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- Brief introduction on magnetic biotransport
* Magnetophoresis

- Some concepts of magnetism and fluid dynamics
- Newtonian particle transport: the magnetic force term

- Magnetophoresis of ferromagnetic, dia- and para-magnetic
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- Some examples



BIOTRANSPORT

Biotransport is concerned with understanding the
movement of mass, momentum, energy, and electrical
charge in living systems and devices with biological or
medical applications.



Why magnetic particles in biotransport?

They can be manipulated/stimulated/monitored by an external magnetic
field (action at a distance).

They have controllable size = Ideal for probing and manipulating
bioparticles and biosystems (proteins, viruses, genes, cells). They can get
close to a biological entity of interest

They can be coated with biocompatible molecules to make them interact
with or bind to a biological entity, thereby providing a controllable means
of tagging or addressing it.

They are non toxic and well-tolerated by living organisms when properly
prepared and functionalized.



Particle functionalization

To avoid the formation of aggregates

To enhance biocompatibility

To promote selective binding

To shield the magnetic particles from the surrounding enviroment
To prevent the leaching of potentially toxic components

Magnetic nanoparticles are coated with

biocombatible hydrophilic polymer chains e e e e

be functionalized by attaching

Dextran Carboxyl groups
Polyethylene glycol (PEG) Biotin
Polyethylene oxide {(PEQ) Avidin
Poloxamers

; amino-groups
Polyoxamines

These act as attachment

Inorganic coatings
are also used

sio,

Drug Molecules

Magnetic Nanoparticle (MNP)

points for the coupling of
cytotoxic drugs or target
antibodies

Biotargeting Agents Y’

Antibodies, lectins, proteins,
hormenes, charged molecules ete.

from: E.P. Furlani, Materials 3, 2412 (2010)



Magnetic labelling and separation
(in vitro application)

Magnetic particle

with antibody
Target antigen L 3
Mixed biomaterial with Antigen oy Magnetic separation of
biofunctional magnetic particles target biomaterial

Two-step process:

Tagging or labelling of the desired biological entity with magnetic
particles.

Separation of the tagged entities using an external field.

from: E.P. Furlani, Materials 3, 2412 (2010)



Drug delivery

o Therapeutic
MNanoparticle

Tumor Eluud Vessel

Bipolar Magnet
Field Source

Magnetic (nano)-particles with bound drug molecules reach the
tumor site through the vascular system using a local magnetic
field gradient.

from: E.P. Furlani, Materials 3, 2412 (2010)




Manipulation

of a single
magnetic biotransport Particle motion
particle (e.g., tracking

magnetic
tweezers)



Magnetophoresis

The term magnetophoresis concerns the behavior of a magnetic
particle moving through a viscous medium under the influence of
an external magnetic field.

Magnetism concepts
(magnetic moment, magnetization, magnetic
susceptibility, H field gradient)

Fluid dynamics concepts
(Stokes law, Archimedes law)




The magnetic field H

H is the field, created by a unit magnetic pole p, that has an intensity of 1 Oe
at a distance of 1 cm from the pole (cgs system).

Lines of force: The field strenght is given by the number of lines passing
through a unit area perpendicular to the field.

A magnetic field produces a force on a second pole: F = pﬁ

However, a single magnetic pole does not exist. Only magnetic dipoles do
exist.

A dipole consists of two magnetic
poles (North and South). The lines of
the field H are directed from N to S.




Two dipoles interact according to the well-known rule

Repulsion between like poles



A dipole in a uniform field
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Torque — turning effect

A couple acts
on the dipole GV
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Magnetic moment
Moment of the couple exerted on the
dipole when it is at 6 = 90° to a uniform
unitary field H (directed from S to N)




Magnetic energy

A magnet whose moment is not
parallel to the field must have a
certain potential energy U relative to
@ the parallel position.

U=—ji-H

U=—uH cost






Magnetic susceptibility
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¥ Small and negative (-107 +-10~ ) — DIAMAGNETISM
¥ Small and positive (103 + 107 ) — PARAMAGNETISM

¥ Large and positive (up to 10° ) - FERROMAGNETISM
(it depends on H)




A dipole in a non-uniform field

The energy of the dipole depends
on its position in space

U(F)=—-H(F)

s
—

For a freely suspended dipole
(6 =0)

) _ N
U (F) =~ uH (7) | T
F(p)=-27 = A

dr dr S’

There is a force acting on the
dipole, directed along the gradient
of the local field magnitude H




Since:  {i(H)=M (H)V = yVH(F)

. dH dH .. dH
F(r)=u(H)—=VM(H)——= }VH(r)—
dr dr dr
2
or equivalently: F(r)= }gV ' dZ,

Using the magnetic field B (S.I. system)

E — ;uoljl L, = permeability of free space

~ dB dB . dB
F(r)=p(H)—=VM(H)—= YVH(r)—
dr dr dr

XV dB’

F(F)=

2u, dr



Magnetophoresis

The term magnetophoresis concerns the behavior of a
magnetic particle moving through a viscous medium under
the influence of an external magnetic field.

The presence of the continuous medium is crucial:

- Frictional force exerted on the particle

- Influence of the magnetic properties of the
medium itself




Newtonian dynamics frame

m,—L=F, +F,+F,
o dr \ AN
inertial fluidic magnetic  gravitational
force force force force

The inertial force is negligible compared to
frictional force for a particle with small m,

J

O=F,+F, +F,



Stokes law

dynamic viscosity
of the fluid

) Frictional force exerted on a

— 67[77R (V spherical object in laminar

\ \ motion in a viscous fluid.

hydrodynamic  fluid particle
radius velocity velocity
NOTE:

R, can be larger than the physical radius of the object because of surface
bound materials




Let’s suppose that only the fluidic force exists
(in one dimension)

dvp
m, 7 = 6ﬂ'77Rp(vf —vp)
Solution for vp(O) =0 vp (t) = Vf (1—€_Hf)

m 2ppR§ lOpDz Time for the particle to obtain
= = ——— its terminal velocity, namely

6m7Rp o 1877 the velocity of the fluid

P, = particle density
D, = particle diameter

Example The time during which the particle

For a Fe,0, particle inertia plays a role is much shorter
374 than the overall transport time in
Rp,b=1+100nm=171=111+11.1ns  many applications.




Reynolds number

Ratio of the inertial force to the frictional force within a fluid.
_ p D,
ep
7]

s = fluid density

Particle Reynolds number

R

v = velocity of the particle relative to the fluid

D, = particle diameter

High R,, — inertial force dominates

M = fluid viscosity
(turbolent flow)

Small R, — frictional force dominates
(laminar flow)

Purely laminar flow exists up to R, = 10 (for a rigid sphere).
In this regime the particle inertia is negligible and Stokes law

holds.



Let’s suppose that only the gravitational and fluidic forces exist

volume of particle  fluid
the particle density  density

friction
buoyancy

F,==-3mnD v,

weigth

Fg+Ff:O v
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TR T g 7

Sedimentation velocity
Constant velocity that the particle acquires
when the two forces are balanced.

v

Sedimentation coefficient Dz _
It depends only on the properties ¢ =3 = p(,Op 'Of)

of particle and medium. g 187




The magnetic force term

Magnetic Archimedes law

F — F — F Effective force actingon a
eff p f

particle in a fluid

Hence:
- dH dH dH
Fo=yVvHEL v~ WH 2
i /1/\ A7 Zf A7 Z Zf \ 7
susceptﬁbility susce;tibility volume fJf
of the particle of the fluid the particle

Similarity with: - dH

Fo=(p,—p,)Vg § —>H 7




Let’s suppose that only the fluidic and magnetic forces exist

F,+F =0
) Magnetic field induced
TR Dp . (Zp Zf) H dH velocity
18 n dr (analogous to the sedimentation
velocity)
N . : s
v Dp (;t’p _ Zf) Magnetgphoretlc mobility of
m = = - the particle
H d_H 18 n (analogous to the sedimentation
dr coefficient)

v =mS, = — 5, =

2
; _ydH _1adH
di 2 dr

Driving force




v, D, (=)
di 18 7
dr

m =
H

Remark:
R, (hydrodynamic radius ) and V (magnetic volume) can be unrelated
Therefore, the above relation should be re-written:

(Zp _Zf)V
3znD,

m(H) =

The first relation holds if one assumes that D, and V are the diameter
and volume of a hydrodynamical sphere with V = 7D, /6

Then, %, = volume-averaged particle susceptibility.




Magnetophoresis of ferromagnetic particles

p(H)_Z\ Dependence on the

magnetic field

x,(H)>> 7,

X,(H)YV VM, . -~ VM, dH

m(H) = v =m(H)S =

3D, 3mD,H " " 3mD, dr

M. = saturation magnetization of the particle

H = magnetic field (larger than the saturating
field)




Magnetophoresis of dia- and paramagnetic particles

AyV . o AyV —dH
m=—%" 5 —m(H)S, =—%—HE [Ay=(x, - 1,)
677R,, 6bznR,  dr
Two cases:

Ay>0—->m>0

AZ < () — m < () |Themagneticvelocityis

antiparallel to the magnetic field
gradient

In particular:

AZ = () No magnetophoretic motion



Magnetophoretic Magnetophoretic

velocity of ferromagnetic velocity of paramagnetic
particles particles
_ VM , dH ; AyV yH H
v — —
m — m —
6znR, dr 67nR N dr

The velocity of a paramagnetic particle may exceed that of
a ferromagnetic particle in very high fields



Magnhetophoretic mobility and

dipolar interactions

\_;m _D;.(Zp_Zf)
dH 18 n

3
]
|

The hydrodynamic diameter of an aggregate
of n particle increases as n1/3

Hence, m increases as n?/3 — flocculation



Some examples




Separation of ferromagnetic and diamagnetic

particles
® [Oe oO°
o o @
U, >0 /- *
o L] 2
E. .G. o m:Dp.(Zp_Zf)
O
ID 18 n
U
.
& A o o ©

FIG. 2. Schematics illustrating and comparing the separation mechanisms of | L. Liang et al., Appl. Phys.
magnetic and diamagnetic particles suspended in 0.1 x EMG 408 ferrofluid Lett. 102 (2013) 234101

(a) and DI water (b), respectively. Note that U,, >0 and U,, < 0 indicate the
positive and ne gative magnetophoresis experienced by the magnetic and dia-
magnetic particles, respectively. The block arrow in each schematic indi-
cates the direction of the suspending fluid.



Magnetic separation

strongly
magnetic
material

weakly
magnetic

material M.D. Tarn et al., J. Magn.

Magn. Mater. 321 (2009)
4115

non-
magnetic

material

N. Pamme et al., J. Magn. Magn. Mater.
307 (2006) 237




Cell sorting

A
Step A: Step B: Step C:
Labeling with magnetic tags Multi-target magnetophoresis Quantification via cytometry
Target 1 labeled by Tag 1 = Qutlet 1
\ MFS1 MFS2 i A
- !"\_-t"-:.‘* Buffer inlet Dk
o —
- - - Outlat 2 #
Target 2 labeled by Tag 2 : —
) - s e NN
i -
MNon-target calls N Wasta_u-_mi
o . 1 cm - »

' { t
Nor-larget prs1 MFS2 Flow direction —»

C
—— —
J.D. Adams et
al., PNAS 105
(2008) 18165



Manipulation of magnetic particles

Flow direction

Micro-coil n®1

Microfluidic_
chamber

Intermediate micro-coil

Micro-coil n®2

Qutlet 1 Qutlet 2

Fig. 1. Working principle of the magnetic lab-on-chip. Micro-coils (orange wires)
are placed in a fluidic channel (blue stream). The successive actuation of the micro-
coils allows for spatial manipulations of magnetic particles, as depicted by the two
curved arrows. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

R. Fulcrand et al., Sensors
and Actuators B 160 (2011)
1520
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