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Production of Nanoscale Powders of Embedded Nanoparticles

The present invention relates to the use of water-dispersible powder comprising
nanoscale grains of a matrix material containing one or more isolated nanoparticles, in
particular, magnetic nanoparticles. The powder of the present invention may be further
dispersed in liquid, such as water, for use in medical treatments including magnetic

nanoparticle hyperthermia (MNH) of tumours.

Background to the invention

It is well known that nanoparticles with sizes less than about 10 nm display special
magnetic, optical and chemical properties that provide them with a very high
performance in various applications. The most flexible way to synthesise nanoparticles
is to use ultra-high vacuum (UHV) gas-phase methods that enable very good size
control, flexibility of the constituent elements and the ability to produce complex core-
shell and alloy structures. Although the method is costly compared to chemical
synthesis, it enables the production of nanoparticles with unparalleled performance in

certain high-end applications.

One of these high-end applications is the MNH treatment of tumours. This is a radical
nanotechnology-based therapy that uses magnetic nanoparticles to raise the temperature
of a tumour by a few degrees thus encouraging apoptosis of the cancer cells without
harming surrounding tissue. As all cancers respond in the same way to heat this is a
generically useful therapy. However, it has been found that the currently available Fe

oxide nanoparticles used do not produce sufficient heat for a general tumour therapy.

One way to combat this is to use UHV gas-phase produced nanoparticles containing a
pure Fe core and a biocompatible shell, for example Fe Oxide (Fe@FeQO particles).
Such particles have been shown to produce an order of magnitude more heat per gram
of material. Such particles necessarily have to be produced in UHV conditions to avoid

oxidising the Fe core.

However, despite addressing the heat requirement issue using advances in nanoparticle

technology, a generic problem with all nanoparticles is their tendency to agglomerate,
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which always degrades their performance. This is also true in the case of core/shell
nanoparticles. Although a method has been developed to deposit these in water for
medical applications, they rapidly agglomerate, which reduces their heating

performance.

There is therefore a need for a method to reduce the agglomeration of nanoparticles,
and in particular magnetic nanoparticles, in fluid such as water so that the advantageous
properties of nanoparticles can be exploited whilst minimising the heating and other

property compromises due to agglomeration.

It is an object of the present invention to address the problems of the prior art.

Statements of invention

A first aspect of the present invention provides a liquid-dispersible powder comprising
nanoscale grains of a matrix material composed of one or more biocompatible oxides,
in which the matrix material contains a plurality of isolated nanoparticles, wherein each
nanoparticle comprises a magnetic core selected from one or more of Fe or an alloy of

Fe/Co.

The liquid-dispersible powder may for example be a water-dispersible powder.

The term “nanoparticles” used herein is intended to include simple elemental,

core/shell, and alloy structures.

The biocompatible oxide is any suitable oxide capable of being sputter coated to form
a matrix or shell, preferably a matrix. Sputter coating is a deposition process to cover
a substrate with a thin layer of material. Any suitable method of sputter coating may be
used. For example, the oxide coatings may for example be provided or deposited, for
example co-deposited, using a pulsed or RF power supply at approximately 100W and

a gas pressure of approximately 0.1 mbar.

Suitable oxides include, but are not limited to, one or more of: AloO3s and/or alumina.

The biocompatible oxide shell is preferably thermally stable. Preferably, the
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biocompatible oxide is stable at ambient pressure and at temperatures around the
temperature of the human body. In one embodiment, the biocompatible oxide is stable
at ambient pressure and at a temperature of at least 37 °C, preferably at least 40 °C,
more preferably at least 45 °C, for example at least 50 °C. The term stable is used herein
to refer to the biocompatible oxide remaining intact within the powder without any
degradation, such as for example thermal degradation, under the conditions described

herein.

A second aspect of the present invention provides a composition for the magnetic
nanoparticle hyperthermia (MNH) treatment of tumours comprising nanoscale grains
of a matrix material composed of one or more biocompatible oxides, in which the
matrix material contains a plurality of isolated nanoparticles, wherein each nanoparticle

comprises a magnetic core selected from one of more of Fe or an alloy of Fe/Co.

A third aspect of the present invention provides a method of production of a liquid-
dispersible powder according to any preceding claim, the method comprising the steps
of:

a. providing nanoparticles prepared under ultra-high vacuum (UHV) gas
phase conditions, wherein each nanoparticle comprises a magnetic core
selected from one of more of Fe or an alloy of Fe/Co;

b. co-depositing the nanoparticles within a matrix composed of one or
more biocompatible oxides under UHV gas phase conditions;

c. grinding the film to a fine powder comprising grains of groups of matrix

isolated nanoparticles.

The grinding step may comprise ball milling, however, any suitable method may be
used to grind the film provided it results in a suitably fine powder. The resultant powder

has to be sufficiently fine to pass through the smallest capillary of the body.

A fourth aspect of the present invention provides a method of reducing the
agglomeration of nanoparticles in water, the method comprising isolating a plurality of
nanoparticles in nanoscale grains of a matrix material composed of one or more
biocompatible oxides, wherein each magnetic nanoparticle comprises a magnetic core

selected from one of more of Fe or an alloy of Fe/Co.
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A fifth aspect of the present invention provides a liquid-dispersible powder comprising
nanoscale grains of a matrix material composed of one or more biocompatible oxides,
in which the matrix material contains a plurality of isolated nanoparticles, wherein each
magnetic nanoparticle comprises a magnetic core selected from one of more of Fe or
an alloy of Fe/Co in the magnetic nanoparticle hyperthermia (MNH) treatment of

tumours.

MNH is an emerging cancer treatment, based on the fact that magnetic nanoparticles
produce heat when exposed to an alternating magnetic field. By targeting the magnetic
nanoparticles to the tumours either by the body’s natural processes such as EPR,
magnetic targeting or biological targeting, then exposing the cells to an alternating
magnetic field of predetermined amplitude and frequency, the cell temperature would

rise thereby encouraging apoptosis of the cells without harm to surrounding tissues.

However, one drawback to such a treatment is that the magnetic nanoparticles have to
be dispersed in a liquid before they can be delivered to the body, for example into the
bloodstream. Dispersal of magnetic nanoparticles in liquid leads to agglomeration with
consequential altering of the desirable properties of the particles. By embedding the
nanoparticles within a matrix material of the powder of the present invention, the
nanoparticles are inherently spatially separated from one another and agglomeration is
minimised. The nanoscale nature of the grains of matrix material are sufficiently big
to contain a plurality of nanoparticles per grain whilst remaining small enough to be
liquid-dispersible, for example water-dispersible, and therefore useful in medical

applications.

In any aspect of the present invention, the nanoscale grains are preferably provided in
the form of a liquid-dispersible powder, for example a water-dispersible powder.
Alternatively, the composition may be provided in the form of a liquid-based solution,
for example water-based solution, in which the grains of matrix have already been

dispersed.

Typically, the nanoparticles are around 15nm in diameter. As a nanoscale grain of
matrix material may be as large as 100nm in width, it can therefore be appreciated that

each grain of matrix material may retain several embedded nanoparticles therein
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thereby allowing the dispersal of nanoparticles, and particularly magnetic
nanoparticles, within liquid such as but not limited to water, whilst minimising

agglomeration.

As mentioned above, at least a portion of the nanoparticles comprise magnetic
nanoparticles. In one embodiment, each magnetic nanoparticle may comprise a
magnetic core, such as for example an iron (Fe) core and/or an alloy core comprising
iron/cobalt, encased in a biocompatible shell, composed of for example one more of:
Fe oxide, gold, or silver, or any combination thereof. For example, the magnetic
nanoparticles may be composed of Fe oxide (Fe@FeQO), gold (Fe@Au) or silver
(Fe@ Ag) particles, or any combination thereof. However, it is to be appreciated that
the present invention may be carried out using magnetic nanoparticles of alternative

composition.

Preferably, the nanoparticles are isolated in the matrix under UHV gas phase

conditions.

The matrix material protects the magnetic nanoparticles by preventing oxidation of the
nanoparticles. The matrix material thereby helps to ensure that the magnetic properties
of the nanoparticles are retained within, and during use of, the powder.

Description of the drawings:

Embodiments of the present invention will now be described by way of example only

and with reference to the following figures:

Figure 1 (a) shows a thin film of matrix with embedded nanoparticles prior to

milling, in accordance with a first embodiment of the present invention; and

Figure 1(b) shows nanoscale grains of matrix with embedded nanoparticles after

milling, in accordance with the embodiment of figure 1.
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Specific description

Magnetic nanoparticles with an iron (Fe) core surrounded by a biocompatible shell, for
example iron oxide (FeO) which is otherwise referred to as Fe@FeO nanoparticles,
were produced using ultra-high vacuum (UHV) gas-phase methods. It is however to
be understood that the present invention is not limited to magnetic nanoparticles
comprising an iron core. The nanoparticles may comprise other magnetic cores, such
as for example alloy cores such as for example iron/cobalt alloy cores. It is also to be
understood that the biocompatible shell is not limited to being composed of iron oxide.
The biocompatible shell may be composed of one or more of: Fe oxide, gold or silver
particles, or any combination thereof. The nanoparticles may for example comprise
one or more of an iron core surrounded with iron oxide (Fe@FeQ), an iron core
surrounded with gold (Fe@ Au), or an iron core surrounded with silver (Fe@Ag), or
any combination thereof. The use of UHV gas-phase methods facilitates the production
of magnetic nanoparticles having a relatively narrow size distribution of around 10 nm
in size, whilst minimising nanoparticle agglomeration. Uncontrolled particle

agglomeration would adversely affect the desirable properties of the nanoparticles.

The nanoparticles, for example Fe @FeO nanoparticles, are then co-deposited within a
matrix under UHV conditions to produce a thin film with embedded isolated magnetic
nanoparticles. The matrix material may be any material capable of sputter coating.
Suitable oxides include, but are not limited to, one or more of: Al2O3 or alumina. Any
suitable method of sputter coating of the nanoparticles with the matrix material may be
used. For example, the oxide coatings may for example be provided using a pulsed or
RF power supply at approximately 100W and a gas pressure of approximately 0.1 mbar.
It is however to be understood that the method of depositing nanoparticles within the

matrix material is not to be limited to these process parameters.

Figure 1(a) shows such a thin film matrix 10 with embedded nanoparticles 20 isolated
within the film 10. As can be seen from figure 1, there is no agglomeration of the
nanoparticles 20 within the film 10 and each nanoparticle 20 is spatially isolated from

neighbouring nanoparticles 20.
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In order to use the magnetic nanoparticles in medical applications, the nanoparticles
must be liquid-dispersible, for example water-dispersible. Therefore, the thin film was
subjected to grinding by a ball mill to produce a fine powder of nanoscale grains 30 of
matrix containing small groups of embedded magnetic nanoparticles 20. Figure 1(b)
shows the film 10 of figure 1 after the milling process. Nanoscale grains 30 of matrix
10 are shown, each approximately 100 nm in size, each grain 30 having a group of

embedded magnetic nanoparticles 20 clearly spatially isolated from one another.

It should be noted that the nanoscale grains 30 of matrix 10 isolated nanoparticles 20
as shown in figure 1(b) which are each approximately 100 nm in size are still small
enough for use in medical applications such as the magnetic nanoparticle hyperthermia
(MNH) treatment of tumours or bacterial infections. The size of each nanoscale grain

30 is still at least 100 times smaller than the finest capillaries in the human body.

In order to use the fine powder of nanoscale grains 30 in medical applications, the fine
powder must be dispersed in liquid. The nanoscale dimensions of the grains 30
facilitates efficient dispersal of the grains 30 in liquid, such as but not limited to water.
The fine powder may be added to water to provide a liquid composition comprising
nanoscale grains of matrix embedded with a plurality of isolated nanoparticles which
can be used for medical applications such as, but not restricted to MNH treatment of

cancer tumours.

This embodiment of the present invention demonstrates how a suspension of magnetic
nanoparticles can be produced for medical applications whilst avoiding the typical
problems of agglomeration. It should be noted that due to the arrangement of embedded
nanomagnetic particles within the thin matrix of each grain 30, even if some
agglomeration of grains 30 within a liquid is experienced, the magnetic nanoparticles
will remain spatially isolated from one another, thereby retaining their desirable

properties.

Finally, it is to be appreciated that the milling process itself will result in some
modification of the individual nanoparticles. For example, the strain induced by the

milling process would alter the magnetic anisotropy of the nanoparticles. Therefore,
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the milling process itself can be used as an additional way of controlling the

characteristics of the nanoparticles and the performance of the final fine powder.

Although the example refers to the use of Fe@FeO nanoparticles it is to be understood
that the present invention is not limited to magnetic nanoparticles comprising an Fe
core coated in a biocompatible shell comprising FeO. The magnetic nanoparticles may
comprise a core selected from one or more of Fe or an alloy of Fe/Co. The
biocompatible shell may comprise one or more of FeO, gold, or silver, or any

combination thereof.
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CLAIMS

A liquid-dispersible powder comprising nanoscale grains of a matrix
material composed of one or more biocompatible oxides, in which the
matrix material contains a plurality of isolated nanoparticles, wherein each
nanoparticle comprises a magnetic core selected from one or more of Fe or

an alloy of Fe/Co.

A composition for the magnetic nanoparticle hyperthermia (MNH)
treatment of tumours comprising nanoscale grains of a matrix material

containing one or more isolated nanoparticles.

A composition according to claim 2, wherein the nanoscale grains are

provided in the form of a liquid dispersible powder.

A liquid-dispersible powder according to claim 1 or a composition
according to claim 2 or claim 3, wherein the nanoparticles are around 15nm

in size.

A liquid-dispersible powder or composition according to any preceding
claim, wherein each magnetic nanoparticle comprises a magnetic core
selected from one or more of Fe or an alloy of Fe/Co encased in a

biocompatible shell.

A liquid-dispersible powder of composition according to claim 5, in which
the biocompatible shell comprises one or more of: Fe oxide, gold, or silver,

or any combination thereof

A method of production of a liquid-dispersible powder according to any

preceding  claim, the method comprising the steps of:

a. providing nanoparticles prepared under ultra-high vacuum (UHV) gas

phase conditions, wherein each magnetic nanoparticle comprises a
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10

magnetic core selected from one of more of Fe or an alloy of Fe/Co;

b. co-depositing a plurality of nanoparticles within a matrix material
composed of one or more biocompatible oxides under UHV gas phase

conditions;

c. grinding the film to a fine powder comprising grains of groups of matrix

isolated nanoparticles.

A method according to claim 7, wherein the grinding step comprises ball

milling.

A method of reducing the agglomeration of nanoparticles in liquid, the
method comprising isolating a plurality of nanoparticles in nanoscale grains

of a matrix material composed of one or more biocompatible oxides.

A method according to claim 9, wherein the nanoparticles are isolated in the

matrix material under UHV gas phase conditions.

A liquid-dispersible powder comprising nanoscale grains of a matrix
material composed of one or more biocompatible oxides, in which the
matrix material contains a plurality of isolated nanoparticles, wherein each
nanoparticle comprises a magnetic core selected from one of more of Fe or
an alloy of Fe/Co for use in the magnetic nanoparticle hyperthermia (MNH)

treatment of tumours.

A method according to any one of claims 7 to10 or a powder according to

claim 11, wherein the nanoparticles are around 15nm in size.

A method according to any one of claims 7 to 12 or a powder according to
claim 11, wherein each magnetic nanoparticle comprises a magnetic core
selected from one of more of Fe or an alloy of Fe/Co encased in a

biocompatible shell.
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