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Tailored magnetic particles and method to produce same

Field of the invention

[001] The invention generally relates to magnetic particles for which magnetic properties
are tailored to provide a specific response when a fluid suspension of the particles is
subjected to an external magnetic field. More precisely, the invention concerns a method
of preparing magnetic particles with specific magnetic properties and a method of
manipulating them with a magnetic field. Further, the invention relates to the use of
magnetic particles of the above kind for assaying, manipulation and purification of
biomolecules and chemical substances. The particles are magnetic in the sense that
they are capable of being magnetised in the presence of a magnetic field even though
they are not themselves magnetic in the absence of a magnetic field.

State of the art

[002] Nowadays magnetic responsive particles are widely known and used as solid
phase support for biological and chemical analysis. For instance, the magnetic particles
surface can be activated to carry a probe that specifically interacts with complementary
target molecules. The advantage of using magnetic particles is that they can be simply
manipulated using a magnetic field to control the reaction on their surface and/or to
separate the specific target molecule from the initial “contaminant” surrounding medium.
Magnetic particle based procedures and systems are relatively rapid, easy and require
simple equipment.

[003] Several methods of synthesizing magnetic responsive particles and manipulating
them have been developed during the last decades. Generally, preparation of magnetic
particles consists in the encapsulation or incorporation of primary magnetic responsive
particles in a non-magnetic matrix such as polymer o glass. For example in patent
application WO90/15666 magnetic fine particles are coated with a polymeric material.
More recently WO03/004151 disclosed the incorporation of magnetic fine particles in a
core of polymeric particles. Rather than encapsulating magnetic substances in a core
matrix, US5648124 disclosed the use of spherical particles as supports for deposition of
smaller magnetite particles to provide core-shell magnetic responsive particles.
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[004] One of the most important concerns in synthesizing magnetic particles like those
described above, is to provide magnetic responsive particles (paramagnetic particles)
with a minimum of residual magnetisation (supraparamagnetic particles). Such
consideration is important in order to minimize the agglomeration of magnetic particles
during the manipulation process with a magnetic field. Indeed, the separation and
manipulation of magnetic particles in liquid suspension necessitates the application of a
“large” magnetic field and magnetic field gradient. In such conditions, monodispersed
magnetic particles agglomerate under the influence of their mutual magnetic dipole
interaction. Recovering a monodispersed magnetic particles suspension after magnetic
field removal necessitates, therefore, a low residual dipolar magnetization of the
particles. For this reason, finer magnetic particles (known also as ferrofluid suspensions)
are used as primary magnetic material. In fact, when using finer magnetic particles as
primary magnetic material, the direction of the residual magnetization of the fine
particles is so small that it can be reversed by the surrounding thermal energy
fluctuations, leading to a vanishing average residual magnetisation.

[005] Supraparamagnetic particles are widely available on the market. They are known
to be stable and highly monodispersed particles. However, one serious limitation
associated with the above technologies is that magnetic particles present a low
magnetic susceptibility due to the finer magnetic primary material. In this case, a high
magnetic field is necessary to create a sufficient magnetic force to manipulate these
particles. Moreover, magnetic particles (beads) of the above kind do not lend
themselves to controlling and adapting their magnetic proprieties for specific
applications, for instance obtaining different responses in correspondence with the
applied magnetic field.

[006] To deal with such issues, new kinds of magnetic particles are proposed in
US5932097 and more recently in US2002/0187504A1. In US5932097, laminar shaped
magnetic particles composed from the superposition of layers of ferromagnetic (pre-
polarised) and antiferromagnetic materials, which layers are separated by a
nonmagnetic spacer layer, are proposed. In this case, the magnetic exchange force
between the ferromagnetic and antiferromagnetic layers is exploited to pin the magnetic
moment of the ferromagnetic layer(s) in a specific direction depending on the applied
magnetic field. In this way, different magnetic particles with different magnetic moments
in response to a predetermined external magnetic field are obtained.
US2002/0187504A1 discloses magnetic nanowires which are elongated magnetic
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entities obtained by successive deposition of different magnetic and non-magnetic
layers. One of the advantages of such new kinds of particles is the possibility to be
tailored by adjusting the deposited layer to obtain different magnetic particles with
different magnetic moments. However, controlling the aggregation and effectively
manipulating such elongated and laminar shape particles remains a non-cleared up
question.

[008] In this spirit it would be important to have available magnetic particles for which
magnetic properties can be tailored to provide a specific response to an applied
magnetic field. Moreover, it would be of benefit to synthesize new magnetic particles
with specific magnetic properties that can be effectively controlled and manipulated.
Also, having an effective control of the aggregation structures of magnetic particles
during their manipulation remains an unsolved problem.

Summary of the invention

[009] Accordingly, the first aspect of invention concerns magnetic responsive particles
and a method for preparing them. These aims are attained with magnetic responsive
particles and a method of preparing them according to independent claims 1 and 9
respectively.

[010] Accordingly, the second aspect of the invention is to provide a method of
manipulating the said magnetic particles. This aim is attained with a method according to
the independent claim 14.

[011] Accordingly, the third aspect of the invention discloses a method of using the
magnetic particles prepared and manipulated following the previous aspects in live
science and particularly for assaying, manipulation and purification of biomolecules and
chemical substances. This aim is attained with independent claim 16.

[012] Different embodiments are set out in the dependent claims.

[013] The first aspect of the invention provides a bio-chemically active magnetic particle
for use in a magnetic particle fluid suspension for selectively binding with at least one
target molecule, the particle comprising (a) a non-magnetic component; (b) a core/shell
magnetic component; and (c) an external coating designed to allow an affinity
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recognition for selectively binding the particle with at least one target molecule. The
particular features of this first particle are: that its magnetic component (b) comprises a
ferromagnetic core material and shell material; the shell materials can be chosen either
among an antiferromagnetic material, a ferromagnetic material of a kind different from
the core ferromagnetic material or transition metal material; the Néel temperature of the
antiferromagnetic phase is above 300 K; the ferromagnetic core material comprises at
least one fine ferromagnetic particle having zero coercive field or a given coercive field;
and the fine ferromagnetic particle(s) is associated with the shell material to enhance the
magnetic energy and to provide the particle with a coercive field much greater than that
of the fine ferromagnetic particle(s). The coercive field of the particle according to the
invention will generally be greater than 100 Oersted (Oe) at 300 K, usually above
200 (Oe) and preferably greater than 400 (Oe).

[014] Our objective in associating a shell material and a ferromagnetic core material is to
increase the coercive field of the particle compared to the case where the particle is
composed only of the ferromagnetic material. Indeed, the primary magnetic element in
our invention is a "fine" ferromagnetic particle which has a zero coercive field or a given
(usually low) coercive field and even behaves as a superparamagnetic at ordinary
temperature. The idea is to put such ferromagnetic fine particle in association with a
shell material, usually by direct contacting the two, to enhance the coercive field of the
overall particle, due to the magnetic exchange coupling between the core and the shell.
For example if we consider a Nickel (Ni) magnetic particle of 10 nm diameter the
coercive field of this particle is about 10 (Oe) at 300 K which is very low and the particle
is substantially superparamagnetic at ordinary temperature. However, if we coat this
particle with a layer of Nickel oxide (NiO) (which is an antiferromagnetic material) of 5
nm thickness the coercive field increases to a value of about 250 (Oe). A similar effect is
obtained with core/shell magnetic fine particles composed from a ferromagnetic core
and magnetic metal shell such as Fe,O5/Co fine particles. Further, asimilar effect is
obtained by considering core/shell bi-magnetic fine particles composed from a
ferromagnetic core and ferromagnetic shell material of a kind different from the core
ferromagnetic material such as FePt/ Fe,O;, Co/ Fe,O; or SmCos/ Fe,O; fine particles.
So, the particle of the invention comprises at least one primary ferromagnetic fine
particle that is associated with (in particular in contact with) a shell material to provide an
enhanced coercive field. In the first aspect of the invention, the above-mentioned
primary responsive particles are ferromagnetic fine particles. The ferromagnetic material
includes, but is not limited to, Cobalt (Co), Nickel (Ni), magnetite (y-Fe,Os) or any alloy
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thereof. Some ferromagnetic alloys having a high magnetisation and strong axial
magnetocrystalline anisotropy, such as, Pt, FePt, PrCos, Sm and CoPt, are preferably
used to provide a high coercive field. In general transition metals, metals oxides and
their alloys are preferred materials entering in the composition of the core/shell magnetic
component. In the step of preparing the magnetic particles according to the invention a
magnetic a heat annealing step is preferred to adjust and increase the coercive field.
The size of the fine ferromagnetic core which determines the magnetic response of the
particles is preferably less than the critical size (i.e. the size above which the particle
becomes a multi-domain particle) of a single magnetic domain. Indeed, the size of the
fine particles entering in the composition of the ferromagnetic core is in the nanometric
size between 500 or 200 to 1nm and preferably between 50 or 25 to 5nm. Further, it is
preferable that ferromagnetic fine particles have acicular shape to increase the magnetic
anisotropy and thus the coercive field.

[015] A method of preparing magnetic particles with a defined coercive field, according

to the first aspect of the invention, comprises the steps of:

1. Providing primary magnetic responsive fine particles having zero coercive field or a
defined coercive field;

2. Integrating the primary fine particles of step 1) in a non-magnetic support to provide
a secondary core particle;

3. Adjusting the coercive field of the secondary particle by controlling the amount and
the concentration of the primary fine particles provided in step 1) and integrated
following step 2); and

4. Functionalizing the surface of the particle obtained following the steps 1) to 3) with
affinity recognition for selectively binding with a target molecule.

[016] This method of the first aspect of the invention preferably further comprises a step
of adding a shell material in coexistence with the ferromagnetic phase material, i.e.
advantageously the aforesaid fine ferromagnetic having zero coercive field or a given
coercive field, in contact with the shell material. The shell materials can be chosen either
among an antiferromagnetic material, a ferromagnetic magnetic of a kind different from
the core ferromagnetic material or a metal material. By a proper choice of materials and
dimension tuning of both the core and the shell as well as the amount and the
concentration of the magnetic elements within the non-magnetic matrix, the bio-
functionalized magnetic particles is tailored to exhibit an enhanced magnetic energy. In
the case of the using an antiferromagnetic material shell, the Néel temperature of the
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antiferromagnetic phase is not less than 300 K. Further, the ferromagnetic material
phase and the antiferromagnetic phase are in a state to minimize the magnetic
exchange bias coupling field (H) and to provide a specific coercive field (H.). More
specifically, it is preferable that the magnetic exchange bias coupling field is lower than
the coercive field, (H.<H.). Several antiferromagnetic phase materials can be used, such
as, but not limited to, ferromagnetic oxide like NiO and several alloys like NiMn and
FeMn.

[017] It is important to point out that the particles prepared according to the method of
the invention are substantially unmagnetized and preferably completely unmagnetized.
Indeed, even composed from “permanently” magnetized primary fine particles the
prepared secondary particle is substantially unmagnetized due to the random
distribution of the magnetization of the fine primary particles within the non-magnetic
matrix. However, the application of an external magnetic will align the magnetization of
the primary fine particles along the applied field, leading therefore to the magnetization
of the composed secondary particle. The secondary particle will acquire a permanent
magnetic moment with a predefined coercive field that is controlled by adjusting the
coercive field, the amount and the concentration of the primary fine particles within the
non-magnetic matrix.

[018] To obtain the first aspect of the invention, the non-magnetic material forming
notably the core of the secondary magnetic particles is preferably a polymeric material,
silica or glass.

[019] The steps of preparing magnetic particles according to the first aspect of the
invention preferably further comprise a heat annealing step to adjust and enhance the
coercive field the secondary particles.

[020] The resulting magnetic particles present the advantage of have a rapid magnetic
response even at low applied magnetic field. Moreover, contrary to the particles
described in the prior art, the particles of the present invention take benefit from the
“residual” magnetisation through the control of the magnetic hysteresis loss of the
particle when the particles are manipulated with an alternating magnetic field.

[021] A method of manipulating magnetic particles according to the second aspect of the
invention comprises the following steps:
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1. Providing a suspension of substantially unmagnetized magnetic particles and that
present a hysteretic response with a specific coercive field in the presence of an
external magnetic field;

2. Introducing an amount of the said magnetic particles suspension in a manipulation
cell;

3. Applying a static magnetic field to cause magnetic particles aggregation structures;

4. Applying an alternating magnetic field to cause angular rotation of the magnetic
chain aggregation structures in response to the field alternation;

5. Adjusting the amplitude and the frequency of the alternating magnetic field to break
down the particles aggregation structure and thereby advantageously control the
aggregation length of the particles.

[022] Moreover in the second aspect of the invention, the method preferably further
comprises a step of adding to the alternating/oscillating magnetic field a direct “positive”
magnetic field component whose amplitude is equal to the magnetic exchange bias field.
In this method the particles preferably have a coercive field greater than or close to the
amplitude of the applied alternating magnetic field.

[023] A method of using the magnetic particles according to the third aspect of the
invention comprises contacting the magnetic particles obtained following the first aspect
of the invention with a carrier fluid (usually containing samples to be processed for life
science and chemical assays) and then manipulating the particles following the second
aspect of the invention.

[024] Accordingly, the third aspect of the invention disclose a suspension that contains
magnetic particles designed to respond with a defined magnetic coercive field to an
external magnetic field. The surfaces of the said magnetic particles are specifically
functionalized with affinity recognition group for selectively binding with target molecules.
The said suspension is a part of a kit that includes other reagents required for assaying,
manipulation and purification of biomolecules and chemical substances.

[025] Regarding the final goal of the invention, the third aspect of the invention disclose
a suspension that contains bio-functionalized magnetic particles designed to respond
with a defined magnetic coercive field to the application of an external magnetic field.
The surfaces of the said magnetic particles are specifically functionalized with affinity
recognition group for selectively binding with target molecules. To fit the invention
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requirements, the magnetic particles are prepared to be unmagnetized before their use
or manipulation using an external magnetic field. Instead, the particles will develop a
controlled hysteretic response characterized by a specific coercive field when subjected
to an external magnetic field. Contrary to the particles available on the market, which are
designed to exhibit superparamagnetic behavior, the particles according the invention
have a “large coercive field”. The required coercive field is between 100 to 20°000 Oe
and preferably between 200 to 1000 Oe. To reach such high coercive field values the
suspension is prepared following the first aspect of the invention. The said suspension is
a part of a kit that includes other reagents required for assaying, manipulation and
purification of biomolecules and chemical substances. To accomplish these objectives
the magnetic particles are manipulated following the second aspect of the invention.

Brief description of the drawings

[026] In the accompanying schematic drawings, given by way of example:

[027] Figures 1 (a) (b) and (c) are cross sectional views of three magnetically responsive
particles according to the first embodiment realising the first aspect of the invention.

[028] Figure 2 is a cross sectional view of a magnetically responsive particle according
to a second embodiment realising the first aspect of the invention.

[029] Figure 3 is a cross sectional view of a magnetically responsive particle according
to a third embodiment realising the first aspect of the invention, with a detail shown in
enlargement.

[030] Figure 4 is a cross sectional view of a magnetically responsive particle according
to a fourth embodiment realising the first aspect of the invention.

[031] Figure 5 is a cross sectional view of a magnetically responsive particle according
to a fifth embodiment realising the first aspect of the invention.

[032] Figure 6 is a schematic view illustrating the behaviour of magnetic particle chains
during their manipulation with an alternating magnetic field.
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[033] Figures 7(a) and 7(b) graphically illustrate a step in the second aspect of the
invention involving adding to an oscillating magnetic field a direct “positive” magnetic
field component whose amplitude is equal to the magnetic exchange bias coupling field.

[034] Figure 7(c) is a schematic view illustrating the behaviour of magnetic particle
chains during their manipulation with an alternating magnetic field combined with a
lateral driving force.

[035] Figure 8 is a schematic view illustrating the manipulation of magnetic particle chain
aggregation structures using an alternating magnetic field in a test tube according to a
sixth embodiment realising the second aspect of the invention.

[036] Figure 9 is a schematic view illustrating the manipulation of magnetic particles
according to a seventh embodiment realising the second aspect of the invention,
wherein magnetic chain aggregation structures are manipulated by an alternating
magnetic field and transported along a test tube with a travelled magnetic field gradient.

Detailed description of the preferred embodiments

[037] To obtain the first aspect of the invention, according to the first embodiment of the
invention (as shown in Figure 1), primary fine magnetic particles are composed from a
ferromagnetic material particle core (1) coated with a fine shell material (2). The shell
materials can be chosen either among antiferromagnetic material, a ferromagnetic
magnetic of a kind different from the core ferromagnetic material or transition metal
material. In the case of an antiferromagnetic material shell, the Néel temperature of the
antiferromagnetic phase is not less than 300 K. This primary fine particle is encapsulated
in a non-magnetic material matrix (3). Preferably such matrix material is a polymer, silica
or glass. The surface (4) of the so-formed secondary magnetic responsive particle is bio-
chemically functionalised by specific ligands for the probing and manipulating of
biomolecules and chemical substances using well-known techniques. For this, the
magnetic particle surface comprises for example a functional group or a ligand that is
capable of binding to a target molecule or to class of target molecules. Potential
functional groups comprise but are not limited to carboxylic acids, hydroxamic acids, non-
adhesive compounds, amines, isocyanates, and cyanides. Potential ligands comprise but
are not limited to proteins, DNA, RNA, enzymes, hydrophobic materials, hydrophilic
material, and antibodies. More generally, examples of ligands suitable for use in the
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present invention include, but are not limited to, molecules and macromolecules such as
proteins and fragments of proteins, peptides and polypeptides, antibodies, receptors,
aptamers, enzymes, substrates, substrate analogs, ribozymes, structural proteins,
nucleic acids such as DNA and RNA and DNA/RNA hybrids, saccharides, lipids, various
hydrophobic or hydrophillic substances, lipophilic materials, chemoattractants, enzymes,
hormones, fibronectin. and the like. Such molecules and macromolecules may be
naturally occurring or synthetic. The term ligand may also include larger entities such as

cells, tissues, entire microorganisms, viruses, etc.

[038] The size of the fine ferromagnetic core (1) determines the magnetic response of
the particles, and is preferably less than the size of a single magnetic domain. Particles
with diameter larger than a magnetic domain contain a plurality of magnetic domains. In
this case, larger energy in required to reverse the magnetisation of the particles which in
turn appear in a lower coercive field. On the other hand, as the dimension of the
particles becomes smaller, the particles’ magnetisation becomes all the more
susceptible to thermal fluctuation. To enhance the coercive field of the particles while
maintaining their fine size, the ferromagnetic core (1) of the particle is coated with the
thin specific material layer (2). Indeed, the magnetic exchange in the interface between
the ferromagnetic core (1) and thin layer (2) will considerably increase the anisotropy
energy and therefore the coercive field. In this case, by increasing the thickness of the
shell (2) one can consequently increase the coercive field. However, in the case of an
antiferromagnetic material there is an upper limit of the thickness of the
antiferromagnetic shell (2) above which the magnetic exchange bias coupling with the
ferromagnetic core becomes effective leading to a shifting of the hysteresis curve and

therefore a minimisation of the hysteresis loss.

[039] To enhance the coercive field of the fine particles while maintaining their fine size,
the ferromagnetic core is preferably acicular (Figure 1(c)) to increase the shape
anisotropy compared with a spherical core (Figure 1(a)) or, to a lesser extent, with a
generally oval or oblong one (Figure 1(b)). In these Figures, references 1, 5 and 6
indicate the ferromagnetic core which is preferably a single-domain core. To enhance
the coercive field of a multi-domain particle, it is possible to add a shell material around
the multi-domain ferromagnetic core. However, it is preferable that the particle is a
single-domain particle (fine particle). The mean diameter (or cross-dimension) of a single
domain particle is generally less than 200 nm and preferably less than 25 nm.
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[040] In a second embodiment of the first aspect of the invention (shown in Figure 2),
secondary magnetically responsive particles are obtained by encapsulating at least one
of the primary fine magnetic particles (8) in particular of the kind described above in
connection with Figure 1 in a non-magnetic material matrix (7). The amount, the size
and the distribution within the matrix (7) of the primary fine particles (8) determine the
entire magnetic proprieties of the final particle. More specifically, the coercive field of the
particle is set by adjusting first the coercive field of fine primary particles components
and secondly by adjusting the size and the concentration of the fine particles (8) within
the matrix (7). The surface (4) of the so-formed secondary magnetic responsive particle
is bio-chemically functionalised, for example as described above.

[041] A third embodiment of the first aspect of the invention (shown in Figure 3), consists
of secondary magnetically responsive particles obtained by the deposition of a layer (10)
of primary fine magnetic particles (11) in particular of the kind described above in
connection with Figure 1 on non-magnetic material bead (9). The thickness of the
deposited layer (10), the concentration and the size of the primary fine particles (11)
within the layer (10) determine the entire magnetic proprieties of the secondary particles.
More specifically, the coercive field of the secondary particle is set by adjusting first the
coercive field of the deposited fine particles (11) and secondly by adjusting the size of
the ferromagnetic core (1,5,6), the amount and concentration of the particles (11) within
the layer (10) and the thickness of the layer (10).

[042] In a fourth embodiment of the first aspect of the invention (shown in Figure 4),
secondary magnetically responsive particles are obtained by the deposition on a non-
magnetic bead (12), of a first layer composed of ferromagnetic fine particles (13)
followed by a deposition of a second outer shell composed of specific material fine
particles (14), also in particular the shell materials can be chosen either among
antiferromagnetic material, a ferromagnetic material of a kind different from the core
ferromagnetic material or a transition metal material. In the case of an antiferromagnetic
shell, the Néel temperature of the antiferromagnetic fine particle phase is not less than
300 K. The thickness of the ferromagnetic layer and the specific material shell
determines respectively the magnetic response and the coercive field of the secondary
particles. However, in the case of an antiferromagnetic material, the thickness of the
antiferromagnetic shell (14) is controlled to minimize the magnetic bias field. For this, its
thickness is lower than the limit above which magnetic exchange field coupling with the
ferromagnetic layer becomes effective. Other factors that can contribute effectively to
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the magnetic properties of the secondary particle are the size, shape and the
concentration of the primary ferromagnetic particles (13) forming the first ferromagnetic
layer.

[043] In the fifth embodiment of the first aspect of the invention (shown in Figure 5),
secondary magnetically responsive particles are obtained by the deposition, on the
surface of a non-magnetic bead (12), of a specific material fine particle layer (14’) in
which a quantity of primary fine ferromagnetic particles (13’) are uniformly dispersed.
The specific shell material can be chosen either among antiferromagnetic material, a
ferromagnetic material of a kind different from the core ferromagnetic material or a
transition metal material. The ferromagnetic particles (13’) are in particular of the kind
described above in connection with Figure 1. In this case one can consider that the layer
(14’) forms a matrix in which the primary ferromagnetic fine particles (13’) are dispersed.
The thickness of the layer (14’) and the concentration of the fine ferromagnetic particles
(13’) dispersed therein are controlled to provide a specific coercive field of the secondary
particles.

[044] Accordingly, in the step of preparing the magnetic particles according to the
invention a heat annealing step is preferred to adjust and increase the coercive field the
secondary particles. For instance, to fit the requirements of the invention magnetic fine
particles with large magnetic anisotropy such as FePt are required. However, usually the
FePt fine particles are provided as a ferrofluid suspension with a disordered fcc FePt
crystalline structure. Such structure has low anisotropy and hence needs to be thermally
annealed in order to obtain the fct phase with high uniaxial magnetocrystalline
anisotropy responsible for the high coercive field. Heating at 600° will lead to an
increasing of the coercive field for larger values that can reach thousands of Oe.
Moreover, to resist to the high heating temperature requirement the fine particles are
preferably dispersed in a non-magnetic matrix having large melting temperature such as
glass.

[045] The thermal annealing step is particularly required when the particles according to
the invention are synthesized starting from a ferrofluid suspension of supraparamagnetic
nanoparticles. In this condition, the ferrofluid is composed from nanoparticles with low
crystalline magnetic anisotropy such as disordered or amorphous crystalline structures.
After the integration of the nanoparticles in a non-magnetic matrix, a heating step is
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used to adjust the nanocrystals structure and provide the resulting secondary particles
with larger magnetocrystalline anisotropy.

[046] Turning to the second aspect of the invention, a suspension of the magnetic
particles synthesized in particular following the first aspect of the invention is introduced
in a cell in which the particles will be manipulated using an external magnetic field. As
shown in Figure 6, under the influence of the magnetic field the particles will develop a
magnetic moment in the direction of the applied field B (16). Due to their mutual
magnetic dipole interaction, the individual particles align to form longer magnetic chain
structures (15). Contrary to the case of supraparamagnetic material, even if the external
magnetic field is removed or turned off, the magnetic chain structures (15) remain intact
in the case where the particles used are those provided by the first aspect of the
invention. In this case, when switching the polarity of the applied magnetic field (17) as
illustrated in the middle of Figure 6, the field-oriented and aggregated magnetic dipoles
(15) will tend to follow the changing magnetic field polarity and will start to rotate. During
this rotational process, a viscous torque, arising from rotational friction of the structures
in the suspending fluid, will act on the aggregates and tend to prevent the chain from
rotating. If the applied magnetic field (17°) switches continually (alternating field) with a
given frequency and in order to minimize the total viscous energy, the magnetic chains
will break up into more open and smaller size structures (18). This breaking up process
illustrated in the right-hand part of Figure 6, is more pronounced at higher frequencies of
the alternating field.

[047] Therefore, a main feature of the second aspect of the invention consists in the
manipulation of the magnetic aggregations by an alternating magnetic field to control the
aggregation length. The higher the external magnetic field alternation frequency, the
lower is the resulting reduced aggregation length. The “ideal extreme” state is reached
when the smallest magnetic aggregation length is equal to the magnetic particle size,
which obviously implies the application of a high frequency alternating magnetic field. As
the field frequency becomes higher, the magnetic chain aggregations do not have
enough time to follow the field alternations, which impose the use of magnetic particles
with higher coercive field to reach lower aggregated particles state.

[048] Two physical characteristics of the magnetic particles are important in the
manipulation of magnetic chain aggregations using an alternating magnetic field: the
magnetic remanence and the coercive field. The higher these values, the higher the
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frequencies at which the magnetic chain aggregations can rotate. Moreover, to minimize
the agglomeration of the magnetic particles under the application of an external
alternating magnetic field, the coercive field of the particles is preferably greater or at
least close to the amplitude of applied field. Increasing the hysteresis loss of the
magnetic particles is, therefore, a main feature of manipulating magnetic particles using
an alternating magnetic field.

[049] To reach the mean objective of the second aspect of the invention the magnetic
particles are preferably realized following the first aspect of the invention. Moreover, the
particles are preferably spherical and substantially monodispersed in size and magnetic

proprieties. ngiag

I must be less than 30 %

and more preferably less than 10 %. Accordingly, the dispersion of the magnetic content
of the particles (concentration of the fine particles within the matrix) is less than 30 %
and more preferably less than 10 %.

[050] Accordingly, to reach the mean objective of the second aspect of the invention the
magnetic particles are realized with a defined coercive field of the particles following the
first aspect of the invention so that the smallest magnetic aggregation length is equal to
the magnetic particle diameter. This fully disaggregated state is more preferably reached
with particles that present a coercive field that is greater than or close to the amplitude of
the applied alternating magnetic filed. Moreover, this state is preferably reached for
magnetic field amplitudes in the range of 0.01 Tesla to 1 Tesla and a field alternation
frequency in the range of 0.1 Hz to 200 Hz.

[051] Figures 7(a) and 7(b) graphically illustrate a step in the second aspect of the
invention involving adding to an oscillating magnetic field a direct “positive” magnetic
field component whose amplitude is equal to the magnetic exchange bias coupling field.
When a ferromagnetic material is contacted with an antiferromagnetic material, for
example as described above in connection with Figure 1, the exchange interaction
between the two materials will induce an enhancement of the coercive field (H.) as
shown in the left of Figure 7(a). Moreover, a “negative” shifting of the hysteresis loop
along the field axis (the bias exchange field H.) can also be induced, as shown in the left
of Figure 7(b). The latter leads to a dissymmetry of the hysteresis loop which becomes
non-centralized around zero. The invention aims to maximize the hysterisis loss when
the particles are manipulated with an alternating magnetic field. To achieve this, the
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induced bias dissymmetry must be small compared to the coercive field. Moreover, even
if a significant bias field is induced it is possible to compensate the induced dissymmetry
by manipulating the particles with a “positively” shifted oscillating magnetic field as
schematically shown in the right of Figure 7(b). This can be done simply by adding a
direct magnetic field component (B;) having an amplitude equal to the magnetic bias
coupling field.

[052] Another main feature of the second aspect of the invention (as shown in Figure
7(c)) consists in the manipulation of magnetic particle chain aggregations using an
alternating magnetic field (17) while at the same time the magnetic particle chain
aggregations are subjected to a transverse external force field F (20). In practice, the
fields (17) and (20) are not uniform whereby the smaller magnetic chain aggregations
(19) and (19’) are not subjected to same forces leading, thus, to less aggregated
magnetic chain structures. In one embodiment, the external transverse force F is a
magnetic gradient force and in another embodiment the external transverse force is a
flow drag force.

[053] In a sixth embodiment of the invention according to its second aspect (as shown in
Figure 8), an amount of magnetic particles synthesized in particular following the first
aspect of the invention is suspended in a test tube (21) between two magnetic poles
(22,23). A static magnetic field is first applied covering the whole test tube volume to
cause the formation of magnetic chain aggregation structures (24). Preferably the
amount of the magnetic particles used is such that each particle chain aggregation (24)
covers uniformly the test tube volume. An alternating magnetic field is then applied to
cause a rotation of the magnetic chains in response to the field alternation. By adjusting
the magnetic field amplitude and alternation frequency one can control the maximum
magnetic chain length within the aggregations. The small magnetic chain rotation

dynamics serves to mix the magnetic particles with the surrounding liquid medium.

[054] In a seventh embodiment of the invention in its second aspect (as shown in Figure
9), as in the sixth embodiment, an amount of magnetic particles synthesized in particular
following the first aspect of the invention is suspended in a test tube (21). The difference
consists in the use of two couples of magnetic poles (24, 26) and (27, 28). The magnetic
field generated from the first magnetic pole couple (24, 26) covers at least the upper half
of the test tube volume while the second magnetic pole couple (24, 26) covers the
remaining lower half of the test tube volume. A spatial overlap of the magnetic field
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generated by the two magnetic pole couples is a necessary condition in the functioning
of the system. First, as shown in the left hand part of Figure 9, while the pole couple
(27,28) remains unactuated, the magnetic pole couple (24,26) is actuated which results
in the formation of magnetic chain aggregations (29). The amount of the magnetic
particles used is such that the magnetic chain aggregations (29) form a dense structure
substantially covering the test tube cross section. As in the sixth embodiment, the
aggregation length is controlled by adjusting the magnetic field amplitude and alternation
frequency. In a second step, illustrated in the right hand part of Figure 9, the magnetic
pole couple (24, 26) is turned off while the second magnetic pole couple (27,28) is
actuated with an alternating magnetic field. The magnetic chain aggregation structure
(29) will be attracted by the magnetic field gradient (30) generated by the pole couple
(27, 28) and so transported along the test tube (21) from the upper volume space to the
lower volume space. Since the magnetic field gradient force (30) generated by pole
couple (27, 28) is not uniform, the small chain aggregations are not subjected to the
same force, which leads to less-aggregated magnetic chain structures (29’) during the
transportation process.

[055] According to the third aspect of the invention, a method is provided which consists
in the use of a fluid suspension of the magnetic particles obtained following the first
aspect of the invention and manipulated following the second and the third aspects of
the invention in live science applications and particularly for assaying, manipulation and
purification of biomolecules and chemical substances.

[056] Accordingly, the third aspect of the invention discloses a suspension that contains
magnetic particles designed to respond with a defined magnetic coercive field to an
external magnetic field. The surfaces of the said magnetic particles are specifically
functionalized with affinity recognition group for selectively binding with target molecules.
The said suspension is a part of a kit that includes other reagents required for assaying,
manipulation and purification of biomolecules and chemical substances.

[057] While the present invention has been described through particular illustrative
embodiments, it is not to be restricted by those embodiments but only by the appended
claims. Accordingly, the invention will include any changes, modifications or
combinations of the embodiments without departing from the scope of the invention.
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Claims

1. Bio-chemically active magnetic particle for use in a magnetic particle fluid
suspension for selectively binding with at least one target molecule, the particle
comprising:

a) anon-magnetic component;

b) a magnetic core/shell component comprising a ferromagnetic core material
and a shell material, the ferromagnetic material comprising at least one fine
ferromagnetic particle having zero coercive field or a given coercive field, the
fine ferromagnetic particle(s) being associated with the shell material phase
to provide a coercive field much greater than that of the fine ferromagnetic
particle(s); and

c) an external coating designed to allow an affinity recognition for selectively
binding the particle with at least one target molecule.

2. Particle according to claim 1 consisting of a core made of the ferromagnetic material
coated with a shell material, both materials forming said magnetic component, said
non-magnetic component encapsulating said magnetic element.

3. Particle according claim 1 comprising a plurality of said magnetic components, each
consisting of a core of the ferromagnetic material coated with a shell material, said
magnetic components being embedded in said non-magnetic component.

4. Particle according to claim 1 comprising a core made of said non-magnetic
component coated by a layer consisting of a plurality of said magnetic components,
each magnetic component consisting of a core of the ferromagnetic material coated
with shell material.

5. Particle according to claim 1 comprising a core made of said non-magnetic
component coated by a first layer consisting of the ferromagnetic material and a
second fine layer consisting of the shell material.

6. Particle according to claim 1 comprising a core made of said non-magnetic
component coated with a layer of shell material in which a plurality of ferromagnetic
elements are embedded.
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7.

10.

11.

12.

13.

14,

Particle according of any of claims 1 to 6 wherein the ferromagnetic core material is

a transition metal material.

Particle according of any of claims 1 to 7 wherein the shell material can be chosen
either among an antiferromagnetic material, a ferromagnetic material of a kind
different from the core ferromagnetic material, a transition metal or a metal oxide
material; the Néel temperature of the antiferromagnetic phase is above 300 K.

Particle according to any one of claims 1 to 8 wherein the shell material forms a layer
whose thickness gives a specific coercive field.

A method of preparing magnetic particles with a defined coercive field, comprises the
steps of:
a. Providing primary magnetic responsive fine particles having zero coercive
field or a defined coercive field above 300 K;
b. Integrating the primary fine particles of step 1) in a non-magnetic support to
provide a secondary core particle;
c. Adjusting the coercive field of the secondary particle by controlling the
amount and the concentration of the primary fine particles provided in step 1)
and integrated following step 2);
d. Functionalizing the surface of the particle obtained following the steps 1) to 3)
with affinity recognition for selectively binding with a target molecule.

A method of preparing magnetic particles according to claim 10 which further
comprises a thermal annealing step to adjust the coercive field the secondary
particles.

A method according to claim 10 wherein the coercive field of the particle is between
100 to 20’000 Oe and preferably between 200 to 1000 Oe.

A method according to claim 10, 11 or 12 wherein the fine particles are
ferromagnetic with a size between 1 to 500 nm and preferably between 5 to 50 nm.

A method according to claim 11 wherein the primary fine particles are further
associated with a magnetic shell to enhance the coercive field of the secondary
particles.
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15.

16.

17.

18.

19.

A method of manipulating magnetic particles, in particular magnetic particles
according to any one of claims 1 1o 9 or prepared by the method of any one of claims
10 10 14, in a magnetic particle suspension, the method comprising the steps:

a. Providing a suspension of substantially unmagnetized magnetic particles and
that present a hysteretic response with a specific coercive field in the
presence of an external magnetic field;

b. Introducing an amount of magnetic particles in suspension in a manipulation
cell;

c. Applying a static magnetic field to cause the formation of magnetic particles
aggregation structures;

d. Applying an alternating magnetic field to cause angular rotation of the
magnetic aggregation structures in response to the field alternation; and

e. Adjusting the amplitude and the frequency of the alternating magnetic field to
control the length of the particles aggregation structures.

A method of manipulating magnetic particles according to claim 15 wherein the
particles have a coercive field greater than or close to the amplitude of the applied
alternating magnetic field.

A method of manipulating magnetic particles according to claim 15 or 16 wherein the
length of the particles aggregation structures is substantially equal to the mean
diameter of the magnetic particles.

Use of magnetic particles suspension, as defined in any of claims 1 to 8 and/or as
produced by the nethod of any one of claims 10 to 14 and/or as manipulated
according to the method of any of claims 15 to 17, in life science and chemical
assays.

A kit containing magnetic particles according to any one of claims 1 to 9 or prepared
by the method of any one of claims 10 to 14 or manipulated by the method according
to any one of claims 15 to 17, and reagents for assaying, manipulating or purifying
biomolecules or chemical substances
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