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Summary. Magnetic nanoparticles represent an interesting material both present in various living
organisms and usable for a variety of bioapplications. This review paper will summarize the infor-
mation about biogenic magnetic nanoparticles, the ways to synthesize biocompatible magnetic nano-
particles and complexes containing them, and the applications of magnetic nanoparticles in various
areas of biosciences and biotechnologies.
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Introduction

Nanotechnology involves the study, control, and manipulation of materials at the
nanoscale, typically having dimensions up to 100nm. This is a truly multi-
disciplinary area of research and development. The large interest in nanostructures
results from their numerous potential applications in various areas such as
materials and biomedical sciences, electronics, optics, magnetism, energy storage,
and electrochemistry [1].

Magnetic nanoparticles having connections to biological systems and bioap-
plications usually exist or can be prepared in the form of either single domain
or superparamagnetic magnetite (Fe;0,), greigite (Fe;S,4), maghemite (vy-Fe,0s3),
various types of ferrites (MeO-Fe,0O3;, where Me=Ni, Co, Mg, Zn, Mn,...),
iron, nickel efc. Synthetic magnetic nanomaterials are most often available in
the form of magnetic fluids (ferrofluids) which have already found many inter-
esting applications (sealing, damping, heat transfer, levitation of magnetic and non-
magnetic objects, production of computers, loudspeakers, measuring devices etc.)
[2]. Potential applications of biocompatible magnetic fluids in various areas of
biosciences and biotechnologies are also very promising as will be shown in this

paper.
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The first magnetic nanoparticles necessary to create a stable magnetic fluid
were prepared in the early 1960s [3]. On the contrary, various organisms living on
Earth have been able to synthesize them for a long time. These biogenic magnetic
nanoparticles have in many respects even better properties than nanoparticles
prepared in the laboratory.

The purpose of this review article is to show the close connection between
inorganic magnetic nanoparticles and living systems.

Biogenic Magnetic Nanoparticles

In 1962, Lowenstam first discovered biochemically precipitated magnetite as a
capping material in the radula (tongue plate) teeth of chitons (marine mollusks of
the class Polyplacophora) [4]. Lowenstam was able to demonstrate the biological
origin of this material through a variety of radioisotope tracing studies and by
detailed examination of the tooth ultrastructure. Prior to this discovery, magnetite
was thought to form only in igneous or metamorphic rocks under high tem-
peratures and pressures. In the chitons, the magnetite serves to harden the tooth
caps, enabling the chitons to extract and eat endolithic algae from within the outer
few millimetres of rock substrates. Metabolic iron is at first transported to the
posterior end of the radula sac and is then deposited as the mineral ferrihydrite
within a preformed proteinaceous mesh, forming one or two distinct rows of
reddish teeth. This ferrihydrite is converted rapidly to magnetite via an unknown
process [5].

In 1975, Blakemore discovered magnetotactic bacteria [6], which now represent
the most intensively studied biomagnetic system. Magnetotactic bacteria form a
heterogeneous group of Gram-negative prokaryotes with morphological and habi-
tat diversity which have an ability to synthesize fine (50-100nm) intracellular
membrane-bound ferromagnetic crystalline particles (Fig. 1) consisting of mag-
netite (Fe;O,) or greigite (FesS,) which are covered with an intracellular phospho-
lipid membrane vacuole, forming structures called ‘magnetosomes’ [7]. Various
morphological types of magnetotactic bacteria such as cocci, short or long rods,
vibrios, spirilla (Fig. 2), and multicellular forms have been isolated from sediments
in diverse aquatic environments, e.g., marine, river, lake, pond, beach, rice paddies,
drains, wet soil, deep see, and estuary [8]. Chains of magnetosomes act as simple
compass needles which passively torque the bacterial cells into alignment with the
earth’s magnetic field and allow them to seek the microaerophilic zone at the
mud/water interface of most natural aqueous environments. These bacteria swim to
the magnetic north in the northern hemisphere, to the magnetic south in the southern
hemisphere, and both ways on the geomagnetic equator [5]. Excellent up-to-date
reviews covering all aspects of the topic exist [7-9].

Extracellular production of nanometer magnetite particles by various types of
bacteria has also been described [10]. Magnetite-bearing magnetosomes have been
found in eukaryotic magnetotactic algae, each cell containing several thousand
crystals [11]. Biogenic nanometer magnetite particles have been found in marine
and lake sediments [12].

The behaviour of various other organisms is also influenced by changes of the
magnetic field. It has been shown that some animals, including ants [13],
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Fig. 1. Electron micrographs of crystal morphologies and intracellular organization of magneto-

somes found in various magnetotactic bacteria. Shapes of magnetic crystals include cubo-octahedral

(a), elongated hexagonal prismatic (b, d, e, f), and bullet-shaped morphologies (c). The particles are

arranged in one (a, b, ¢), two (e), or multiple chains (d) or irregularly (f). The bar is equivalent to
100 nm. Reproduced with permission of Dr. D. Schiiler, Germany, from Ref. [7]

honeybees [14], homing pigeons [15], salmon [16], and others use geomagnetic
field information for orientation, homing, and foraging. Several hypotheses have
appeared trying to explain the mechanisms of magnetoreception [17]. It seems
apparent that biomineralized magnetite nanoparticles can interact with the geo-
magnetic field, monitoring information on its intensity and direction and being thus
the main part of a highly evolved, finely tuned sensory system [18]. Identifying
the presence of magnetite particles in different organisms whose behaviour is
influenced by the geomagnetic field is a first step towards demonstrating that
biogenic magnetite is involved in geomagnetic field detection [19]. Table 1 shows
some typical examples of living organisms containing magnetic nanoparticles
within their cells and organs.

Rainbow trout (Oncorhynchus mykiss) has been used for extensive study of
the magnetoreception mechanism. The key behavioural, physiological, and ana-
tomical components of a magnetite-based magnetic sense have been demonstrated.
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Fig. 2. Electron micrograph of a Magnetospirillum gryphiswaldense cell exhibiting the charac-

teristic morphology of magnetic spirilla. The helical cells are bipolarly flagellated and contain up to

60 intracellular magnetite particles in magnetosomes which are arranged in a chain. The bar is
equivalent to 0.5 pum. Reproduced with permission of Dr. D. Schiiler, Germany, from Ref. [7]

Receptor cells containing single-domain magnetite nanocrystals are located within
a discrete sublayer of the olfactory lamellae. These crystals were mapped to
individual receptors using confocal and atomic force microscopy. It was confirmed
that several magnetic crystals are arranged in a chain of about 1 ym within the
receptor, and that the receptor is a multi-lobed single cell. These results are
consistent with a magnetite-based detection mechanism, as 1 ym-chains of single-
domain magnetite crystals are highly suitable for the behavioural and physiological
responses to magnetic intensity [20, 21].

The information given so far is connected with the physiological occurrence of
magnetic nanoparticles in given tissues and organs. However, it has been shown
that many neurodegenerative diseases are connected with the disruption of normal
iron homeostasis in the brain. Nanoscale magnetic biominerals (primarily mag-
netite and maghemite) may be associated with senile plaques and tau filaments
found in brain tissue affected by these diseases. These findings have important
implications for our understanding of the role of iron in neurodegenerative diseases
as well as profound implications for their causes. In addition, the presence of
biogenic magnetite in affected tissue should also provide improved mechanisms for
early detection through the modification of MRI pulse sequences [22].

Recently, an interesting observation has been presented by NASA researchers.
During the detailed study of Martian meteorites, magnetite nanoparticles were found
which were similar to those present in magnetotactic bacteria (Fig. 3). Thomas-
Keprta et al. [23] postulated six criteria that characterize biologically produced
magnetite crystals. The simultaneous presence of all six characteristics — i.e.,
a definite size range and width/length ratio, chemical purity, crystallographic
perfection, arrangement of crystals in linear chains, unusual crystal morphology, and



Table 1. Examples of organisms synthesizing magnetic nanoparticles (MNP)

Type of General name Latin name Localisation Type of References
organism of MNP MNP
Micro- Magnetotactic Magnetospirillum sp. magnetosomes Fe;0,4 [8]
organisms bacteria
magnetosomes FesS, [149]
Algae cells Fe;0,4 [11]
Protozoa cells Fe;0,4 [150]
Insect Honeybee Apis mellifera abdomen Fe;0,4 [14]
Migratory ant Pachycondyla abdomen Fe;0y4 [13]
marginata
Termites Nasutitermes thorax, abdomen Fe;0, [151]
exitiosus
Amitermes thorax, abdomen Fe;Oy4 [151]
meridionalis
Fish Atlantic salmon  Salmo salar lateral line Fe;0,4 [152]
Sockeye salmon  Oncorhynchus nerka  skull Fe;04 [153]
Rainbow trout Oncorhynchus olfactory Fe;0,4 [21]
mykiss lamellae
Chum salmon Oncorhynchus keta head Fe;0,4 [16]
Amphibians  Eastern red- Notophthalmus whole body Fe;0,4 [154]
spotted newt viridescens
Birds Bobolink Dolichonyx upper beak Fe;04 [155, 156]
oryzivorus
Homing pigeon  Columba livia upper-beak skin  Fe;O4 [15, 157]
Mammals Common Delphinus delphis dura mater Fe;0,4 [158]
Pacific dolphin
Human Homo sapiens brain, heart Fe;0,4 [159-163]
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Fig. 3. Typical examples of magnetic nanoparticles found in meteorite ALH84001 (originating from
Mars) and in magnetotactic bacterium MV-1. Reproduced with permission of Dr. K. L. Thomas-
Keprta, USA
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elongation of crystals in the [111] crystallographic direction — should con-
stitute evidence of biological origin. During the research, magnetic nanoparticles
present in meteorite ALH84001 fulfilled all six criteria. These findings led to the
hypothesis that they could be in fact microfossils of former Martian magnetotactic
bacteria [23, 24]. Subsequently another hypothesis has appeared suggesting life on
Earth could originally have arrived here by way of meteorites from Mars, where
conditions early in the history of the solar system are thought to have been more
favourable for the creation of life from nonliving ingredients. It was calculated that
under the optimal conditions the temperature within the meteorite did not exceed
40°C; the transport time from Mars to Earth could take only a few years, and thus
meteorites could transfer life between planets [25].

Biocompatible Magnetic Nanoparticles
and Complexes Containing Them

Various types of magnetic fluids (ferrofluids) are often used as the starting material
to prepare the target nanomaterials. Ferrofluids are colloidal solutions of magnetic
iron oxide (or ferrite) nanoparticles (around 10 nm in diameter) in either a polar or
non-polar liquid. These particles are said to be ‘superparamagnetic’, meaning that
they are attracted by a magnetic field but retain no residual magnetism after the
field is removed. The first ferrofluids were prepared by grinding micrometer-sized
magnetic particles in a ball mill for several weeks and subsequent transfer of
nanometer particles into kerosene. The particles were stabilized with oleic acid to
prevent clumping. Nowadays, however, the chemical synthesis of ferrofluids pref-
erably employs coprecipitation of ferric and ferrous salts with alkaline solution
and subsequent treatment under hydrothermal conditions. To form ferrites, other
divalent ions are used instead of ferrous ions [26].

Biocompatible ferrofluids normally use water as a carrier medium, but paraffin
or vegetable oils based ferrofluids may be acceptable in some case. In the water
phase, the magnetic nanoparticles can be stabilized (in order to prevent their
unwanted agglomeration) by ionic interactions [27, 28], a bilayer of an appropriate
surfactant (e.g. fatty acids) [29, 30], aspartic and glutamic acid [31], meso-2,3-
dimercaptosuccinic acid [32], citrate [33], peptides [34], efc. Alternatively, the
coprecipitation of ferrous/ferric ions is performed in the presence of an appropriate
biopolymer, such as dextran [35, 36] or polyvinyl alcohol [36].

Many modified procedures have been described for ferrofluid preparation.
Synthesis of magnetic nanoparticles using the restricted environments offered by
surfactant systems such as water-in-oil microemulsions (reverse micelles) provides
an excellent control over particle size, inter-particle spacing, and particle shape.
The controlled environment of the reverse micelle also allows sequential synthesis
which can produce a core-shell type structure [37, 38]. Alternatively, metallic iron
nanoparticles were synthesized in reverse micelles of cetyltrimethylammonium
bromide (CTAB) using hydrazine as a reducing agent. After addition of an aqueous
gold solution, a metallic gold coating on the outer surface of the iron particles was
formed. The gold shells on the iron particles provide functionality with thiol-
functionalized substrates [39].
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Magnetoliposomes are magnetic derivatives of liposomes and can be prepared
by entrapment of ferrofluids within the core of liposomes [40, 41]. Affinity
magnetoliposomes can be produced by covalent attachment of ligands to the
surface of the vesicles or by incorporation of target lipids in the matrix of struc-
tural phospholipids [42]. Alternatively, magnetoliposomes are prepared using the
phospholipid vesicles as nanoreactors for the in sifu precipitation of magnetic
nanoparticles [43]. Vesicles of another type are constituted by didodecyldimethyl-
ammonium bromide, contain an ionic magnetic fluid, and have a diameter of about
1 ym [44].

Micrometric particles (e.g. materials used for column chromatography) have
been post-magnetized by circulation of ferrofluid through the column chroma-
tography carrier [45]. Dynabeads (magnetic polystyrene particles of a diameter of
2.8 or 4.5 pym produced by Dynal, Norway) are prepared in magnetic form after
introduction of —NO, or —ONO, groups to the matrix and subsequent reaction with
Fe” "salts. During the reaction, iron hydroxides precipitate inside the pores, and
after heating they are transformed into nanoparticles of v-Fe,O5 [46]. Ferrofluids
can be added to reaction mixtures used to create various magnetic polymeric
microparticles [47, 48]. Ferrite plating enables magnetization of various bio-
compatible materials by directed precipitation of magnetic iron oxides [49, 50].
Another type of magnetic polymeric particles has been prepared by electro-
static adsorption of negatively charged magnetic nanoparticles on positively
charged polymer particles and subsequent encapsulation of the prepared complex
[51, 52].

Magnetic nanocomposites have been prepared using cross-linked synthetic
polymers and different polysaccharides like alginate or cellulose as gel matrices
[53-55]. Another procedure is based on the nucleation and growth control of
crystalline iron oxide particles in organic matrix through the reaction control of a

Fig. 4. Magnetosome particles isolated from M. gryphiswaldense. The magnetite crystals are
typically 42 nm in diameter and are surrounded by the magnetosome membrane (arrow). The bar is
equivalent to 25 nm. Reproduced with permission of Dr. D. Schiiler, Germany, from Ref. [7]
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Table 2. Examples of commercially available biocompatible magnetic nanoparticles

Product Composition Particle size Application Manufacturer or supplier

name (nm)

Combidex Magnetic iron 17-20 Magnetic resonance Advanced Magnetics, USA
oxides — dextran contrast agent

Endorem”/ Magnetic iron 100-250 Magnetic resonance Advanced Magnetics, USA

Feridex” oxides — dextran contrast agent

MicroBeads Magnetic iron 50 Separation and labelling Miltenyi Biotec, Germany
oxides — dextran of cells and molecules

Nanomag  Magnetic iron 100 Magnetic Micromod
oxides — dextran labelling Partikeltechnologie,

Germany

Resovist Magnetic iron 57 Magnetic resonance Schering AG, Germany

oxides — dextran contrast agent

* Commercial product name in Europe; ® commercial product name in the United States

metallorganic precursor with a combination of the hydrolysis and polymerization
below 100°C. The reaction conditions influence the size and crystallinity of mag-
netic nanoparticles in the organic matrix [56].

Bacterial magnetite nanoparticles obtained from magnetotactic bacteria after
disruption of the cell wall and subsequent magnetic separation have been used for a
variety of bioapplications. Due to the presence of the lipid layer (Fig. 4) the
particles are biocompatible, their suspensions are very stable and the particles can
be easily modified [8, 57].

Magnetic derivatives of the iron storage protein ferritin (magnetoferritin)
have also been prepared. A magnetic mineral has been synthesized within the
nanodimensional cavity of horse spleen ferritin using controlled reconstitution
conditions [58].

Several types of biocompatible magnetic nanoparticles are commercially avail-
able, especially those used as magnetic resonance contrast agents or magnetic
labels. A non-complete selection of these products can be found in Table 2.

Application of Magnetic Nanoparticles in Biosciences

Many different types of magnetic micro- and nanoparticles and molecular
magnetic labels have been used for a great number of applications in various
areas of biosciences and biotechnologies [59—-62]. The majority of review papers
considers magnetic micro- and nanoparticles to be equally important. Of course, in
many areas magnetic microparticles with diameters above 1 ym are used (e.g. for
immunomagnetic separation of pathogenic microorganisms in food and clin-
ical microbiology), whereas for other applications magnetic nanoparticles are
necessary. The following chapters will focus on the bioapplications of magnetic
nanoparticles and the most important complex material containing them. Appli-
cations of dynabeads (containing magnetic nanoparticles within the bead structure)
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will not be considered in this review; there are several sources where information
about these particles can be found [63, 64].

Immobilization and modification of biologically
active compounds

Immobilization of enzymes, antibodies, oligonucleotides, and other biologically
active compounds is a very important technique used in various areas of bio-
sciences and biotechnology. Biologically active compounds immobilized on mag-
netic carriers can be removed from the system by using an external magnetic
field or can be targeted to the desired place. The immobilized compounds can be
used to express their activities in a desired process (e.g. immobilized enzymes) or
can be used as affinity ligands enabling to capture or modify the target molecules
or cells.

Magnetic nanoparticles obtained from magnetotactic bacteria have been used
for the immobilization of a variety of enzymes, such as glucose oxidase and uric-
ase [65], antibodies [66—68], oligonucleotides [69, 70], etc. Colloidal aqueous
suspensions of superparamagnetic nanoparticles (9 nm in diameter) composed of
maghemite and forming an ionic ferrofluid have been covalently coupled with
lectins, enzymes, or antibodies using specific thiol chemistry [71, 72]. Magnetic
nanoparticles activated with 3-aminopropyltriethoxysilane have been used for the
immobilization of various enzymes, antibodies, and protein A after glutaralde-
hyde treatment [73, 74]. Dextran-based biocompatible magnetic nanoparticles (ca.
50nm in diameter) produced commercially by Miltenyi Biotec, Germany, are
available with many covalently immobilized molecules (e.g. annexin V, antibiotin
antibody, antifibroblast antibody, anti-FITC antibody, anti-HLLA-DR antibody, anti-
human epithelial antigen antibody, antihuman melanoma-associated chondroitin
sulfate proteoglycan antibodies, antimouse DX5 antibody, antiphycoerythrin
antibody, antibodies against various CD markers, goat antimouse, antirabbit, and
antirat IgGs, various types of rat antimouse IgG and IgM antibodies, protein A,
protein G, streptavidin, and some others; see http: //www.miltenyibiotec.com).

Enzymes can be made soluble and active in organic solvents by chemical
modification with the amphipathic macromolecule polyethylene glycol (PEG).
The PEG-enzyme conjugates can be also conjugated to magnetic nanoparticles.
Alternatively, the magnetite-PEG conjugate is prepared first and then conjugated to
the target enzyme. The magnetically modified enzymes stably disperse in both
organic solvents and aqueous solutions. Magnetically modified lipase catalyzes
ester synthesis in organic solvents and can be easily recovered by magnetic force
without loss of enzyme activity [75, 76]. Other enzymes such as L-asparaginase
[76] and urokinase [77] have also been modified in this way.

Antibodies can be modified in a similar manner. Magnetite-labelled antibodies
are expected to be applicable clinically as a therapeutic agents for the induction of
hyperthermia [78].

Magnetoliposomes containing magnetic nanoparticles entrapped within the
cavity have been used for the immobilization of membrane-bound enzymes [79] or
antibodies [80] as well as for the entrapment of various drugs [81]. The catalytic
activity of isolated lipid-depleted membrane-bound enzymes, such as cytochrom
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c-oxidase, has been substantially enhanced after their incorporation in magneto-
liposomes.

Production of a protein (enzyme, antibody, protein A) — magnetite complex
by genetically engineered magnetotactic bacteria Magnetospirillum sp. AMB-1
has been proposed recently [82]. The magA gene, encoding an integral iron
translocating protein situated in the membrane of Magnetospirillum sp. magnetic
nanoparticles, has been fused with genes encoding the desired protein. The desired
protein-magA fusion gene has been cloned into Magnetospirillum sp., and after
cultivation, magnetic nanoparticles bearing the desired protein on the particle
membrane surface have been isolated. The magA protein may thus be used as an
anchor for the site-specific expression of foreign proteins on bacterial magnetite
particle membranes by gene fusion, thus obviating the need for immobilization
of the proteins using chemical reagents [83]. Bacterial magnetic nanoparticles
containing protein A [84], luciferase [85], and acetate kinase [85] have already
been constructed.

Isolation of biologically active compounds

The isolation and separation of specific molecules belongs to the major problems in
biosciences. Affinity ligand techniques represent currently the most powerful tool
available to the downstream processing both with respect to selectivity and re-
covery. Batch magnetic isolations may be faster than standard liquid chromatog-
raphy procedures, and the target molecules can be separated from untreated samples
containing impurities. Although magnetic microparticles are usually employed for
this purpose, especially when working with larger volumes of solutions and sus-
pensions, magnetic nanoparticles have been used to a greater extent recently.

Isolation of eukaryotic poly(A) "mRNA can be performed using oligo(d7T)
immobilized on synthetic magnetic nanoparticles [86]. Alternatively, oligonucleo-
tides immobilized on bacterial magnetic particles can be used for the same purpose
[70]. Protein A immobilized on magnetic nanoparticles has been used to purify
monoclonal antibodies [87]. Alcohol dehydrogenase and lactate dehydrogenase
have been isolated using ferrofluid-modified 5'-AMP-sepharose 4B as an affinity
adsorbent, whereas ferrofluid-modified 2,5'-ADP-sepharose 4B was used to isolate
glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. IgG
and anti-human serum albumin antibodies have been isolated using ferrofluid-
modified protein A sepharose and human serum albumin sepharose, respectively
[45, 88].

Biocompatible two-phase systems, composed for example from aqueous dex-
tran and polyethylene glycol phases, have been used for the isolation of biologi-
cally active compounds, subcellular organelles, and cells for many years. To speed
up the phase separation the addition of ferrofluids to the system is useful. In a mag-
netic field such additives will induce a faster phase separation. Dextran-stabilized
ferrofluid added to an aqueous two-phase system containing polyethylene glycol
and dextran totally partitioned to the dextran phase. After mixing of the two-phase
system, it was possible to reduce the separation time by a factor of 35 by applying a
magnetic field to the system [89]. Other types of surface modified ferrofluids have
also been successfully used [90].
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Determination and detection of biologically active
compounds and xenobiotics

An enormous amount of analytical procedures for the detection of biologically
active compounds is available; among them, antibody-based techniques are ex-
ceptionally important. Magnetic modifications of standard immunoassays can be
successfully used for the determination of various biologically active compounds
and xenobiotics. In these techniques, specific antibodies or antigens are covalently
immobilized on fine magnetic particles. Magnetically based assays are usually
faster and more reproducible than the standard microtitration plate based assays
and have proven to be simple, rapid, and sensitive. The detection systems can be
based on the use of enzymes, radioisotopes, fluorescent substances, or chemilumi-
nescence. The possibility of automation of the analytical procedures is especially
important.

Magnetic nanoparticles with immobilized antimouse IgG antibody or protein A
have been applied to enzyme-linked immunosorbent assay (ELISA) of mouse IgG.
The assay time could be shorten substantially in comparison with the conventional
method [91]. Using bacterial magnetic nanoparticles as a carrier, a highly sensi-
tive mouse IgG assay was developed having a good relationship between the
luminescence intensity and mouse IgG concentration in the range of 1-10° fg/cm’
[66]. Antibody-conjugated bacterial magnetic particles have been prepared to
determine a model food allergen lysozyme using a high-performance and rapid
chemiluminescence immunoassay and a fully automated system [92]. A fully
automated sandwich immunoassay for the determination of human insulin using an
antibody — protein A — bacterial magnetic particle complexes and an alkaline
phosphatase-conjugated secondary antibody has been described recently [83].

Bacterial magnetic nanoparticles have been used for the identification of
cyanobacterial DNA. Genus-specific oligonucleotide probes for the detection of
target strains were designed from the variable region of the cyanobacterial 16S
rDNA. These oligonucleotide probes were immobilized on magnetic particles via
streptavidin-biotin conjugation and employed for magnetic capture (hybridization)
against digoxigenin-labelled cyanobacterial 16S rDNA. Bacterial magnetic
particles were magnetically concentrated, spotted in a microarray device, and the
fluorescent detection was performed. The cyanobacterial genera were successfully
discriminated [69]. A similar approach has been used for the discrimination
between Atlantic and Pacific subspecies of the northern bluefin tuna (Thunnus
thynnus) [93].

Alternative immunoassays or assays employing other binding molecules (e.g.
lectins) can employ magnetic nanoparticles as ferromagnetic labels instead of
enzymes, radionuclides, efc. After binding the labelled antibody or lectin to the
target analyte, the magnetically labelled complex can be captured by larger
particles with immobilized specific antibodies against another analyte epitope, and
after sedimentation the amount of magnetically labelled analyte in the sedimented
fraction is measured with an appropriate transducer (e.g. a magnetic permeability
meter). The possible advantage of this approach includes very low interference
from the sample matrix, as the transducer is only sensitive to ferromagnetic sub-
stances which rarely are present in the sample [94, 95].
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Very sensitive superconducting quantum interference device (SQUID) magne-
tometers have been tested to measure antigen-antibody interactions. In this system,
antibodies are labelled with magnetic nanoparticles, and the antibody-antigen
reaction is measured by detecting the magnetic field from the magnetic nanoparticles
present in the complex. At present, 4 X 10° magnetic markers (diameter = 50 nm),
corresponding to 520 pg of magnetic material, can be detected [96-98].

Modification, detection, isolation, and study
of cells and cell organelles

The immunomagnetic separation of cells has become an important tool used
especially in cell biology and medicine [59]. A substantial amount of experiments
has been performed using magnetic nanoparticles bearing antibodies specific to the
cell surface epitopes.

In general, two different modes of separation can be used. In the direct method,
an appropriate affinity ligand coupled to magnetic nanoparticles is applied directly
to the sample. During the incubation magnetic affinity particles are bound to the
target cells, and thus stable magnetic complexes are formed. In the indirect method,
a free affinity ligand (in most cases an appropriate antibody, often biotinylated) is
first added to the cell suspension. If possible, the excess of unbound affinity ligand
(antibody) is removed after incubation, and the labelled cells are then captured by
magnetic nanoparticles bearing an affinity ligand against the primary label (e.g.
secondary antibodies or streptavidin). In both methods the resulting magnetic
complex is separated using an appropriate magnetic separator [59].

Both positive isolation (when target cellular subsets are magnetically labelled
and subsequently separated) and negative isolation (when targets are purified by
removing all other contaminating cells) can be performed. Cells of various types
can be isolated using equipment and dextran-based magnetic particles from e.g.
Miltenyi Biotec, Germany, or StemCell Technologies, USA.

Magnetic nanoparticles used to label the cells have no negative effect on the
viability of the attached cells, and the isolated cells remain phenotypically un-
altered. The extremely small size of the magnetic nanoparticles (ca. 50 nm) avoids
mechanical stress for the cells and allows short incubation and fast processing
times. The particles form a stable colloidal suspension and do not sediment
or aggregate in magnetic fields. Their size and composition (iron oxide and poly-
saccharide) make the particles biodegradable, and typically they do not activate
cells or influence cell functions and viability. Cells retain their physiological
function. Nanoparticles detachment is not required, so positively selected cells (i.e.
magnetically labelled ones) can be used immediately after separation for analysis
and subsequent experiments. Magnetically labelled cells can be simultaneously
stained by fluorochrome conjugated antibodies, facilitating quality control and
analysis of the separation. The bound nanoparticles do not affect the light scat-
tering of labelled cells. The purity of the sorted fractions can be determined
directly after magnetic separation by flow cytometry. The separation procedure is
also compatible with fluorescence microscopy, PCR, or FISH.

Very pure cell populations with excellent recovery and viability can be isolated;
typical purities reach 95-99.9%, and >90% recovery can be achieved depending
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Fig. 5. The automated system for clinical isolation of human cell subsets CliniMACS. Reproduced
with permission from materials provided by Miltenyi Biotec, Germany

on the cell frequency and the level of marker expression. Larger amounts of cells
can be isolated using automated systems developed by Miltenyi Biotec, Germany;
CliniMACS (Fig. 5) allows cells to be separated in a closed, sterile system, whereas
AutoMACS enables high throughput sample separation, e.g. for further flow
cytometric analysis or sorting.

A great variety of cell types has been isolated up to now. Especially important
is the process of detection and removal of circulating tumour cells using an
immunomagnetic procedure [99]. Another important process is the selective sep-
aration of CD34 + cells (stem cells) which opens new possibilities for stem cell
transplantation and genetic manipulation of the hematopoietic system [100].
Nanoparticles obtained from magnetotactic bacteria with immobilized antibodies
have been used for the detection and removal of Escherichia coli [67].

Annexin Visa Ca? ™" -dependent phospholipid binding protein with high affinity
for phosphatidylserine (PS) which is redistributed from the inner to the outer plasma
membrane leaflet in early apoptosis. If immobilized to magnetic nanoparticles it can
be used for the purification of apoptotic and non-apoptotic cells [32].

Not only whole cells, but also various cell organelles can be selectively
separated using magnetic biocompatible nanoparticles. The lysosome fraction was
isolated from the amoeba Dictyostelium discoideum after feeding with dextran-
based nanoparticles and subsequent homogenization [101, 102]. A similar proce-
dure was used to isolate lysosomes from human epidermal keratinocytes [103].
Plasma membranes from Chinese hamster ovary cells have been isolated after
binding of wheat germ agglutinin immobilized on magnetic nanoparticles to the
cell surface, followed by cell disintegration and magnetic separation [104].
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A complex of magnetic cationic liposomes and a plasmid was used for
transfection of selected animal cells. After incubation, the cells were subjected to
magnetic separation, and transformed cells were selected. No other marker is
required, and the separation can be performed just after the transformation [105].

Bacterial magnetite particles of 50 to 100nm diameter were used as DNA
carriers for the ballistic transformation of the marine cyanobacterium Synecho-
coccus. Particles were bombarded into the cyanobacterial cells using a particle gun.
Successful transformation and gene expression were confirmed by Southern
hybridization and CAT assays, respectively. Magnetic particles were also observed
in the cyanobacterial cells by transmission electron microscopy. These results
suggested that magnetic nanoparticles can be used as carriers for introducing DNA
into bacterial cells [106]. Subnanoparticulate magnetic labels such as erbium ions
or magnetoferritin have also been used to modify the cell surface [59].

Applications of magnetotactic bacteria

Magnetic particles produced by magnetotactic bacteria have found various prac-
tical applications, and cultivation of magnetotactic bacteria can thus be an impor-
tant process for the production of fine-grade, homogeneous, and biocompatible
magnetite under mild conditions at normal temperature and pressure. Only a limited
number of magnetotactic bacteria have been isolated in pure culture so far. For
larger-scale cultivation, aerotolerant strains are preferred. Magnetospirillum
gryphiswaldense and Magnetospirillum AMB-1 are tolerant to atmospheric air if
grown from large inocula. The maximum cell yields reported so far are 0.34 g/ dm?
(dry weight; this corresponded to 4.5mg of bacterial magnetic particles) for
Magnetospirillum AMB-1 grown using a fed-batch culture system in a 4dm’
fermentor [107] and 0.33 g/dm3 (dry weight) for M. gryphiswaldense grown in
a 100 dm? fermenter [108]. Magnetic particles are usually released from the cells af-
ter disruption by ultrasonication or French press. Subsequent techniques for the
isolation and purification of magnetosome particles from Magnetospirillum species
are based on magnetic separation [109, 110] or a combination of a sucrose-gradient
centrifugation and a magnetic separation technique [111]. These procedures leave
the surrounding membrane intact, and magnetosome preparations are apparently
free of contaminating material. Owing to the presence of the enveloping membrane,
isolated magnetosome particles form stable, well-dispersed suspensions [7].

Both the cells of magnetotactic bacteria and the isolated magnetic particles have
found interesting applications. The cells were used for the nondestructive domain
analysis of soft magnetic materials [112] or to locate magnetic poles on meteoritic
magnetic grains [113]. Experiments with possible applications of magnetotactic
bacteria for radionuclide recovery have also been performed [114, 115]. In the near
future, cultivation of genetically engineered magnetotactic bacteria producing mag-
netic nanoparticles with attached specific proteins can be expected.

Drug and radionuclide targeting

Drug and radionuclide targeting, i.e. predominant active compound accumulation
in the body target zone independent from the method and route of drug
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administration, may resolve problems currently associated with systemic drug
administration. One of the possible schemes for drug targeting includes magnetic
targeting. For this purpose, the drug or radionuclide can be immobilized in
biocompatible magnetic nano- or microspheres or in magnetoliposomes. Typically,
the intended drug and an appropriate ferrofluid are formulated into a pharma-
ceutically stable formulation. This is then usually injected through the artery that
supplies the target organ or tumor in the presence of an external magnetic field.
Prolonged retention of the magnetic drug carrier at the target site alleviates or
delays the RES clearance and facilitates extravascular uptake. This process is
based on competition between forces exerted on the particles by the macro- and
microcirculation, the characteristics of the magnetic particles (size, configuration),
and the applied magnet. To effectively retain the magnetic drug carrier, the
magnetic forces must be high enough to counteract linear flow rates within the
organ or tumour tissue (between 10 and 0.05cm/s depending on vessel size and
branching patterns) [116—118].

Current technologies of magnetic drug targeting allow the localization of up to
70% of the administrated dose in the target tissue, with minimal interaction and
toxicity to normal cells. An up to eight-fold increase in drug concentration in the
target tissue after administration of only a third of the drug dose has been observed
[116].

Special types of ferrofluids stabilized with anhydroglucose polymers have been
developed which enabled chemoadsorptive binding of various drugs, cytokines,
DNA fragments, and other molecules. Animal studies have demonstrated good
tolerance of the magnetically targeted ferrofluid: low concentrations of the
magnetic fluid delivered high drug doses and allowed for effective tumor therapy.
Clinical studies have been performed on patients with various types of tumors
using a magnetic fluid with bound epirubicin. The amount of ferrofluid applied to
the patients was 0.5% of the estimated blood volume. The ferrofluid was well
tolerated, and in some of the patients the therapeutic procedure was partially
effective [116, 119].

Magnetic fluids can be used to prepare various types of magnetic biocompatible
and biodegradable (bio)polymer particles and magnetoliposomes that can be used
to encapsulate various drugs and radionuclides [120, 121]. Thermosensitive mag-
netoliposomes can release the entrapped drugs after selective heating caused by an
electromagnetic field [122, 123].

In animal experiments, the local prevention of thrombosis in arteries of dogs
and rabbits has been achieved by the intravenous application of the autologous red
blood cells loaded with ferromagnetic colloid suspension and aspirin if a strong
SmCo magnet was secured externally to the artery where the thrombus was
initiated [124].

Magnetic fluid hyperthermia

During cancer therapy many procedures have been used. Hyperthermia is a
promising approach to cancer therapy based on the heating of the target tissue
to temperatures between 42 and 46°C, thus generally reducing the viability of
cancer cells and increasing their sensitivity to chemotherapy and radiation.
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Unlike chemotherapy and radiotherapy, hyperthermia itself has fewer side effects.
Magnetic fluid hyperthermia is based on the fact that subdomain magnetic particles
produce heat through various kinds of energy losses during application of an
external AC magnetic field. If magnetic particles can be accumulated only in the
tumor tissue, cancer specific heating is available.

In 1979, Gordon et al. [125] have used for the first time a magnetic fluid based
on dextran magnetite nanoparticles to treat mammary tumour bearing rats. Since
then, various types of biocompatible magnetic fluids [126, 127], cationic mag-
netoliposomes [128], or affinity magnetoliposomes [129] have been used for
hyperthermia treatment, and several review papers are available on this topic
[127, 130].

An interesting possibility of cancer treatment is the combination of hyper-
thermia treatment followed by chemotherapy or gene therapy. In this case, magnetic
nano- or microspheres or magnetoliposomes containing a drug are first used to
cause hyperthermia using the standard procedure; subsequently, the released drug
acts on the injured cancer cells. This combined treatment might be very efficient
[131]. Alternatively, magnetoliposomes have been used to cause hyperthermia
which also resulted in the expression of interferon-3 from the gene under the
control of a heat inducible promoter, inserted to the tumors cells using standard
liposomes [132].

At present, systems for magnetic fluid hyperthermia therapy are under devel-
opment, and the phase I of the clinical testing is under preparation [127].

Contrast-increasing materials during magnetic resonance imaging

Currently, magnetic resonance imaging (MRI) belongs to standard medical exami-
nation methods. MRI is essentially proton NMR performed on tissue. In MRI,
image contrast is a result of the different signal intensity each tissue produces in
response to a particular sequence of the applied radiofrequency pulses. This
response depends on proton density and magnetic relaxation times so as MRI
contrast depends on the chemical composition (especially on the concentration of
water or lipid molecules) and molecular structure of the tissue and is usually
manipulated by adjusting the instrumental parameters [133]. In early 1980s it was
recognized that target-specific superparamagnetic particles can serve as a dra-
matic source of exogenous contrast and have rapidly become an important and
indispensable tool for the non-invasive study of biological processes with MRI.
Superparamagnetic magnetite-dextran nanoparticles change the rate at which
protons decay from their excited state to the ground state. As a result, regions
containing the superparamagnetic contrast agent appear darker in an MRI than
regions without the agent. For instance, when superparamagnetic nanoparticles are
delivered to the liver, healthy liver cells can uptake the particles whereas diseased
cells cannot. Consequently, the healthy regions are darkened, and the diseased
regions remain bright [134]. A novel use of these nanoparticles deals with tracking
cells in vivo. Rat T-cells were labelled with superparamagnetic Fe;O4 nanopar-
ticles. Inflamed rats’ testicles attracted the magnetite-attached T-cells and caused
a decrease in the MRI signal from the testicles [135]. Alternatively, antibody-
conjugated magnetite nanoparticles can serve as a target-directed magnetic
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resonance contrast agent [136]. Polyethylene glycol-modified magnetoliposomes
with a diameter of 40 nm and containing 1-6 superparamagnetic iron oxide crystals
per vesicle have been found to have excellent properties as a bone marrow-seeking
MR contrast agent [137].

Miscellaneous and potential medical applications

Recently, the direct antitumour effect of biocompatible cobalt-ferrite-based
magnetic fluid on bitch mammary tumor cells has been studied. It was observed
that tumor cells intensively endocytosed magnetic nanoparticles and became over-
loaded by them. This situation led to a massive necrosis of tumour cells [138].

Two methods have been proposed for the treatment of the acquired immuno-
deficiency syndrome (AIDS) by introducing magnetoliposomes with coupled
human immunodeficiency virus (HIV) receptor proteins into the blood stream.
In the first procedure, HIV bound to magnetoliposomes should be separated from
the patient’s body using the arterio-venous shunt connected with a high grad-
ient magnetic separation device where the complex should be removed [139].
The second procedure is based on the inductive heating of the HIV-magnetolipo-
some complexes in an AC magnetic field which should inactivate the AIDS virus
[140].

Silicone magnetic fluid has been suggested for use in eye surgery to help in the
course of retinal detachment repair. The procedure should employ a magnetized
encircling scleral buckle holding in place a magnetic fluid providing 360° en-
circling internal tamponade [141, 142].

A possible procedure leading to the damage of the target cells has been
described. Magnetic nanoparticles complexed with an appropriate antibody will
bind to the cell membrane of the target cell. After application of an external
rotating magnetic field of rapidly changing polarity, the ferrofluid particles will
be drawn into a circular path, and an axial spin will be induced as each particle
aligns itself with the magnetic force lines. A portion of these magnetic fluid
particles will be drawn into the target cell membrane and into the cytoplasm
causing brief perforations of the cell membrane of the target cells. If enough
mechanical damage is done to the plasma membrane or to the intracellular
structures, cell lysis may result, but in any case the brief disruptions of the target
cell membrane can be used to selectively introduce membrane impermeant cy-
totoxic or antiretroviral substances into the target cell while relatively sparing
normal cells [143].

A brain tumor position sensing method using a magnetoimpedance micro-
magnetic sensor in combination with magnetic fluids has been proposed. Sensing
of magnetic fields generated from magnetic nanoparticles accumulated in the
tumor tissue could be an effective way to accurately detect the tumor position
during the surgical operation [144].

An artificial sphincter muscle using magnetic fluid has been developed in
Japan for use in an artificial anus. The device has been used successfully in dogs,
and application in humans is foreseen [26]. Ferrofluid has also been used as a seal
for an axial flow pump during the development of an implantable artificial heart
[145].
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Applications in other biosciences

The influence of biocompatible magnetic fluids on the physiological functions of
various plants have been tested. The presence of magnetic nanoparticles in growth
media caused different kinds of modifications in plant growth, organogenesis, life
cycle, and cell structure. For example, root and leaf induction was accelerated in
2—6 days in the presence of ferrofluid. Positive effect of ferrofluids have also been
observed in in vitro plant regenerates which were grown in hypogravity conditions
[146, 147].

Magnetic field sensitive polymer gels containing magnetic nanoparticles ex-
hibit a quick controllable change of shape caused by the change of magnetic field.
This property can be used to mimic muscular contractions. The peculiar magneto-
elastic properties of these gels may be used to create a wide range of motion
and to control a smooth and gentle shape change and movement similar to what
is observed in muscles [148].

Future Trends

As can be seen, magnetic nanoparticles represent an extremely interesting group of
inorganic nanomaterials, having close connections to living systems and their
components. Their importance has even exceeded the planet Earth, and magnetic
nanoparticles might be among the first proofs of the presence of extraterrestrial life.

Further studies of magnetic nanoparticles biomineralization processes will be
interesting not only from the point of view of basic research, but also with respect
to large-scale synthesis of magnetic biocompatible nanoparticles. Biotechnology
production of either unmodified or genetically engineered bacterial magnetosomes
may be of great interest and become one of the standard processes for magnetic
nanoparticle preparation.

Separation processes employing magnetic modification of originally diamag-
netic components followed by magnetic separation will be used more frequent-
ly. These techniques will become standard procedures in biology and clinical
laboratories.

Magnetic assays, especially those employing magnetic nanoparticles as specific
labels, will certainly find more applications in the near future. The progress in this
area will be supported by the further development of computer hardware tech-
nology which will enable the detection of minute amounts of magnetic labels.

Probably the most important applications of magnetic nanoparticles in the area
of biosciences can be expected in medicine and related disciplines. Magnetic
drugs, antibiotics, radionuclides, genes, efc. targeting, magnetic fluid hyperthermia,
detection of cancer cells, isolation of stem cells, possible influence on biological
functions by specific types of ferrofluids, improvement of diagnostic procedures
(such as MRI), development of clinical biochemistry assays based on the ap-
plication of magnetic nanoparticles — these all and most probably several other
procedures will be further developed to employ the unique properties of magnetic
nanoparticles. Not only the individual procedures, but also their combinations
(such as magnetic drug targeting combined with hyperthermia) can lead to very
interesting results.
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The combination of nanotechnologies and biosciences will be one of the
leading areas of research and development in the 21% century; magnetic nano-
particles will certainly play an extremely important role.
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