Office de la Propriete Canadian CA 2195318 C 2002/11/12

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 1 95 31 8
g'rn(c)iL%?r?(iesgaenada ﬁrgijgt?;%/aa;da (12) BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 1995/07/10 (51) CL.Int.%/Int.CI.° AB1K 49/00, A61K 33/26, A61K 9/16

(87) Date publication PCT/PCT Publication Date: 1996/02/15| (72) Inventeurs/Inventors:

21 . Kresse, Mayk, DE;
(45) Date de delivrance/lssue Date: 2002/11/12 Pfefferer Detlev. DE:

(85) Entree phase nationale/National Entry: 199//01/16 Lawaczek, Rudiger, DE;
(86) N° demande PCT/PCT Application No.: DE 1995/000924 Wagner, Susanne, DE;

o o Ebert, Wolfgang, DE;
(87) N® publication PCT/PCT Publication No.: 1996/00401/ Elste Volker DE:

(30) Priornte/Priority: 1994/08/04 (P 44 28 851.4) DE Semmler, Wolfhard, DE;

(73) Proprietaire/Owner:
INSTITUT FUR DIAGNOSTIKFORSCHUNG GMBH AN
DER FREIEN UNIVERSITAT BERLIN, DE

(74) Agent: BORDEN LADNER GERVAIS LLP

(54) Titre : NANOPARTICULES CONTENANT DU FER ET POURVUES D'UNE DOUBLE COUCHE D'ENROBAGE ET
LEUR UTILISATION EN DIAGNOSTIC ET EN THERAPIE

(54) Title: IRON-CONTAINING NANOPARTICLES WITH DOUBLE COATING AND THEIR USE IN DIAGNOSIS AND
THERAPY

(57) Abrége/Abstract:

A nanoparticle compound is provided herein for use in diagnosis and therapy. The nanoparticle compound Is an iron-containing
core comprising iron material, namely magnetite or maghemite. A synthesis polymer coats the iron-containing core, the
synthesis polymer being a dextran or a derivative of dextran. A targeting polymer is non-covalently bonded to, and envelopes,
the synthesis polymer to form a second coating. In this way, the targeting polymer is not exposed to synthesis conditions.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

W .
‘ l an a dH http.:vvopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC
OPIC - CIPO 191




CA 2195318 C 2002/11/12

anen 2 195 318
13) C

(72) Inventeurs(suite)/Inventors(continued): Taupitz, Matthias, D
Swiderski, Udo, DE

= Galda, Josef, DE; Herrmann, Anja, D

= Jukl, Monika, D




PRI A A I ., Gl ok S Ay I i o " . i - . . . , .
R R T N e e A L L T B T N 0 o s A1 LA £ o /T8 B (0 A NN A e e Ay AT, £ e O Ty T v 2 Y- e Tl ST TRt . e e e e e

CA 02195318 2001-09-13

¥ Wt

ABSTRACT
A nanoparticle compound is provided herein for use in
diagnosis and therapy. The nanoparticle compound is an
iron-containing core comprising iron material, namely
d magnetite or maghemite. A synthesis polymer coats the
lron-containing core, the synthesis polymer being a

~dextran or a derivative of dextran. A targeting polymer

is non-covalently bonded to, and envelopes, the synthesis

polymer to form a second coating. In this way, the

10 targeting polymer is not exposed to synthesis conditions.
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(a) TITLE OF THE INVENTION

IRON-CONTAINING NANOPARTICLES WITH DOUBLE COATING AND
THEIR USE IN DIAGNOSIS AND THERAPY

(b) TECHNICAL FIELD TO WHICH THE INVENTION RELATES

This invention relates to iron-contalning nanoparticles

having a modular structure, methods for their production,

and their use for diagnostic and therapeutic purposes.

(c) BACKGROUND ART

Substances that show maximum magnetization even at a low
field strength (high saturation magnetization) but no
remanence after the external magnetic field 1s switched
off, as the thermal energy counteracts the permanent
alignment of spontaneously magnetized Weiliss' domains, are
called superparamagnetic substances. This category
includes iron-containing crystals that are déveloped as
parenteral MR contrast materials. A characteristic
property of said substances 1s their strong impact on
proton relaxation times and thus their great efficacy as a
contrast medium in this diagnostic procedure. In médical
diagnostics, the focus of examining superparamagnetic
substances was placed on iron oxides having a "magnetite-
like" crystal structure of the kind found in magnetite or

maghemite (spinel, 1inverse spinel).

The superparamagnetic 1iron oxides to be used as MR
contrast materials have similar properties 1in that they'
strongly influence proton relaxaticon in theilir close range
(high relaxiVity),.and that they are particles having a
"magnetite-like" crystal structure.
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A great number of methods have been described for the
production of iron-containing crystals (iron Qxides)
having superparamagnetic properties. These methods can be
classified according to various aspects. TwO basic methods
to produce superparamagnetic crystals can be distingulshed
between: sintering at high temperatures and subsequent '
mechanical comminution, or wet chemical synthesis 1in
solution. Up to now, only those particles that were
produced by wet synthesis have been investigated for
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medical applications, while the sintering method has been
described for the manufacture of iron oxides for
technological (sound carriers, paint pigments and toners)
and biotechnological applications such as the magnetic
separating method [Schostek S, Beer A; DE 3,729,697 Al;
Borelli NF, Luderer AA, Panzarino JN; US 4,323,056; Osamu
T, Takeshi H, Toshihiro M et al.; JP 60,260,463 A2]. Wet
chemical synthesis can be subcategorized. There 1is “"two-
pot synthesis®, which first produces an iron-contailning
core {(iron oxide) to which a stabilizer is added to ensure
the physical and galenic quality. The production of an
iron core using ion exchangers 1is a variant of "two-pot
synthesis”". With “single-pot synthesis', the i1ron oxides
are produced in the presence of the stabilizer which
already coats.the cores during nucleation and
precipitation of the iron salts, thereby preventing

aggregation and sedimentation of the nanocrystals.

Apart from distinguishing "two-pot" and "single-pot"*
methods according to the processes involved, there 1is
another distinction based on the type of solvent used,
namely between agueous [Hasegawa M, Hokukoku S; US
4,101,435; Fujl Rebio K.K.; JP 59,195,161] and non-agueous
methods [Porath J, Mats L; EP 179,039 a2; Shigeo A, Mikio
K, Toshikatzu M; J. Mater. Chem. 2(3); 277-280; 1992;
Norio H, Saturo O; JP 05,026,879 A2].

Particles that were produced in a "two-pot" process using
non-agqueous solvents are mainly used in engineering.
Magnetic iron oxides for use as contrast materials in
human diagnostics require an aqueous dispersing agent for
medical and toxicological reasons. A special place is held
in this categorization by those particles that were
produced in a non-agqueous solvent but can be stable when

dispersed in an aqueous medium after production. Such

particles are currently used, in general, 1n ex-vivo
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diagnostics, e.g. in magnetic separation engineering
{Chagnon MS, Groman EV, Josephson L, et al.; US 4,554,088]
but have also been proposed for in-vivo diagnostics
[Pilgrimm H; US 5,160,725].

Particles. produced in a "two-pot" process were mainly used
in the early experimental examinations up to the mid-
1980s, while today's tests involving iron oxides are
described only for materials produced by a "single-pot
synthesis®. The "single-pot" method has been generally
accepted for the production of superparamagnetic 1iron-
containing oxides for human diagnostic applications as
they are superior to those produced by a "two-pot" method
from the point of view of their physical and chemical
quality as well as pharmaceutical/galenic. stability.

Pharmaceutically stable suspensions/solutions of particles
produced .in agqueous media according to the "single-pot
method* may be subdivided into iron oxides of different
sizes. Biotechnological applications were proposed for
particles in the micrometer range [Schrdéder U, Mosbach K;
WO 83/01738 or Schréder U; WO 83/03426], and their
application even claimed in in-vivo diagnostics and
therapy [Widder KJ, Senyei AE; US 4,247,406 or Jacobsen T,
Klaveness J; WO 85/04330]. For approaches in medical
diagnostics, however, particles in the nanometer range are
the main ones described today. This range may also be
subdivided according to the preferred use into "large”
(overall diameter ca. > 50 nm) and "small" (overall
diameter ca. < 50 nm) particles. MR diagnostics of the
liver and the spleen is the main field of application, as
particles of this size are rapidly and nearly completely
taken up by the macrophages of these organs [Kresse M,
Pfefferer D, Lawaczeck R; EP 516,252 A2 or Groman EV,
Josephson L; US 4,770,183]. Furthermore, proposals were

made for uses as reinforcing substances in clinical
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hyperthermia[Hasegawa M, Hirose K, Hokukocku S, et al.; wo
92/22586 Al and Gordon RT; US 4,731,239).

Nearly all the particles currently proposed for medical
applications are iron oxides that were produced in the
presence of dextran as the stabilizing substance [Bacic .G,
Niesmann MR, Magin RL et al.; SMRM - Book of abstracts
328; 1987; Ohgushi M, Nagayvama K, Wada A et al.; J.
Magnetic Resonance 29; 599-601; 1978; Pouliquen D, Le
Jeune JJ, Perdrisot R et al.; Magnetic Resonance Imaging
9; 275-283; 1991 or Ferrucci JT and Stark DD; AJR 155:
311-325; 1930} but the use of other polysaccharides has
also been described, for example, for arabinogalactan
[Josephson L, Groman EV, Menz E et al; Magnetic Resonance
Imaging 8; 616-637; 19901, starch [Fahlvik AK, Holtz E,
Schréder U et.al; Invest. Radiol. 25; 793-797; 19907,
glycosaminoglycans [Pfefferer D, Schimpfky C, Lawaczeck R;
SMRM - Book of abstracts 773; 1993], or proteins [Widder
DJ, Grief WL, Widder KJ et al.; AJR 148; 399-404; 1987].

The exact conditions for synthesis such as those involving
iron salts, temperature, coating polyvmer (stabilizer),
titration rate, alkalili selection, purification, etc.
affect the chemical and physical properties of the
products and, therefore, their pharmaceutical and galenic

quality as well as medical value.

An important step in the development leading to an
effective use in specific applications was made by
Weissleder and Papisov [Weissleder R; Papisov MI; Reviews
of Magnetic Resonance in Medicine 4; 1-20; 1992] who were
able to show that the “targetability" of the magnetic iron
oxides 1s. reciprocally proportional to particle size. A
problem 1in this respect is the fact that efficacy (MR
effect) decreases with smaller particle sizes. The
production of particularly small magnetic iron oxides
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- without any fractionating stages has recently been

described [Hasegawa M, Ito Y, Yamada H, et al.: JP
4,227,792]. Experiments on *“functional imaging" were
reported for particularly small particles called MIONS.
The dextran coating of said particles (magnetic labels)
were oxidized. using periodate and then coupled with
gspecific molecules (antimyosin; polyclonal antibody)
[Weissleder R, Lee AS, Khaw BA et al.; Radiology 182;: 381-
385; 1992, or Weissleder R, Lee AS, Fishman A et al.; .. .
Radiology 181; 245-249; 1691].

A special course is taken by Menz et al. [Menz ET,
Rothenberg JM, Groman EV, et al.; WO 90/01295] who coat
their large nanometer particles with polymers
(arabinogalactan) having physiological effector cells .and
claim a specific uptake mechanism via receptor-mediated
endocytosis just like Gordon [Gordon RT; US 4,735,796],
who oxidizes dextran-stabilized particles using periodate

and then couples them with transferrin by reductive .

amination.

Production of *“large" superparamagnetic iron oxides for
use as contrast materials 1n MR diagnostics of the liver
and the spleen is the state of the art, and the diagnostic
benefit of said materials has been proved. Some of these
iron oxides are being developed for clinical purposes
(AMI-25; Advanced Magnetics Inc.; Cambridge; Mass.; USA;
Phase III/IV and SHU 555A; Schering AG Berlin; Germany;
Phase II). The importance of the hydrodynamic diameters of
rron oxlides for specific (extrahepatic) approaches such as
MR lymphography or MR angiography are known and are being
examined. The half-life in the blood should increase with
smaller diameters for particles that are otherwise

identical. Synthesis variants for producing small iron

oxides are known from the literature.
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An essential problem encountered in the development of
specific contrast materials based on superparamagnetic
iron oxides 'is that it has been impossible so far to
improve targeting properties, i.e. accumulation and
distribution in the target tissue, without having to
accept simultaneous drawbacks in physical and chemical
parameters, as the stabilizers that are most suitable for
producing lron-containing cores are very limited for
targeting purposes. In addition, reaction conditions
durlng synthesis (acid to alkaline pH, temperatures, redox
reactions involving the iron salts) reduce the choice of
potential stabilizers in that whole groups of important
and highly specific molecules (proteins, peptides,
oligonucleotides,. but also most oligo- and
polysaccharides) cannot be used as stabilizers. in the
manufacturing phase whenever said substances have to
retain any targeting properties (bicactivity) after the

synthesis. - - | -

It 1s known from the (chemically) "insensitive" polvmers
used up to now, mainly from dextran, that variocus non-
controllable reactions occur in synthesis conditions, for
example, depolymerization in the acidic range of pH values
(low-molecular weight dextran, for example, is yvielded in
technical quality by acid hydrolysis) and various other
reactions that may result in complete destruction of the
(glyco-) polymer in the alkaline range (precipitation
step). It may be assumed, taking into account sucro-
/glycochemistry and the reaction conditions required, that
state-of-the-art "dextran magnetites" are not dextran
magnetites at all because dextran was used for
stabilizing, but no dextran remained after synthesis.

If this 1s viewed from the pharmaceutical and approval
point of view, this means that an essential ingredient -
as the stabilizer forms the coat and thus determines
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biological behavior to a major extent - 1s unknown or

undeclared.

another practical problem resulting therefrom is that
surface properties cannot be optimized during future

development if the surface itself 1s unknown.

A specific application such as MR lymphography, which has
been studied the best, can be used to show that size
optimization of state-of-the-art particles using dextran
as the stabilizer (nothing has been published so far about
other polymers for the production of small iron oxides)
does, on the one hand, improve applicability, since it
facilitates considerable particle accumulation in the
lymphatic tissue, but that its distribution throughout
lymphatic nodes, on the other, 1s not sufficiently
homogeneocus for clinical application [Taupitz, M et al.;
SMRM - Book of abstracts 500; New York; USA; 1993]. This
strong but inhomogeneous accumulation makes additional

improvement by repeated optimization of the hydrodynamic

diameters not very likely.

The small size of the target organ 1s an important problem
for developing specific diagnostic substances. The overall.
weight of the lymphatic nodes, for example, makes up less
than 1 percent of the body weight. Diagnostic substances
must therefore have substantial accumulation potential in
the target tissue (specificity) and facilitate a strong

contrast-enhancing effect at low concentrations.

As superparamagnetic iron oxides currently represent the
group of substances having the strongest contrast in MR,
these particles appear particularly appropriate for
specific applications. The crystal core of the iron
oxides, which causes the particular character of said

substances, 1s a problem, however, as particle size has an
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essential 1nfluence on biological behavior. Smaller
particle sizes improve targetability, but the efficiency
of the contrast material diminishes due to the
interdependency of particle size and magnetic moment, so
that a compromise must be found between the (physical) |
Contrastive effect and (biological) targetability. As a

rule, the i1ron-containing core should be required to be as
large as possible to achieve high efficacy, whereas the
overall diameter should be kept small.

(d) DESCRIPTION OF THE INVENTION

An object of a broad aspect of this invention is to
provide iron-containing nanoparticles that match physical

and biological requirements with a specific nanoparticle

in optimum fashion.

A first broad aspect of this'invention‘provides a
nanoparticle compound for use in diagnosis and therapy.
The nanoparticle compound includes an lron-containing ‘
core comprising lron material which'is selected from the
group consisting of magnetite and maghemite. A synthesis
polymer coats the iron-containing core, the synthesis
polymer being selected from the group consisting of -
dextrans and derivatives of dextrans. A targeting polymer
18 non-covalently bonded to, and envelopes, the synthesis
polymer to form a second coating. In this way, the

targeting polymer 1s not exposed to synthesis conditions.

By a first variant of this first broad aspect of the
invention, the iron-containing core comprises 0.1 to 25%
welght of non-iron metallic ions. By a first variation
thereof, the non-iron metallic ions may be paramagnetic

1ons or diamagnetic ions.

By a second variant of this first broad aspect of the

invention and/or the above variants thereof, the iron-
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containing core and the synthesis polymer coating have a

diameter less than 100 nanometres.

By a third variant of this first broad aspect of the

S . invention and/or the above variants thereof, the

prre
—

nanoparticle compound has a hydrodynamic diameter of less

than 10 times the diameter of the iron-containing core.

By a fourth variant of this first broad aspect of the
10 invention and/or the above variants thereof, the
targeting polymer has a weight that is between 0.5 times

to 50 times the weight of the non-iron metallic 1ons.

By a fifth variant of this first broad aspect of the

15 inveﬁtion and/or the above variants thereof, the
nanoparticle compound further includes an optical
absorption-permitting peptide'substance which 1is selected
from the group consisting of RRTVKHHVN, RRSRHH and
RSKRGR. ' '

20
By a sixth variant of this first broad aspect of the
invention and/or the above wvariants thereof, the
nanoparticle compound further includes a
pharmaceutically-active compound.

25 |
By a seventh variant of this first broad aspect of the
invention and/or the above variants thereof, the
targeting polymer may be dextran, dextran derivatives,
laminarin, transferrin, and endothelin~receptor~specific

30 heptapeptide.

A second broad aspect of this invention provides a
nanoparticle compound for use in diagnosis and therapy.
The nanoparticle compound includes an iron-contalning
35 core comprising an iron compound which may be magnetite
or maghemite, and a plurality of non-iron metallic 1ons.

A synthesis polymer coats the iron-containing core, the
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synthesis polymer having a weight ratio of 0.1 to 1.0 to
the iron compound. A targeting polymer is non-covalently
bonded to, and envelopes, the synthesis polymer to form a
second coating. The targeting polymer is not subject to
synthesis conditions and has a weight that is between 0.5

times to 50 times the weight of the non-iron metallic

i10ons.

By a first variant of this second broad aspect of this
invention, the targeting polymer may be dextran, dextran

derivatives, laminarin, transferrin, or endothelin-

receptor-specific heptapeptide.

By a‘second variant of this second broad aspect of this

invention, and/or the above variant or variants thereof,

the synthesis polymer has a molecular welght less t han

100,000 Da.

By a third variant of this second broad aspect of this

invention, and/or the above variant or variants thereof,
the synthesis polymer may be dextran or derivatives of

dextran.

A third broad aspect of this invention provides a method
for the fabrication of a nanoparticle compound for use 1n
diagnosis and therapy. The method includes mixing an
iron-containing compound with a synthesis polymer in the
presence of a base to create a first mixture. The '
synthesis polymer may be dextran or derivatives of
dextran. The first mixture is subjected to desorption to
create a second mixture with an iron-containing core and
a synthesis polymer coating, the second mixture having a

polymer-to—iron weight ratio of 0.1:1. A targeting

polymer is non-covalently bonded to the second mixture
to create a nanoparticle compound comprising the 1ron-
containing core surrounded by the synthesis polymer

coating which is surrounded and enveloped by the
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targeting polymer coating. In this way, the targeting

polymer coating is not exposed to synthesis conditions.

By a first variant of the method of this third broad
~aspect of this invention, the method furthér includes
mixing an iron(II) salt and an iron (III) salt to produce
the iron-containing compound with the ratio of divalent

to trivalent iron being between 1:1 and 1:20.

By a second variant of the method of this third broad
aspect of this invention, and/or the above wvariant or
variants thereof, the method further includes reacting an
iron (III) salt mixture with a reducing agent to produce
the ironécontaining compound while selecting a quantity

of reducing agent that generates an iron(II) to iron(III)

ratio between 1:1 and 1:20.

By a third variant of the method of this third broad
aspect of this invention, and/or the above varliant or
variants thereof, the base which is selected 1s a 0.1:10N

base used to precipitate the iron compounds.

By a fourth variant of the method of this third broad
aspect of this invention, and/or the above variant or
variants thereof, the base may be ammonia gas, ammonilia

salt, an amine, an amine derivative or a volatile buffer.

By a fifth variant of the method of this third broad
aspect of this invention, and/or the above variant or
variants thereof, the method includes selecting the iron-

containing core to comprise 0.1 to 25% weight of non-iron

metallic ions. By a first variation thereof, the non-iron
metallic ions may be selected from paramagnetic i1ons oOr

diamagnetic ions.

By a sixth variant of the method of this third broad

aspect of this invention, and/or the above variant or
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variants.thereof, the method includes selecting the iron-

containing core and the synthesis polymer coating to have

a diameter less than 100 nanometres.

By a seventh variant of the method of this third broad
aspect of this invention, and/or the above variant or
variants thereof, the method includes selecting the
nanoparticle compound to have a hydrodynamic diameter of

less than 10 times the diameter of the iron-containing

- COre.

By an eighth variant of the method of this third broad

“aspect of this invention, and/or the above variant or

variants thereof, the method includes selecting the
targeting polymer to have a weight that 1s between 0.5

times to 50 times the weight of the non-iron metallic

1ons.

By a ninth variant of the method of this third broad

aspect of this invention, and/or the above variant or
variants thereof, the method.further comprises adding an
optical absorption permitting peptide,substance which may
be RRTVKHHVN, RRSRHH or RSKRGR, prior to adding the

targeting polymer.

By a tenth variant of the method of this third broad

aspect of this invention, and/or the above variant or
variants thereof, the method further comprises adding a
pharmaceutically-active compound prior to adding the

targeting polymer.

By an eleventh variant of the method of this third broad

aspect of this invention, and/or the above variant or

variants thereof, the method includes selecting the

targeting polymer to be selected from dextran, dextran
derivatives, laminarin, transferxrin, or endothelin-

receptor-specific heptapeptide.
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By a twelfth variant of the method of this third broad

aspect of this invention, and/or the above variant or
variants thereof, the method further includes removing

most of the synthesis polymer during desorption.

A fourth broad aspect of this invention provides the use,
in diagnosis and therapy, of a nanoparticle disclosed

hereinabove.

A fifth broad aspect of this invention provides the use,
in imaging atherosclerosis, of a nanoparticle disclosed

hereinabove.

A sixth broad aspect of this invention provides the use
for the manufacture of a composition for diagnosis and

therapy, of a nanoparticle disclosed hereinabove.

A seventh broad aspect of this invention provides the use
for the manufacturing of a diagnostic composition for
imaging atherosclerosis, of a nanoparticle disclosed

hereinabove.

Surprisingly, it was found that the targeting
capabilities of the nanOparticles of embodiments of
aspects of the invention are superior to those of state-
of-the-art iron oxide particles. Contrast materials
and/or therapeutic substances/supporting systems of
unprecedented "targetability" can be produced by
combining physical quality with improved targeting

capabilities of the nanoparticles.

The nanoparticles of embodiments of aspects of the
invention are produced from individual blocks. (modular
design), which ensures maximum flexibility when the iron-
containing cores (physical effect; contrast) are combined

with the target component (biological behaviour). This

‘modular structure 1s advantageous 1n that it allows

E e M
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"just~in~time" assembly of the complete nanoparticle of
embodiments of aspects of the invention from a component
that can be stored (iron-containing core) and targeting

molecules that may be highly sensitive. This similarity

d with cold kits known from clinical radiopharmacy also
facilitates, for example, the use of individual patients'
serum components as target molecules (e.g. autologous

antibodies) .

10 The nanoparticles of embodiments of aspects of the
invention can also be detected visually due to their
intense colouring, which is desirable, for example, when

they are used as a visual labelling substance in surgery.

15 Furthermore, the nanoparticles of embodiments of aspects
of the invention are also suitable for therapeutic uses,
for example, for magnetic targeting using external
magnets above a target volume in conjunction with a
magnetically linked release of active substances.

20 Nanoparticles of embodiments of aspects of the invention
may, for example, accumulate in tumours, and thus be used

as specific reinforcing agents in local hyperthermia.

The nanoparticles of embodiments of aspects of the

25 invention consist of an iron-containing core,'a primary
coat (synthesis polymer) which is responsible for optimal
sized nanoparticles, and a secondary coat (targeting
polymer) and, optionally, pharmaceutical adjuvants,

pharmaceuticals and/or adsorption mediators/enhancers.

30
The iron-containing core can have the form of a particle,
a colloid or a crystal. The nanoparticles of embodiments
of aspects of the invention contain synthesils.polymer
from the production of the core which coats the core as a
35 primary coat and is required during production for

control of the physical and/or pharmaceutical/galenic

quality. The ratio of synthesis polymer to i1ron is then
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adjusted to a desired value'by means of a desorption

procedure. A targeting polymer is adsorbed for use in

specific diagnostics that represents the surface of the
nanoparticles of embodiments of aspects of the invention
and envelopes the basic structural unit of the core and
primary coat. Adsorption mediators/enhancers may be
present between the primary and the secondary coat for
improved adsorption. Other ingredients of the

nanoparticles of embodiments of aspects of the invention

may be pharmaceutical adjuvants or drugs.

The hydrodynamic diameter of the basic structural unit
(iron-containing core plus primary coat) in solution 1s
smaller than 100 nm, preferably smaller than 50 nm, and

not more than five times the diameter of the i1ron-

containing core.

The nanoparticles of embodiments of aspects of the

invention are further
characterized 1in that they are available in the form of

stable colloidal sols, which 1s preferred, but they can
also be formulated as lyophilized powders which can easily

be put into solution again using solvents common in
medicine (electrolyte solution, plasma expander, glucose
solution, physiological saline, etc.), or in that the
basic structural unit as well.as targeting component and
optional adjuvants are separate solutions or lyophilizates

that can be mixed at any desired point 1n time to obtain

the solution for administration.
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The iron-containing core has a magnetic moment.greater

rhan that of iron(II) or iron(III) ions. The iron-

containing core, due to 1its magnetic properties,

1+t should be superparamagnetlc, OI at least contain
superparamagnetic portions, tO achieve optimum contrast
rendering. This means that the core should either be a
crystal or a polyatomic complex (*particle") as this type

10 of magnetism only OCCUrS in solid matter.

The iron-containing core of the nanoparticles of
embodiments of aspects of the invention may consist of,

or contain, magnetite or maghemite.

15 Up to 25 percent of the iron by weight contained 1n the

core may be substituted by other metallic ions.

Such non-iron metallic ions are paramagnetic,
diamagnetic, or a mixture of Dboth.

20
The nanoparticles of embodiments of aspects of the
invention are further
characterized in that the iron-containing core comprises a
diameter determined by way of electron microscopy that 1is
25 smaller than 30 nm, preferably smaller than 15 nm,
contains a minimum of 50 metallic atoms with a particle
size distribution in which at least 90% of the iron-
containing cores are in the range of 0.7 x average to 1.3

X average.
30

The nanoparticles of embodiments of aspects of the

invention contain a quantity of synthesis polymer
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between 0.01 to 1 times the total weight of metallic 1ions
present. The preferred quantity 1is between 0.25 and 0.75

5 times that weight.

A monomeric or polymeric substance, or a mixture of these

substances or derivatives, or derivatives comprising '

functional groups, or derivatives that were additionally
10 substituted and have a molecular weight less than

100,000 Da are used as synthesis polymer. Preferred

substances have molecular weights less than 10,000 or

5000 Da.

15 A dextran derivative or a mixture of dextran and/or
dextran derivatives, are particularly preferred for use as

synthesis polymers.

The syntheslis polymer may contalin in its molecule one or
20 several acid groups, or several functional groups, which
preferably contain N, S, P, or O atoms.

25 The substances or mixtures of substances used as
targeting and synthesis polymers may be the same or
different, with the targeting polymer having retained 1its
physiological state as it was not exposed to synthesais
and the side reactions of the synthesis polymer during

30 synthesis.

The parent substance of the iron-containing core and

primary coat determines the physical quality of the

nanoparticle of embodiments of aspects of the invention,
335 while the targeting polymer determines the biological

behaviour of the nanoparticles of embodiments of aspects

of the i1nvention.

NI N B AN AT TN A A 1 M e Ay A Y 4 e e . - S . - . . . .
Lo S L e P T T B T O T A A R T B 0 N S o e T ey T T 1 A PTG  T L md,  y A L o  on  Y E T Y S YATE P TR W A AT o 3 g Y S A A DN A A e | e A S I O T AT AT 4 T T At Y rormrrrmd ———




CA 02195318 2001-09-13

18

The weight of targeting polymer contained in the

nanoparticle of embodiments of aspects of the invention
is 0.5 times to 50 times, preferably 1 to 25 times the
weight of the metallic ions present.

The.nanoparticles of embodiments of aspects of the

invention may contain adsorption mediators/enhancers in a
quantity less than, or equal to, the total weight of
metallic i1ons contained. These adsorption

10 mediators/enhancers reinforce or enable the adsorption of
targeting polymer by the basic structural unit consisting

of the iron-containing core/ (remaining) synthesis

polymer.

15 Preferred adsorption mediators/enhancers are peptides
having the following structures: RRTVKHHVN, RRSRHH, or
RSKRGR [one-letter code of amino acids], or partial

structures thereof.

20 The hydrodynamic diameter, including all the components
of the nanoparticles of embodiments of aspects of the
invention 1s not more than ten times the diameter of the
iron-containing core and not more than 20%.greater than
the diameter of the basic Structural unit.

25
The nanoparticles of embodiments of aspects of the
invention are compoSed of individual modules, e.g., a
basic structural unit, a targeting polymer, a pharmacon

and an adsorption mediator that can be combined at any
30 time.

The nanoparticle preparations of embodiments of aspects

of the invention are low-viscosity, aquéous colloidal .

solutions or suspensions of stabilized iron-containing
33 particles 1n the nanometre range. The nanoparticle

solution of embodiments of aspects of the i1nvention do

not contain any larger aggregates and can be administered
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intravenously, which meets with particle size

requlrements for parenterals found in international

pharmacopoeia.

In general, the basic structural unit can be sterilized
by heat treatment. The "sterilization" procedure of the
final nanoparticles of embodiments of aspects of the
invention is dependent on the sensitivity of the
secondary coat, but sterile, aseptic manufacture is
guaranteed in any case. Sterilization by filtration is
always feasible due to the small size of the '
nanoparticles of embodiments of aspects of the invention.
Another way to guarantee a practically-sterile solution
for administration is the option that combines a
sensitive targeting polymer with the sterilizable basic

structural unit shortly before use.

The nanoparticles of embodiments of aspects of the

invention are well-tolerated and comprise a very

- favorable margin of safety between the diagnostic and

lethal dose when used, for example, as MR contrast media.
The diagnostic dose, depending on the specific
application, 1s between S5 umol and 200 umol (1ron) 'per
kilogram of body weight, while the approximate lethal dose
is between 20 mmol and 50 mmol/kg body weight (in mice).
The substances are completely biodegradable. The iron- '
containing core is dissolved, and the iron is incorporated
into the physiological iron pool. The molecules used as
synthesis and targeting polymers can in general be
catabolized to decomposable elementary units {(sugars,

amino acids). |
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The nanoparticle solutions of embodiments of aspects of
the invention are very stable; there is no detectable
change 1n physical parameters (particle size, magnetic
properties) after their preparation. The nanoparticle

o

solutions of embodiments of aspects of the. invention can

be stored for an extended period of time when they-are'
produced in sterile conditions; for example, no
instabilities, e.g., aggregation or sedimentation, were

vigible within 12 months.

The nanoparticle solutions or suspensions of embodiments

of aspects of the invention have a reddish-brown to black

colouring due to the intense colour of the 1ron-
containing crystals. This characteristic colouring can be
utilized for visual detection purposes so that such
substances can be'uséd for'labelling 1n surgical
medicine. The nanoparticles of embodiments of aspects of
the invention are superparamaghetic or contain
superparamagnetic portions when used as contrast media 1in

MR tomography.

The nanoparticles of embodiments of aspects of the
invention show high saturation magnetization even at low

field strengths and have no remanence after the external

magnet has been switched off.

The nanoparticles of embodiments of aspects of the
invention are formulated as solutions (suspensions) and
can be applied without further preparation. As the
nanoparticle solutions of embodiments of aspects of the
invention are compatible with common medical solvents,
e.g., physiological saline, electrolyte solution or
glucose solution, nanoparticles of embodiments of aspects

of the invention can be diluted as may be desired and

injected or infused for specific applications.
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ILyophilizates are an alternative to formulating a

(L

solution from the point of view of storage. Either th

basic structural unit is lyophilized and later

resuspended in the dissolved targeting polymer,‘or the
basic structural unit and nanoparticle of embodiments of
aspects of the invention are'lyophilized after adsorption
and dissolved again before use in physiological saline or
sterile water for injection. Another way of keeping a
stock of such substances is to store the basic structural
unit and the targeting polymer in separate solutions and

mix them before use.

The particular or colloidal iron-containing cores are
produced from unimolecularly dissolved iron precursors Dby

changing, following single-pot synthesis, their pH value

and causing them to precipitate in the presence of a
stabilizer substance (Synthesis polymer) . The synthesis
polymer separates the crystal cores during production and
may therefore be used to control particle size. The
synthesis polymer is responsible for the physical and

pharmaceutical/galenic properties not only of the crystal

core but of the whole nanoparticle of embodiments of
aspects of the invention. The synthesis polymer

facilitates a stable solution (suspension) as the cores

are separated to such an extent that aggregation cannot

occur (steric stabilization).

‘When the 1ron-containing core particles are obtained, the

synthesis polymer is adjusted by desorption to a given
ratio of synthesis polymer to iron. The solutidn
(suspension) of the iron core and the synthesis polymer
residue that envelops and stabilizes the iron-containing
core as a primary coat represent the basic structural unit
of the modular system. This basic structural unit is '
characterized by high physical and galenic quality.
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A second important component 1s the targeting polyﬁer that
1s adsorbed by the basic structural unit after synthesis
and envelops the core and primary coat as a secondary
coat. The secondary coat 1s the surface of the
nanoparticles and determines in-vivo behavior. The basic
structural unit and targeting polymer can be mixed at any
time, which also allows "just-in-time" production.

The adsorption procedure between synthesis polymer
residue and targeting polymer may be improved or
facilitated by an intermediate step: addition of
adsorption mediators/enhancers. An adsorption
mediator/enhancer can also be added to a mixture with the
targeting polymer. Pharmaceutical adjuvants or drugs may

be added at any time in a similar way.

The speclal advantages of embodiments of aspects of the
invention are obvious as the production method according
to embodiments of aspects of the invention makes it
possible for the first time to meet both physical and

biological requirements for a specific nanoparticle of
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