#(8#?#).#
8(3#JAK#*)%#J!K#O'#P#!K#).Q<##

R*3'&45+*3+>C# 20# 2030# &)'0301'0%# &)# (D'*&)&)/# '90# 4()8&/53*'&()# (8# '90#
.*/)0'&1*'&()#&)#'90#/3(5)%#1'*'0C#*'#B03(#*77+&0%#8&0+%C#'(#*)*+>10#'90#1'354'530#(8#

Movement of the vortex core



Additional MFM results
it is possible to distinguish the quirality and the polarity of the vortex

!"#$%&%"'#()*+&

,*'#&%"-.$/(#0#+1&

di#erent polarity, diferent quirality

!"#$%&%"'#()*+&

di#erent polarity, same quirality
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Magneto-mechanical actuation
Light transmission experiments
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!

#

#

!"#$%&'()*+$#%&'()*)+,-./&..&0-#1231+&/1-)#)0#.)456#)(1#/17(,-&7,8#+1.30-.&91-1..#0:#)(1#
5&.7.#)0#,-#12)1+-,8#/,'-1)&7#:&185$##

;(1#1231+&/1-)#70-.&.).#&-#,3386&-'#,-#&-)1+/&))1-)#/,'-1)&7#:&185#<!"##,-5#

!$%%=# 0:# >#/;#,-5#?#@A# ,-5# ,# 70-)&-404.# 8,.1+#B1,/#3,..&-'# )(+04'(# )(1# ,C4104.#

.084)&0-# D&)(# 5&.7.E# D(&81# )(1# )+,-./&))15# 8&'()# &-)1-.&)6# &.# B1&-'# +170+515$# ;(1#

/,'-1)&7# :&185#,-5# )(1# 8,.1+#B1,/#,+1# &-# )(1# .,/1#5&+17)&0-$#;(1# +1.48)&-'#380).E#

5&.38,615#&-#F&'4+1#>$>"E#+13+1.1-)#)(1#)+,-./&))15#8&'()#&-)1-.&)6#,-5#)(1#,338&15#

/,'-1)&7# :&185# ,/38&)451# ,.# ,# :4-7)&0-# 0:# )&/1$# ;(1# 5,.(15# 8&-1# +13+1.1-).# )(1#

74++1-)# &-# )(1# @18/(08)A# 70&8.E# &'('E# )(1# /,'-1)&7# :&185E# B1&-'# )(1# !"## 31+&05#

(&'(8&'()15#D&)(#3&-G#B,+.$##

;(1#+1.30-.1#0:#)(1#-,-05&.7.#,-5#)(1#/&7+05&.7.#&.#.&/&8,+H#)(1#)+,-./&))15#

8&'()#+1,7(1.#)(1#/,2&/4/#&-)1-.&)6#D(1-#)(1#/,'-1)&7#:&185#&.#0-E#,-5#5+03.#D(1-#

.D&)7(15#0::$#;(&.#+1.48)#7,-#B1#&-)1+3+1)15#,.#)(1#,8&'-/1-)#0:#)(1#38,-1#0:#)(1#5&.7.#

D&)(#)(1#/,'-1)&7#:&185E#D(&7(#,880D.#)(1#8&'()#)0#3,..#)(+04'(#)(1#,C4104.#.084)&0-#

,-5#+1,7(# )(1#51)17)0+E#,.#.7(1/,)&7,886#51.7+&B15# &-#F&'4+1#>$>?)$#@0D191+E# )(1#

+18,2,)&0-# )&/1# <!*=# 0:# )(1# /&7+05&.7.# &.# 781,+86# 8,+'1+# )(,-# 1#

(2 mT)
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Magneto-mechanical actuation

∅ 140 nm

nanodiscs

2 µm ! 

∅ 2 !m

microdiscs



∅ 35 nm

spherical !
Fe3O4 

particles

∅ 140 nm

nanodiscs

2 µm ! 

∅ 2 !m

microdiscs

should be no di#erence!

chaining e#ect
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>+0(',+%)3# )//3+%)*+01-7#R'1%'<# *&+-# .'-:3*# 'F+,'1%'-# *&'#4.')*# +(/0.*)1%'#02# *&'#
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'6*'1,+14# "#$$)# *&'# .'3)6)*+01# *+('# E"*8# ,+22'.'1%'# >'*A''1# *&'# 1)10,+-%-# )1,# *&'#

(+%.0,+-%-<#0>-'.F',#+1#G+4:.'#"7"H<#>'%0('-#(:%&#(0.'#F+-+>3'<#)-#%)1#>'#-''1#+1#

G+4:.'#"7""7#I&'1#*&'#2+'3,#+-#-A+*%&',#022<#*&'#(+%.0,+-%-#-''(#*0#.'()+1#20.(+14#

%&)+1-<# A&'.')-# *&'# 1)10,+-%-<# )-# A'33# )-# *&'# -/&'.+%)3# 1)10/).*+%3'-<# .'3)6#

+((',+)*'3=#)1,#).'#,+-/'.-',#+1#*&'#)J:'0:-#-03:*+017#K&'#-*.014#%&)+1+14#02#*&'#

(+%.0,+-%-#%)1#>'#'6/3)+1',#*&.0:4&#)#-'325/03).+L)*+01#/&'10('101#)-#-:44'-*',#

>=#$7#M':3(+#+",!-.#NOHP7#91,'',<#+2#*&'#/).*+%3'-#-:-%'/*+>+3+*=#+-#*00#3).4'<#*&'#-*.)=#

'3,#%.')*',#>=#)33#1'+4&>0:.+14#(+%.0,+-%-#01#)#4+F'1#01'#A&'1#*&'=#).'#)3+41',#+1#

5/03).+L)*+01# '22'%*# 2)F0:.-# *&'#

)4430('.)*+01# 02# *&'# (+%.0,+-%-<# A&+%&# +-# )# ()Q0.# ,.)A>)%?# 20.# *&'+.# :-'# +1#

>+0(',+%)3# )//3+%)*+01-7#R'1%'<# *&+-# .'-:3*# 'F+,'1%'-# *&'#4.')*# +(/0.*)1%'#02# *&'#

/).*+%3'#-+L'@#*&'#-()33'.#*&'#,+-%<#*&'#>'**'.#*&'#,+-/'.-+01#+1#-03:*+017##

S. Leulmi et al. APL 97, 253112 (2010)

(already observed in microdics)



2 !m discs in solution. Variable magnetic field.

Video courtesy of Selma Leulmi, University of Cambridge, UK.
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Discs in cancer cells

Protocol of the in-vitro assays

Interaction of microdiscs (R = 1 !m, T = 60 nm)
nanodiscs (R = 70 nm, T = 50 nm) with human lung carcinoma cells {

!"#
!

#

!!"#$%&'()*)#$%&'&(&)#&*#'+,#!"#$!%&'#-..-/.0#*%&1#'+,#2%,2-%-'3&4#&*#'+,#(,)).#5.',2.#6789#-4:#
'+,#'%,-'1,4'#5.',2.#;#-4:#"9#'&#'+,#(,))#<3-=3)3'/#-..,..1,4'#5.',2#>9?#
@ABC#(,))#D%&E'+#1,:3F10#GHC#.F2,%4-'-4'?#

I))#&*#'+,#-..-/.#:,.(%3=,:#+,%,-*',%0#E,%,#2,%*&%1,:#',.'34D#'+,#13(%&:3.(.#

*3%.'#=,(-F.,0#-.#'+,/#+-<,#-)%,-:/#=,,4#.'F:3,:0#'+,%,#-%,#.&1,#%,*,%,4(,#(&4:3'3&4.#

34#'+,#)3',%-'F%,#'+-'#-%,#+,)2*F)#'&#343'3-',#'+,#,J2,%31,4'.?##

()+)',-.%/0&11$1/%'$2./3&'45'6"707''

K&# .'F:/# '+,# 34',%4-)3L-'3&4# &*# '+,# :3.(.# =/# '+,# (,)).0# 31-D,.# E,%,# (-2'F%,:# =/#

*)F&%,.(,4(,M=%3D+'*3,):#13(%&.(&2/#-4:0#1&%,#-((F%-',)/0#=/#'%-4.13..3&4#,),('%&4#

13(%&.(&2/#5KNB9?#I::3'3&4-))/0#E,#%,(&%:,:#)3<,#(,))#<3:,&.#&<,%#8!#+#'&#1&43'&%#
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#

!!"#$%&'()*)#$%&'&(&)#&*#'+,#!"#$!%&'#-..-/.0#*%&1#'+,#2%,2-%-'3&4#&*#'+,#(,)).#5.',2.#6789#-4:#
'+,#'%,-'1,4'#5.',2.#;#-4:#"9#'&#'+,#(,))#<3-=3)3'/#-..,..1,4'#5.',2#>9?#
@ABC#(,))#D%&E'+#1,:3F10#GHC#.F2,%4-'-4'?#

I))#&*#'+,#-..-/.#:,.(%3=,:#+,%,-*',%0#E,%,#2,%*&%1,:#',.'34D#'+,#13(%&:3.(.#

*3%.'#=,(-F.,0#-.#'+,/#+-<,#-)%,-:/#=,,4#.'F:3,:0#'+,%,#-%,#.&1,#%,*,%,4(,#(&4:3'3&4.#

34#'+,#)3',%-'F%,#'+-'#-%,#+,)2*F)#'&#343'3-',#'+,#,J2,%31,4'.?##

()+)',-.%/0&11$1/%'$2./3&'45'6"707''

K&# .'F:/# '+,# 34',%4-)3L-'3&4# &*# '+,# :3.(.# =/# '+,# (,)).0# 31-D,.# E,%,# (-2'F%,:# =/#

*)F&%,.(,4(,M=%3D+'*3,):#13(%&.(&2/#-4:0#1&%,#-((F%-',)/0#=/#'%-4.13..3&4#,),('%&4#

13(%&.(&2/#5KNB9?#I::3'3&4-))/0#E,#%,(&%:,:#)3<,#(,))#<3:,&.#&<,%#8!#+#'&#1&43'&%#

Discs in cancer cells
Asses the e#ect of the discs and the alternating magnetic field 



Intracellular intake of the discs

Even without functionalization, discs are internalized by the cells

The same mass of disc is added to the wells

10 microdiscs/cells 2000 nanodiscs/cells

!"#
!

#

!"#$%&'()*)#$%&'()'*+,-#(.#/01)#&*'&%1(2*#&3//-#*.43'#56#,#(.#%1&07*4%(1#8%4,#9!:#2%&'(;%-&-#
9"#<#=# 2#*1;#$#<#>?#12@#&(A3'3;#8%4,#)(/;:#*1;#9%:#1*1(;%-&-#9"#<#B?#12#*1;#$#<#C?#12@#
&(A3'3;#8%4,#)(/;:D#E,3#;%-&-#83'3#*;;3;#%1#1(2%1*/#+'(+('4%(1-#(.#=?#*1;#5???#+*'4%&/3-#
+3'#&3//@#'3-+3&4%A3/FD##

G3)*';%1)# 4,3# %143'1*/%H*4%(1# 23&,*1%-2@# 4,3# +'(&3--# -4*'4-# *4# 4,3#

%143'*&4%(1#7348331#4,3#+*'4%&/3-#*1;#4,3#&F4(+/*-2%&#2327'*13@#+(--%7/F#4,'(0),#

2327'*13#+'(43%1-D#I'(43%1-#&(14*%1#*#8%;3#'*1)3#(.#.01&4%(1*/#)'(0+-@#%1&/0;%1)#

*/&(,(/-@#4,%(/-@#&*'7(JF/%&#*&%;-@#&*'7(J*2%;3-#*1;#*#A*'%34F#(.#7*-%&#)'(0+-#*7/3#4(#

'3*&4#8%4,#4,3#)(/;#-0'.*&3#(.#4,3#;%-&-D#K0'#,F+(4,3-%-#%-#4,*4#4,3#&3//-#%143'1*/%H3#

4,3# +*'4%&/3-# 7F# 31;(&F4(-%-# *1;# *'3# -07-3L0314/F# *&&020/*43;# %14(# /F-(-(23-@#

8,%&,# *'3# -+3&%*/%H3;# (')*13//3-# 4,*4# &(14*%1# ,F;'(/F4%&# 31HF23-D# MF-(-(23-#

.01&4%(1#*-#4,3#;%)3-4%A3#-F-432#(.#&3//-#7F#+'(&3--%1)#&(2+(01;-#4,*4#3143'#4,3#&3//#

.'(2#4,3#(04-%;3@#*-#83//#*-#&(2+(01;-#%1-%;3#4,3#&3//D##

E'*1-2%--%(1#3/3&4'(1#2%&'(-&(+F#9EN$:#8*-#+3'.('23;#4(#+'(A%;3#%1-%),4#

4(# 4,3# %14'*&3//0/*'# /(&*/%H*4%(1# (.# 4,3# ;%-&-D# O.43'# 56#,# (.# %1&07*4%(1# 8%4,# 4,3#

+*'4%&/3-@#4,3#&3//-#83'3#3273;;3;#%1#*1#3+(JF#'3-%1#*1;#4,3#-(/%;%.%3;#-*2+/3#8*-#

&04#%1#B?P"?#12#4,%&Q#-/%&3-#94,3#+'(4(&(/#(.#4,3#-*2+/3#+'3+*'*4%(1#%-#;3-&'%73;#%1#

O++31;%J#O:D#O-#-,(81# %1#R%)0'3#SDC@#2%&'(;%-&-#*'3# /(&*/%H3;# %1-%;3# 4,3#&3//# *1;#

('%3143;#+3'+31;%&0/*'#4(#4,3#*J%-@#-0))3-4%1)#4,*4#4,3F#2*F#,*A3#7331#3J+(-3;#4(#*#

/(8#2*)134%&#.%3/;#;0'%1)#4,3#.%J*4%(1#+'(&3--#94,3#-*23#+,31(231*#8*-#(7-3'A3;#

%1#G3.D#T=5U:D#V/3*'/F@#4,3#*'3*#-0''(01;%1)#4,3#2%&'(;%-&-#&(14'*-4-#8%4,#4,3#43J40'3#

(.#4,3#&F4(+/*-2@#%1;%&*4%1)#4,3F#&(0/;#73#31&*+-0/*43;#%1#*#/F-(-(23#94,3#,(/3-#*'3#

;03#4(#4,3#;'*))%1)#(.#4,3#2%&'(;%-&-#;0'%1)#4,3#&044%1)#+'(&3--:D#
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!"#$%&'()*)#$%&'()'*+,-#(.#/01)#&*'&%1(2*#&3//-#*.43'#56#,#(.#%1&07*4%(1#8%4,#9!:#2%&'(;%-&-#
9"#<#=# 2#*1;#$#<#>?#12@#&(A3'3;#8%4,#)(/;:#*1;#9%:#1*1(;%-&-#9"#<#B?#12#*1;#$#<#C?#12@#
&(A3'3;#8%4,#)(/;:D#E,3#;%-&-#83'3#*;;3;#%1#1(2%1*/#+'(+('4%(1-#(.#=?#*1;#5???#+*'4%&/3-#
+3'#&3//@#'3-+3&4%A3/FD##

G3)*';%1)# 4,3# %143'1*/%H*4%(1# 23&,*1%-2@# 4,3# +'(&3--# -4*'4-# *4# 4,3#

%143'*&4%(1#7348331#4,3#+*'4%&/3-#*1;#4,3#&F4(+/*-2%&#2327'*13@#+(--%7/F#4,'(0),#

2327'*13#+'(43%1-D#I'(43%1-#&(14*%1#*#8%;3#'*1)3#(.#.01&4%(1*/#)'(0+-@#%1&/0;%1)#

*/&(,(/-@#4,%(/-@#&*'7(JF/%&#*&%;-@#&*'7(J*2%;3-#*1;#*#A*'%34F#(.#7*-%&#)'(0+-#*7/3#4(#

'3*&4#8%4,#4,3#)(/;#-0'.*&3#(.#4,3#;%-&-D#K0'#,F+(4,3-%-#%-#4,*4#4,3#&3//-#%143'1*/%H3#

4,3# +*'4%&/3-# 7F# 31;(&F4(-%-# *1;# *'3# -07-3L0314/F# *&&020/*43;# %14(# /F-(-(23-@#

8,%&,# *'3# -+3&%*/%H3;# (')*13//3-# 4,*4# &(14*%1# ,F;'(/F4%&# 31HF23-D# MF-(-(23-#

.01&4%(1#*-#4,3#;%)3-4%A3#-F-432#(.#&3//-#7F#+'(&3--%1)#&(2+(01;-#4,*4#3143'#4,3#&3//#

.'(2#4,3#(04-%;3@#*-#83//#*-#&(2+(01;-#%1-%;3#4,3#&3//D##

E'*1-2%--%(1#3/3&4'(1#2%&'(-&(+F#9EN$:#8*-#+3'.('23;#4(#+'(A%;3#%1-%),4#

4(# 4,3# %14'*&3//0/*'# /(&*/%H*4%(1# (.# 4,3# ;%-&-D# O.43'# 56#,# (.# %1&07*4%(1# 8%4,# 4,3#

+*'4%&/3-@#4,3#&3//-#83'3#3273;;3;#%1#*1#3+(JF#'3-%1#*1;#4,3#-(/%;%.%3;#-*2+/3#8*-#

&04#%1#B?P"?#12#4,%&Q#-/%&3-#94,3#+'(4(&(/#(.#4,3#-*2+/3#+'3+*'*4%(1#%-#;3-&'%73;#%1#

O++31;%J#O:D#O-#-,(81# %1#R%)0'3#SDC@#2%&'(;%-&-#*'3# /(&*/%H3;# %1-%;3# 4,3#&3//# *1;#

('%3143;#+3'+31;%&0/*'#4(#4,3#*J%-@#-0))3-4%1)#4,*4#4,3F#2*F#,*A3#7331#3J+(-3;#4(#*#

/(8#2*)134%&#.%3/;#;0'%1)#4,3#.%J*4%(1#+'(&3--#94,3#-*23#+,31(231*#8*-#(7-3'A3;#

%1#G3.D#T=5U:D#V/3*'/F@#4,3#*'3*#-0''(01;%1)#4,3#2%&'(;%-&-#&(14'*-4-#8%4,#4,3#43J40'3#

(.#4,3#&F4(+/*-2@#%1;%&*4%1)#4,3F#&(0/;#73#31&*+-0/*43;#%1#*#/F-(-(23#94,3#,(/3-#*'3#

;03#4(#4,3#;'*))%1)#(.#4,3#2%&'(;%-&-#;0'%1)#4,3#&044%1)#+'(&3--:D#

mean count ~6 microdiscs/cells mean count ~100 microdiscs/cells
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Intracellular intake of the discs
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Percentage of cells that have internalized discs

Nanodiscs seems to be easier in-taken by the cells, but"
! nanodiscs are more di&cult to count in the SEM images"
! better distribution of the nanodiscs in the well
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Intracellular intake of the discs
!"#

!

#

!"#$%&' ()*)' !$' %&'# ()*+,# -.# /01+# 2*12,3# 2,//4# 5(67# )(23-8(424# 9"#:#;# )# *18#
$#:#<"#1)$# (14(8,=# %$# %73,,# )(23-8(424># -3(,16,8# ?,3?,18(20/*3# 6-# 67,# *@(4># *3,#
*??*3,16/A#,12*?40/*6,8#5(67(1#*#/A4-4-),=#

B1#67,#2*4,#-.#67,#1*1-8(424>#01.-3601*6,/A>#)-46#-.#67,#2,//4#8(8#1-6#403C(C,#

67,# (120D*6(-1># ?3-D*D/A# 80,# 6-# 4-),# 3,4(80*/# 2-16*)(1*164# .3-)# 67,# 1*1-8(424#

.*D3(2*6(-1E3,/,*4,#?3-2,44=#%7,3,.-3,>#%&'#()*+,4#8(8#1-6#2/*3(.A#67,#(163*2,//0/*3#

/-2*/(F*6(-1#-.# 67,#1*1-?*36(2/,4=#G-5,C,3>#4-),#1*1-8(424#5,3,# /-2*/(F,8#5(67(1#

/A4-4-),H/(I,#D*+4#*4#?-(16,8#DA#67,#3,8#*33-5#(1#J(+03,#K=<!=#B1#J(+03,#K=<%#(146,*8>#

*#+3-0?#-.#1*1-8(424#4,,)#6-#D,#(16,3*26(1+#5(67#67,#2,//#403.*2,=##

#

!"#$%&'()+)'!$'L#4)*//#+3-0?#-.#1*1-8(424#9"#:#M"#))#*18#$#:#N"#1)$>#?-(16,8#DA#
67,#3,8#*33-5>#(4#*??*3,16/A#5(67(1#*#/A4-4-),#-.#67,#/01+#2*12,3#2,//=#%$#L#+3-0?#-.#
1*1-8(424#)*A#D,#(16,3*26(1+#5(67#67,#2,//#403.*2,=##

#

TEM images. Microdiscs inside cells.

Discs seems to be inside lysosomes.
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Intracellular intake of the discs
TEM images. Nanodiscs inside cells.

!"#

!

#

!"#$%&' ()*)' !$' %&'# ()*+,# -.# /01+# 2*12,3# 2,//4# 5(67# )(23-8(424# 9"#:#;# )# *18#
$#:#<"#1)$# (14(8,=# %$# %73,,# )(23-8(424># -3(,16,8# ?,3?,18(20/*3# 6-# 67,# *@(4># *3,#
*??*3,16/A#,12*?40/*6,8#5(67(1#*#/A4-4-),=#

B1#67,#2*4,#-.#67,#1*1-8(424>#01.-3601*6,/A>#)-46#-.#67,#2,//4#8(8#1-6#403C(C,#

67,# (120D*6(-1># ?3-D*D/A# 80,# 6-# 4-),# 3,4(80*/# 2-16*)(1*164# .3-)# 67,# 1*1-8(424#

.*D3(2*6(-1E3,/,*4,#?3-2,44=#%7,3,.-3,>#%&'#()*+,4#8(8#1-6#2/*3(.A#67,#(163*2,//0/*3#

/-2*/(F*6(-1#-.# 67,#1*1-?*36(2/,4=#G-5,C,3>#4-),#1*1-8(424#5,3,# /-2*/(F,8#5(67(1#

/A4-4-),H/(I,#D*+4#*4#?-(16,8#DA#67,#3,8#*33-5#(1#J(+03,#K=<!=#B1#J(+03,#K=<%#(146,*8>#

*#+3-0?#-.#1*1-8(424#4,,)#6-#D,#(16,3*26(1+#5(67#67,#2,//#403.*2,=##

#

!"#$%&'()+)'!$'L#4)*//#+3-0?#-.#1*1-8(424#9"#:#M"#))#*18#$#:#N"#1)$>#?-(16,8#DA#
67,#3,8#*33-5>#(4#*??*3,16/A#5(67(1#*#/A4-4-),#-.#67,#/01+#2*12,3#2,//=#%$#L#+3-0?#-.#
1*1-8(424#)*A#D,#(16,3*26(1+#5(67#67,#2,//#403.*2,=##

#

Discs inside a lysosome Nanodiscs interacting with the membrane
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Cytotoxicity

!"#
!

$%&#'()# *+&'()&#),-)&./)0'12#3)#+1)4#5# 65&7)&#8%08)0'&5'.%0#%*#/.8&%4.181#

90%/.0566:#;<#/.8&%4.181=8)66>#'%#.08&)51)#'()#-%-+65'.%0#%*#8)661#3.'(#-5&'.86)1#'%#

'(5'#%?1)&@)4#+1.07#050%4.1812#!"#"2# "A#BC##

!"!"#$%&'&'()*)&%#

D&.%&# '%# '()# 1'+4:# %*# '()# 4)1'&+8'.@)# 85-5?.6.':# %*# '()# 4.181# +04)&# 50# ),')&056#

/570)'.8#*.)642#.'#.1#)11)0'.56#'%#)@56+5')#'().&#8:'%'%,.8#)**)8'#%0#'()#6+07#85&8.0%/5#

8)661C#$%&#'(5'#-+&-%1)2#3)#*%66%3)4#'()#-&%'%8%6#4)18&.?)4#.0#1)8'.%0#EC"#504#')1')4#

'()#./-58'#%*#'()#/.8&%4.181#504#'()#050%4.181#%0#'()#@.'56#*+08'.%01#%*#'()#8)661#?:#

544.072#&)1-)8'.@)6:2#5#0%/.056#-&%-%&'.%0#%*#;<#504#;FFF#4.181#-)&#8)66C##

$.7+&)#ECA#8%66)8'1#'3%#&)-&)1)0'5'.@)#),5/-6)1#%*#'()#8:'%'%,.8.':#')1'1C#G1#

4)18&.?)4#.0#'()#-%.0'#A#%*#'()#-&%'%8%62#'()#H+8I6+)#4:)1#'()#0+86).#%*#566#'()#8)661#

?6+)#9$.7+&)1#ECA$#504#ECA#>2#3(.8(#566%31#+1# '%#8%+0'#'()#'%'56#-%-+65'.%0#3()0#

+1.07#'()#JGDK#1'5045&4#*.6')&C#L()#DK#.01')542#%06:#-)0)'&5')1#.0#4)54#8)6612#'(50M1#

'%#'()#6%3)&#-)&/)5?.6.':#%*#'()#4)54#8)661#/)/?&50)2#504#4:)1#'()#0+86).#&)42#3(.8(#

850# ?)# %?1)&@)4# 3()0# +1.07# '()# LNKLO# 1'5045&4# *.6')&# 9$.7+&)1# ECA%# 504# ECA&>C#

N)-&)1)0'5'.@)6:2#0%0)#%*#'()#4)54#8)6612#/5&M)4#3.'(#3(.')#5&&%312#(5@)#4.181#51#

-%.0'#'()#&)4#5&&%31#.0#'()#?&.7('*.)64#./57)1#9$.7+&)1#ECA'#504#ECA$>C#P)#*%66%3)4#
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cells with discs all cells death cells

After 24 h incubation, nearly 100% of cells with discs survival
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H = 10 mT
f = 10 Hz

t = 10, 30 min
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Cell viability evaluated 1, 2 and 4 H after the treatment

Typical result. Cells with microdiscs actuated for 10 min.
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Example: only cells with nanodiscs die after 30 min in perpendicular field
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Comparison of the e#ectiveness of the mechanical treatment

Nanodiscs are more e#ective!
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Magneto-mechanical treatment
Schematic overview of the results 
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17% of the cells internalized nanodiscs
100% of carcinoma cells

Dead cells: 7% of total cells
30% of the cells with nanodiscs

75% of the dead cells contained nanodiscs



Summary
! Discs with diameters down to 60 nm have been 

fabricated by Hole Mask Colloidal lithography with a 
satisfactory morphology and production yield."

! They display a well-defined magnetic vortex behavior, 
even being near the limits of the phase diagram."

! The size of the vortex core is comparable, or even 
greater, than the size of the discs. A new theory nicely 
matches the experimental results."

! In vitro assays reveal no cytotoxicity of the discs and 
give promising results for cancer cell destruction using 
the magneto-mechanical actuation 
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