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ABSTRACT

Micromagnetic manipulators to control and manage the dynamics of micro and nanoparticles are widely used in medicine,
physics, and biology. In this paper, we proposed a number of concepts of targeted use of ferromagnetic microwires for para
and dia-magnetic objects manipulation. The microwires are produced in a biocompatible glass shell by Taylor-Ulitovsky
method and exhibit tunable magnetic properties. They have the ability to create high gradient magnetic fields due to specific
composition of the ferromagnetic core, magnetic domain structure and micron dimensions. For various experimental tasks,
the optimal configuration of ferromagnetic microwires in the system and the direction of the wire magnetization are selected. A
point trap for paramagnetic particles is formed by an individual wire with an axial magnetization. The wires magnetized along
diameter are a source of linearly situated magnetic poles and help to realize a fast redistribution of even weakly paramagnetic
particles. Due to a camel-back profile of the magnetic potential, created by a pair of closely spaced wires with orthogonal
magnetization they act as effective diamagnetic trapping system. There is also an interesting opportunity to realize a magnetic
ratchet using a microwire with a circular domain structure. Thus, the magnetic manipulators based on systems of ferromagnetic
microwires make it possible to organize fixation, redistribution and analysis of cell suspensions and magnetic nanoparticles.
The biocompatibility of the glass shell of the microwires was demonstrated, hence, the possibility of their further using when
working with living objects.
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cylinders of length much larger than the radius [11-14]. The stray
magnetic fields produced by micron-sized magnetic poles with
gradients as high as kT/m are sufficient to impose on magnetic

INTRODUCTION

Magnetism is a broad scientific field and magnetic materials have

found a variety of practical applications. One area of exploring
magnetic fields is micron-sized magnetic manipulators of biological
objects having weak magnetic properties or marked with magnetic
nanoparticles [1-8]. Micromagnet devices typically generate magnetic
fields with strong spatial gradient to control particlesdynamics.
Such fields are formed due to the selection of the composition of
ferromagnetic substance in conjunction with the magnet geometry
and its micron dimensions. Customarily, arrays of micromagnets
on substrates produced by lithography or heavy ion etching are used
in these applications [2,9-10]. In another approach, micromagnetic
manipulators are made of magnetic or conducting rods and

particles the forces which can surpass the other forces such as due to
gravity, viscosity, thermal fluctuations. The use of thin conducting
wires or stripes for generating a magnetic field is potentially
interesting since this makes it possible to create adjustable field
distributions in space and time by controlling the electric current
in an individual element. The arrays of micron-sized conducting
elements fabricated with electron-beam lithography were applied
to manipulate some biological objects, e.g. magnetotactic bacteria
[15]. However, this approach has a number of limitations including
heat generation and restricted field gradients. In this paper we
demonstrate a very flexible use of ferromagnetic microwires in
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amorphous state for para and dia-magnetic objects manipulation.
Such microwires can be formed into different magnetic matrices
and have different directions of magnetization in accordance with
the experimental needs. Individual magnetized wires with localized
magnetic poles can be used as magnetic tweezers [16)].

Amorphous microwires are attractive as they have a tunable magnetic
structure due to absence of the magnetocrystalline anisotropy [17].
The wires produced by Taylor — Ulitovsky method are covered
by glass which is demonstrated to have biocompatibility. The
wire diameter and glass thickness can be varied in a wide range
1-40 microns, 1-10 microns, respectively. We propose a number
of concepts for manipulation by para and dia-magnetic objects
with the use of microwires. A single microwire with an axial
magnetization is a source of highly localized magnetic field and is
capable of capturing even weakly paramagnetic particles. This could
be of interest for force regulating in individual cells [18]. The arrays
of wires with the magnetization along a diameter are suitable for
enhancing paramagnetic particle diffusion. The pair of such wires
closely spaced operate as a diamagnetic trap [19-26]. Finally, the
wires with circular domain structure constitute periodic potential
profile forparamagnetic particles. Applying a very small current
and moving the domain walls creates a travelling wave potential,
that is, typical magnetic ratchet [27],which controllably transports
the particles.

METHODS AND MATERIALS

Materials

The wires with fine surface morphology can be produced by
Taylor-Ulitovsky method [22] in a glass shell as shown in Figure
1. The latter could also provide a protective and biocompatible
layer. The size of the magnetic core of microwires varies in the
range from 5 to 40 microns, and the thickness of the glass shell
is within 1-10 microns. Typical hysteresis loops for the two types
of wires are shown in Figure 2. When magnetized in a field along
the axis, Fe-based amorphous microwires with an axial magnetic
anisotropy are characterized by a rectangular hysteresis with re-
entrant magnetization jump (so called, large Barkhausen jump)
[26]. The coercivity is lower than 50 A/m. Co-based wires have a
circular anisotropy and demonstrate flat hysteresis with very small
coercivity and remanence magnetization [L6]. The anisotropy
field is also quite small of about 200 A/m. When magnetized
by the field directed perpendicular to the axis, the curves do not
show hysteresis. Quite strong fields are required for reaching the
saturation value M, however, the Fe-based wires with higher M_
may have large perpendicular component of about 510° A/m (as
M for Co-based alloys) at relatively small magnetizing field of 0.1 T.

SU70 3.0kV 10.8mm x2.20k SE(M)

Figure 1: Microwire in a cut, the boundary between ferromagnetic core
and glass sheath is observable.
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Figure 2: Hysteresis loops of glass-coated Fe-based and Co-based
microwires magnetized by a magnetic field applied along the wires (a)
and perpendicular to the wires (b). Inserts in (a) show schematics of their
domain structure in a demagnetized state. The wires of the following
compositions were measured Fe,, .Si; B, and Fe, .Co B Si Cr,, having
a metal core diameter of 15-15.5 microns and a glass thickness of 4-4.5
microns. The longitudinal (a) and perpendicular (b) curves were measured
by a fluxmeter method and vibrating sample magnetometer method,

respectively.

Biocompatibility of glass shell and effects of wire magnetizationon
living cells

Since arrays of ferromagnetic microwires are supposed to be used
in the experiments with living cells, an important issue is the
influence of a high-gradient magnetic field on the vital activity of
cells. The other issue is biocompatibility of the glass shell. To study
the effect of a strong magneticfield on cells and biocompatibility
of the glass shell (made of borosilicate) of microwires, a number
of experiments was carried out. Microwires under the influence of
a strong magnetic field, were in the cell suspension up to 3 days.

For the experiments, a continuous culture of normal cells of human
embryonic fibroblasts (HEF) was selected from the collection of cell
cultures. For culturing the cells, we used a standard Eagle MEM
nutrient environment (Bio, Russia) with 10% Fetal Bovine Serum
(Gibco®, USA). [19,20]. The microwire samples were sterilized with
alcohol and ultraviolet light. For the MTT test, cells were plated on
a 6-well panel at a concentration of 200 thousand cells per milliliter
in each well in a volume of 2 ml of culture environment with 10%
FBS and incubated in a CO, incubator with 5% CO, at 37°C. 72
hours after planting the formation of a subconfluent monolayer
of cellsoccurred. Intact cells cultured in parallel with experimental
ones served as control. The color intensity in the wells of the panel
with control cells was taken as 100% viability.

After incubation of cells with these preparations for 72 hours in a
CO, thermostat at 37°C, the culture medium was aspirated from

the wells, 2 ml of medium with 400 ul MTT (3 [4,5-dimethyl-thiazol-



Beklemisheva AV, et al.

2y1] -2.5- diphenyltetrazolium, Sigma) at an initial concentration of
5 mg /ml and incubated for 4 hours. Then the medium with MTT
was removed and 1 milliliter of dimethyl sulfoxide (DMSO) was
added to dissolve the formed formazan crystals. The cell pellet was
resuspended by pipetting for 5 min. Cell viability was assessed by
the color intensity of the blue formazan solution by measuring the
optical density at a wavelength of 545 nm using an Immunochem

2100 photometer (USA).

The MTT test results were assessed by comparing the optical
density in the experimental and control wells. The percentage of
viable cells was calculated as the ratio of the optical density of the
treated cells and control cells. Statistical processing of the results
was carried out using the software Microsoft Excel, "Statistica 6.0".
The significance of the difference in mean values was established
using the Student's t-test at a significance level of < 0.01.

Visual control of changes in cell morphology during incubation
with a microwire sample was done with a fluorescent microscope.
The cells were grown on sterile cover slips in 6-well panels, stained
with ethidium bromide by adding it to the culture medium,
incubated for 15 min in a CO, incubator with 5% CO, at 37°C as
shown in Figure 3.

Theoretical approach

A particle with a magnetic dipole moment, pm, placed in a magnetic
field H has a potential energy:

1 . "
U= — 3 Ho P H(11%0 is the permeability of vacuum. The

magnetic particle may be characterized by a linear susceptibility :
D = ¥VH, Vis the particle volume. Then

1 .
= —;.un;gFH‘{E:]

A single magnetic-dipole dynamics in solution when neglecting
diffusion is described by the balance of fields including the Stokes
force in viscous medium. If other forces are insignificant the
balance equation is of the form

d
vu(r(s) —'.';IET: =01(3)

When investigating small-scale systems, thermal noise may
play a deciding role. The interaction of particle (P} with the
environment is described by:

d
VU(r)) =—n % + 8 @)

The right-hand terms are related to the energy dissipation including
viscous friction and randomly -fluctuating forces due to thermal

Figure 3: Glass-coated microwire in a glass shell (16 microns in total
diameter, glass thickness of 3 microns) in cell.suspension composed
of cryoprotective environment (70%), Fetal Bovine Serum (20%),
glycerine (10%). Exposure time was 24 hours. Right and left panels are
for different magnification.
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noise £{t)} obeying to the fluctuation-dissipation relation
< E(t) == 0,< F()F(t") == 2nkzTo(t - t")

Where k5 is the Boltzmann constant, T is the temperature, 2nksT
is the noise strength,and &t is the Dirac delta function. When
considering a statistical ensemble of magnetic dipoles with the
probability density ¢{r. £} and combining the diffusion equation
(when Wi = 0 together with the Liouville-equation (£ ) =0
the Fokker-Planck equation becomes of the form [28]:

%c{f‘, t) = %v- (VU @) clr, O) + DV (clr. ) (5)

With the diffusion coefficient

kT
D =—— (6)
]
This also corresponds to the probability current (particle flow)

Jir.t) = —(%{ﬂ+ D'F] clr.t) (7)

which obeys the continuity equation:
a
Ec‘{ﬂﬂ +V-J=0(8

The diffusion of magnetic particles in the presence of gradient
magnetic field forces follows Eq. (5) with specific initial and
boundary condition. The change in ¢{r, t} eventually reaches the
stationary distribution which corresponds to zero flow

Jrt) =0(9)

First-order differential equation in (7) is solved with the condition
of particle conservation in a restricted area.

Structure

The magnetic field H is produced by the wire magnetization.
There small cross section ensures spatial distribution of H with
high gradients in the range of 60 kT/m for wires of 10um radius
with magnetization of 510> A/m (as for Co-based alloys). We will
consider three types of the wire magnetization as depicted in Figure
4 axial magnetization, (b) magnetization along diameter, and
circular magnetization with the bamboo domain structure (). In the
case of uniformly magnetized wires, the stray fields are calculated
exactly within an analytical approach [28-31]. In the presence of
the circular domain structure, the stray field is generated at the
domain wall (DW) location where the magnetization is directed
perpendicular to the wire surface. In this case we will be interested
in the paramagnetic particle trap by the DW due to local minima

L X i
2a M - ]
b 4 z 2 i
4
a) = L -

Figureg 4: Magnetization patterns in microwires (a) axial magnetization,
(b) magnetization along diameter, and (c) circular domain.
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of the periodic magnetic potential. Applying a very small current
of few mA, the DW can be moved and the effective potential
experienced by the particle is travelling along the wire axis (z-axis)
with the velocity u:

Ui, £) = Ulr — ut)

For a current of frequency f the velocity is estimated as u = 2df, d
is the domain width. When DW are displaced, the potential period
2d remains the same. Therefore, a wire with circular domains driven
by a current represents a ratchet system making it possible to realize
directed transport of paramagnetic particles along the wire. The
average velocity along the wire in the steady state is of the form[28]

s (oo (1)
SEESuU-= z+2d Uz —Ulz) | (z'—z)u (10)
2 a2 [ azenp (LE -0 T

RESULTS AND DISCUSSI@)TNS

Biocompatibility of microwires

Microwire cytotoxicity assay involves visual observation of cell
proliferation in the microwire area as shown in Figures 3 & 5. This
follows by MTT analysis and cell counting. It was observed that
after exposure time of 72 hours, mostly living cells were observed,
the cell count in the area of microwireswas1,87+ 10%, which is
slightly higher than without microwires- 1,74+ 10%. The statistical
distribution is shown in Figure 6. The number of cells was also
estimated by optical intensity density for a wavelength of 545 nm.
The relative parameter (figure of merit) was 0.863 in the microwire
presence against 0.848 in the absence of microwires. Therefore,
our results show a high survival rate of cell cultures in the area of
microwire, which indicates their non-toxicity and biocompatibility
and opens up the prospects of using microwires in biomedicine.

Effects of the wire stray fields

The longitudinal magnetization of microwires (Figure 4a) can
be used when the micromagnetic manipulator is configured

(b)

Figure 5: Cell suspension composed of cryoprotective environment (70%),
Fetal Bovine Serum (20%), glycerine ( 10%) without the microwire sample
in (a) and with the sample in (b). Exposure time was 72 hours.
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Figure 6: MTT test results. Statistical processing of cell count in the
presence of a microwire using the software "Statistica 6.0".
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Figure 7: Distribution of the paramagnetic particle velocity accelerated by
a magnetic field generated by the microwire tip with axial magnetization (in
cylindrical coordinates . 2, the origin is at the wire top).The calculation
is done for the parameters:E = 5 pmng = 8.9 - 1074 Paxs (viscosity
of water), M{wire magnetization) = 1.5 MA/mL = 16s a=15um
, ¥ =10 (corresponds to a cell of 1 pg containing 1 ng of iron oxide
nanoparticles with the susceptibility of 10%). The insert shows the area of
trap around the wire tip. The start velocities below 3 pm/s are excluded
due to the effect of thermal fluctuation.

like magnetic tweezers. In this case we modelled an individual
paramagnetic particle behavior which is found in the vicinity of
amicrowire with an axial magnetization. It is accelerated towards
the tip and the velocity is estimated from equation (3). For a
spherical particle, the viscous friction coefficient = GmR1,, where
R is the particle radius and #; is the solution viscosity. The velocity
distribution is shown in Figure 7.

The wires with the magnetization along the diameter (Figure 4b)
may create quite large areas for capturing magnetic nanoparticles.
In this case it is reasonable to consider the paramagnetic particle
diffusion in the presence of the wire stray magnetic fields. In the
case of long microwires the energy IJ{#) which is defined by g2
(eqg. (2)) depends only on polar coordinate r and diffusion equation
(5) becomes one-dimensional.The diffusion of even weakly
paramagnetic particles quickly proceeds towards the wire surface
as shown in Figure 7. For the parameters used, the concentration
increases by 2.5 times after 30 s, whilst the stationary distribution
(eq. (9)) gives 3.5 magnifications.

A pair of finite length and very closely spaced microwires with
perpendicular magnetization may represent a trap for diamagnetic
particles with the susceptibility as small as that of water (—107%).
In this case the energy profile is characterized by two-dimensional
minimum (along z and x directions, M is along x) situated between
the wires as shown in Figures 8 and 9.
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Figure 8: Distribution of paramagnetic part"icles concentration ¢/,
(normalized to initial concentration £ = 107%) after 30 s of turning on
the wire magnetization alonga diameter, r/a -normalized polar coordinate.
The calculation is done for the parameters: D =3 ¥ 1072 m?/s,
= 1074 v=10""m% a=15 um M = 0.5 MA/m
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Figure 9: Distribution of the magnetic field square (in T?) in the plane of
¥/a = 1 between two microwires spaced ata distance of 3. The coordinate
system is shown in Fig. 2. The wire length is L = 16a,a = 10 pm.

This potential may be sufficient to overcome gravity and realize
the cell levitation. The wire-pairs must be located in horizontal
plane (x.z} and y —axis is vertical. The total energy density is of
the form:

U = gmyy + Ulr) (11)

In (11), g is the gravitational acceleration and m_is the particle
mass.Stable 3D-minimum is realized at heights y/a~1 for
lyl~10-% - 10~* and particle mass density of that of water. It
increases with increasing the absolute value of the susceptibly.
Thus, for the parameter used (as for Figure 8) the levitation height
increases from 8.5 ym fory = —107° 0 9.7 pm for ¥ = —-107%,
Therefore, the particle size for levitation above the microwires
should be much smaller than the wire radius.

The arrays of perpendicularly magnetized microwires situated in
the plane (x,z) with small distance between them can be used for
cell levitation. Each two neighboring wires along x-direction fulfill
the condition of a diamagnetic trap. The spatial distribution of the
total energy Ut is convenient to represent by equipotential curves in
the plane x=0 as shown in Figures 9 & 10. To magnetize the wires
along a diameter an external magnetic field /, is needed. This
uniform field adds to the magnetic potential gradient and helps to
slightly increase the levitation height.

Circular domains in Co-based microwires (as in Figure 4c) can
be displaced by a circumferential magnetic field generated by a
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Figure 10: Equipotential energy density curves U + Uy in coordinates (y,
z) at x = 0 for a periodic system of microwires. The wire parameters are the
same as for Fig. 8 gravity fource density = 10%N/m? x=—107% The
levitating height slightly increases in the presence of a magnetizing field

of 0.1 T.

smallac current. This system is of considerable interest since the
magnetic potential created by the stray field at the DW location
is periodic and asymmetrical due to the wall displacements. This
is a so-called ratchet potential. The current drives the system
permanently out of equilibrium. The estimated average velocity
given by Eq.(10) along the wire in the steady state depends on the
driving current frequency and parameters of the domain structure.
For paramagnetic particles with parameters as for Figure 7, optimal
frequencies of 1-2 Hz and domain length of 10 um the average
velocity is about 8-12 um/s. However, this case requires additional
instigations as the drift velocity strongly depends on the DW
structure parameters.

CONCLUSION

The considered system of microwires has the prospect of
applications in the field of bio-objects manipulation. We proposed
and modelled three basic concepts of microwire use as a source of
localized magnetic fields: a few number of individual wires with
bi-stable magnetization reversal acting as magnetic tweezers, arrays
of perpendicular magnetized wires for enhancing paramagnetic
particles diffusion and levitating diamagnetic cells, and wires with
circular domain structure for controlling paramagnetic particles
transport along the wires. Development in the field of application
for the localization.
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