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Abstract

Bacterial magnetosomes (BMs) synthesized by magnetotactic bacteria have recently drawn great
interest due to their unique features. BMs are used experimentally as carriers for antibodies,
enzymes, ligands, nucleic acids, and chemotherapeutic drugs. In addition to the common attractive
properties of magnetic carriers, BMs also show superiority as targeting nanoscale drug carriers,
which is hardly matched by artificial magnetic particles. We are presenting the potential
applications of BMs as drug carriers by introducing the drug-loading methods and strategies and
the recent research progress of BMs which has contributed to the application of BMs as drug
carriers.

1. Introduction

Nanoscale drug carriers for targeted drug delivery have great potential [1-4] to resolve the
issues associated with regular drug administration such as nonspecific biodistribution of
pharmaceuticals; the lack of drug specific affinity and the necessity of a large dosage to
achieve high local concentration; the crossing of biological barriers such as organs, cells,
and intracellular biolayers; and nonspecific toxicity and other adverse side effects
(immunity, neural systems, etc.) due to high drug doses [5, 6].

Pharmaceutical carriers include soluble polymers, microstructures, cell ghosts, lipoproteins,
liposomes, dendrimers, micelles and so on [2-6], which can all be designed for drug
delivery vehicles. Such vehicles include (a) direct application of carriers with drug into the
affected zone; (b) passive drug accumulation in the tissues with leaky vasculature; (c)
physiological targeting based on abnormal pH and/or temperature in the pathological zone;
(d) magnetic targeting under the use of an external magnetic field; (e) intelligentized

Copyright © 2011 Jianbo Sun et al.
Correspondence should be addressed to Xing-Jie Liang, liangxj@nanoctr.cn and Paul C. Wang, pwang@howard.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al.

Page 2

targeting using specific molecules such as ligands or antibodies, which can recognize the
targeted area and increase the affinity to it.

Magnetic-targeted drug carriers are prepared using FesO4 or Fe,Og as a core and coated
with biocompatible polymers for drug delivery [7-9] due to their attractive advantages for
medical applications which are (a) paramagnetism for magnetic resonance imaging (MRI);
(b) position altering with magnetic field; (c) hyperthermia with an external alternating
magnetic field; (d) controllable size; (e) surface modification with diverse bioactive
molecules; (f) nonsignificant safety concerns. This technology has evolved rapidly since the
1970s [10], although its application has been hampered by problems such as low drug
loading, propensity of congregating, poor dispersion, and difficult control of microspheric
shape or size [9]. Bacterial magnetosomes (BMs) [11] synthesized by magnetotactic bacteria
have recently drawn great interest [12—15] as alternatives for targeting drug carriers due to
their unique features such as paramagnetism, nanoscale, narrow-size distribution, and being
bounded to the membrane [16-20].

2. Characterization of BMs

Magnetosomes are found in all magnetotactic bacteria and consisted of magnetic iron
mineral particles and present species-specific characteristics. Magnetosomes from the same
species have the same unique composition and uniform morphology with narrow-size
distribution. In various magnetotactic bacteria, magnetosomes have shapes in cubo-
octahedral, elongated hexagonal prismatic, and bullet-shaped morphologies (Figure 1) [16,
21-23]. Magnetosomes in most magnetotactic bacteria strains consist of magnetite, Fe3O4.
The Raman Spectrum of BMs from M. gryphiswaldense shows resemblance to Fe304. The
FTIR spectrum of BMs also shows the presence of Fe304 [24]. Typical particle sizes are 35—
120 nm, however, in some locations, crystals larger than 200 nm are found. Magnetosomes,
in several magnetotactic bacteria from sulfuric environments, consist of the iron-sulfide
mineral greigite, Fe3S,, which is ferrimagnetically ordered [16, 25].

2.1. Characterization of Magnetosome Membrane

All magnetosomes examined to date have a lipid bilayer admixed with special proteins,
which is termed magnetosome membrane. The magnetosome membrane of M.
magnetotacticum MS-1 contains neutral lipids and free fatty acids; as well as glycolipids,
sulfolipids, and phospholipids (in a weight ratio of 1 : 4 : 6). The phospholipids include
phosphatidylserine and phosphatidylethanolamino. There are numerous proteins detected in
the magnetosome membrane which were not found in other cell membranes or soluble
fractions [18]. The fatty acid and proteomic analysis of the magnetosome membrane of M.
magneticum AMB-1 showed a striking similarity between the cytoplasmic and
magnetosome membrane profiles [19, 26]. The results showed that palmitoleic acid and
oleic acid account for 90% of the total fatty acids and phospholipids compose 58% of the
total lipid; with phosphatidyl ethanolamino accounting for 50% of the total phospholipids.
78 identified magnetosome membrane proteins were also found to be common in the
cytoplasmic membrane, several of which are related to magnetosome biosynthesis.

The magnetosome membrane of M. gryphiswaldense is composed of phospholipids and fatty
acids, which is similar to that from outer and cytoplasmic membranes but with different
proportions [20]. There are at least 18 proteins that make up the magnetosome subproteome,
and most of these proteins are unique for M. gryphiswaldense. The FTIR spectrum of BMs
has shown these membrane lipids and the amino groups [24].

Analysis of magnetosome membrane proteins in different Desulfovibrio magneticus strains
RS-1, AMB-1, and MSR-1 indicated three magnetosome-specific proteins MamA
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(Mms24),MamK, and MamM. The collagen-like protein and alleged iron-binding proteins
are considered to play key roles in magnetite crystal formation and are identified as specific
proteins in strain RS-1. The newly identified magnetosome membrane proteins might
contribute to the formation of the unique irregular, bullet-shaped crystals in the strain [27].

The presence of polarizable primary amino groups in the magnetosome membrane offers an
explanation of the elevation of external pH increasing the surface negativity of
magnetosome membrane. The zeta potential of BMs from M. gryphiswaldense in pH 7.4
buffer is —24.4 + 4.0 mV. The zeta potential for the BMs of M. magneticum AMB-1
changes from —2.5 to —25.0 mV when the pH value changes from 4.0 to 7.0 [24, 28]. The
biodistribution of nanosize drug carriers following intravenous administration depends
heavily on particle size and surface properties such as surface charge and hydrophobicity
[29, 30]. The mononuclear phagocytic system (MPS), or reticuloendothelial system (RES),
mainly consists of macrophages in the liver and spleen. The RES has the ability to remove
unprotected nanoparticles from the bloodstream within seconds after intravenous
administration. In general nanoscale size of BMs (35-120 nm) and the negative zeta
potential of BMs are good to reduce liver clearance. It has been shown that after the
injection of BMs through sublingual vena; BMs were accumulated in the liver of SD rats
[24].

2.2. Magnetic Properties of BMs

The analysis of the magnetic properties of magnetosomes focused on the magnetic
microstructure, hysteresis, and relaxation time. Researches by various groups showed that
magnetosomes from M. Magnetotacticum MS-1, M. magneticum AMB-1, M.
gryphiswaldense, the marine vibrioid strain MV-1, and the coccoid strain MC-1 were all
single-magnetic-domain particles [11, 16, 21, 31-36]. The magnetization directions of small
super paramagnetic crystals were constrained by magnetic interactions with larger crystals in
the magnetosome chain having predominant saturation magnetization [32]. Shape anisotropy
was found to dominate magneto crystalline anisotropy in elongated crystals, grain
elongation, and separation for chains of identical magnetite grains. The inclusion of
magnetic interactions was found to decrease the blocking volume, thereby increasing the
range of stable single magnetic domain, a scale not attainable for chemically synthesized
nanoparticles [37].

Holograms showed a coercive field of 300 Oe for M. magnetotacticum [38] and coercive
field of 300-450 Oe for the MV-1 chain [32]. The exact value of coercive field for any
given magnetosome chain is sensitive to the particle size, separation, and chain length, as
well as magneto crystalline anisotropy [31]. For aqueous suspensions of magnetosomes
extracted from M. gryphiswaldense, the coercivity at room temperature is 0.7 kKA/m, while
coercivity increases to 2.6 kA/m or 6.5 kA/m Bby suspending magnetosomes in aqueous
solution of gelatin, with subsequent particle immobilization by gelation, coercivity increases
to 2.6 kA/m or 6.5 KA/m [39, 40]. Compared to 20 A/m of the commercially available
ferrofluid Resovist, this extremely high value confirms the high anisotropy-related Néel
relaxation time. The magnetic losses, converted into heat in hyperthermia, were determined
calorimetrically to be 960 W/g at 10 kA/m and 410 kHz. This value is exceptionally large
and may even exceed those of compared metallic magnetic particles such as cobalt particles,
which are hardly matched by artificial magnetic particles [39, 41].

Alphandéry et al. [42] examined mechanisms of heat production by whole intact cells and
extracted chains and individual magnetosomes of the magnetotactic bacterium M.
magneticum strain AMB-1- when exposed to an oscillating magnetic field of frequency 108
kHz and field amplitudes of 23 and 88 mT. In this study, magnetosomes did not contain
magnetite as the magnetite oxidized to maghemite. Intact bacterial cells that contain chains
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of magnetosomes, heat is generated through hysteresis losses yielding specific absorption
rates of 115 + 12 W/gFe at 23 mT and 864 + 9W/gFe at 88 mT. When the chains of
magnetosomes are extracted from the bacterial cells and exposed to the same magnetic field,
there is an additional contribution to the heat-producing mechanism due to the rotation of
the magnetosomes. This contribution results in higher observed specific absorption rates of
864 + 13 W/gFe at 23 mT and 1242 + 24 \W/gFe at 88 mT. Individual magnetosomes whose
membranes had been removed produced specific absorption rate values of 529 + 14 W/gFe
at 23 mT and 950 + 18 W/gFe at 88 mT.

Magnetotactic bacteria embedded with magnetosomes affect the T2-relaxation more greatly
than T1-relaxation rate in MRI system [35] and can be used as a negative contrast agent for
MRI. The physicochemical and magnetorelaxometric characterizations of bacterial
magnetosomes and iron oxide nanoparticles were investigated. The longitudinal and
transverse relaxivities of the magnetosomes were studied with a 1.5 T MRI system to be R1
=7.688 mmol-1s-1 and R2 = 147.67 mmol-1s-1, respectively [39]. Magnetosomes in
agarose gel were analyzed [43] using a 3.0 T MRI-scanner and showed T2 relaxivity of
1175 mM-1s-1, which was larger than synthetic magnetic nanoparticles with 551 mM-1s-1
and Resovists with 230 mM-1s-1. Both bacterial magnetosomes and synthetic magnetites
can be used as a negative contrast agents and show slight T1 effects and strong T2 effects on
MRI images. The signal attenuation of bacterial magnetite samples is more prominent than
that of synthetic magnetite samples at the same concentration because bacterial
magnetosomes have larger mean aggregate size, better dispersion, and stronger
ferromagnetism compared to synthetic magnetites.

2.3. Biocompatibility of BMs

BMs have been predicted to be highly biocompatible because they are formed by bacterial
cells rather than artificially synthesized. BMs also pose potential risks as they are nanosized
particles isolated from bacterial cells and their membrane contains various nonhuman
proteins [18-20, 26]. Chemical toxicity of BMs from iron ions is negligible [44, 45] due to
the insolubility of Fe304. Therefore, the toxicity of BMs may be primarily due to (a) their
nanoscale size, which leads to embolism, blockage, and deposition in the body and (b)
impurities, particularly proteins, nucleic acids, and polysaccharides associated with BMs
extracted from bacterial cells, resulting in immunotoxicity.

Sun et al. have studied the biocompatibility of BMs and have shown the body tissue
distribution and host tissue elimination following administration of BMs into the vascular
system [24] and in vitro cytotoxicity for mouse fibroblasts [46]. BMs displayed targeted
distribution in SD rat liver, suggesting that BMs may be less likely to congregate than other
nanoparticles; that is, BMs may avoid incurring organ congestion or infarction in vivo since
they can be transferred from the sublingual vein to the liver. Purified and sterilized
magnetosomes were found to be nontoxic to mouse fibroblasts in vitro. The injection of 1
mg BMs did not increase body temperature of rabbits during the pyrogen test, which showed
antigens or pyrogens free with BMs administration [47].

The biocompatibility of purified magnetosomes was also evaluated comprehensively by Sun
et al. It was found that magnetosomes showed slight acute toxicity, immune toxicity, and
cytotoxicity [47]. The LD50 of BMs was 62.7 mg/kg when injected into the sublingual vein
of SD rats. Further studies, with injection of 40 mg/kg BMs, showed no significant
difference between BM-treated and nontreated control rats in terms of routine blood exam
results, liver and kidney function tests, organ coefficients of major organs, or Stimulation
Index of lymph cells with ConA and/or LPS antigens. The histological examination of major
organs from these 40 mg/kg BM-treated rats showed no obvious pathological changes,
except increased number of vacuoles in livers and thicker interlobular septa in lungs. BMs
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showed little cytotoxic effect on H22, HL60, or EMT-6 cells. Incubation with 9 pg/mL BMs
neither inhibited nor stimulated the growth of all three cells and had no effect on DNA
content, cell size, or cell membrane integrity. Kim et al. reported that magnetosomes without
surface modification were incorporated into endothelial progenitor cells in vitro, and cells
containing BMs showed high viability [48].

3. Superiority of BMs as Targeted Nanoscale Drug Carriers

Bacterial magnetosomes also show superiority as targeting nanoscale drug carriers, which is
hardly matched by artificial magnetic particles. Using magnetosomes of M. gryphiswaldense
as an example, BMs show superiority as follows: (a) very narrow size distribution (25-55
nm) and uniform morphology, which is biogenetically controllable and reproducible; (b) an
inorganic component of Fe304 with high purity [49]; (c) stable single-magnetic-domain
particles, which show paramagnetism with extremely high coercivity values, exceptionally
larger magnetic losses converted into heat in hyperthermia, and more obvious T2 signal
attenuation in MRI than that of synthetic magnetite samples; (d) negatively charged surface
and better dispersion due to polarized primary amino groups in the magnetosome bilayer
lipid membrane; (e) easy functionalization with diverse bioactive molecules because of the
abundance of primary amino groups in the surface of magnetosomes; (f) potentially slow
drug release from magnetosomes in vivo due to the digestible magnetosome membrane; (g)
a well-established large-scale production method of magnetosomes with high purity [50,
51]; (h) high biocompatibility.

4. Drug-Loading Strategies with BMs

BMs are able to be modified very easily with diverse bioactive molecules due to the
abundance of primary amino groups on the surface of magnetosome membrane and chimeric
proteins displayed specifically on the surfaces of genetically engineered isolated
magnetosomes [52]. There are two major drug-loading strategies: directly loading drugs to
BMs with dual function linkers, and indirectly loading drugs to BMs with linkers after
modification of BMs and/or drugs.

4.1. Direct Drug-Loading onto BMs with Dual Functional Linkers

There are many chemotherapeutic drugs which contain one or more amino groups per drug
molecule. Doxorubicin, epirubicin, daunorubicin, idarubicin, and pirarubicin contain one
amino group per molecule, while mitomycin, bleomycin, and peplomycin contain
multiamino groups per molecule. BMs can be linked to these drugs by the homobifunctional
crosslinking agents such as aliphatic binary aldehyde, diisocyanates, diisothiocyanates,
di(succinimido) aliphatic esters, and their derivatives (Table 1) [53]. Drugs with carboxyls
or phosphate groups also can be linked to the amino groups of BMs by using 1-Ethyl-3-[3-
dimethyllam-inopropyl] carbodiimide (EDC).

4.2. Indirect Drug-Loading onto BMs After Modification of BMs and/or Drugs

Drugs without amino or carboxyl groups cannot be directly linked to BMs through the
previously mentioned methods. There are three ways to load such drugs to BMs: attaching
an amino or carboxyl group to the drugs by modification of the drugs, modifying the BMs
without changing the drug molecules, and modifying both the drug molecules and BMs so
that they can be linked with bifunctional reagents.

Drugs with sulphydryl or disulfide bond can be linked to BMs with modified SPDP (N-
Succinimidyl 3-[2-pyridyldithio]propionate) and then reduced with DTT (Dithiothreitol).
For example, antibodies can be linked to BMs by this method [54, 55]. It is simple to switch
amino groups into sulfydryls in the BMs or drugs when Traults reagent 2-iminothiolane
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reacts with primary amino groups [53]. This reaction provides more choices for drug loading
onto BMs. Drugs with primary amino groups can also be loaded onto BMs with this indirect
method. For other drugs without amino group, sulphydryl or disulfide bond, drug loading
onto BMs can be achieved by introducing one of these residues in the drugs and then using
the strategies mentioned above.

Another unique method to load drugs onto BMs is by linking BMs with macromolecules,
which are loaded with numerous small drug molecules [56]. Such macromolecules include
poly-Glu, poly-Lys, poly-Asp, polyethylene glycol, and dextran. Poly-L-glutamic acid
(PLGA) is a polymer of amino acids which contains multicarboxyl groups and only one
single amino group. The single amino group of PLGA can be masked with a thiol group first
and form PLGA-3-[2-pyridyldithio] propionyl (PLGA-PDP). PLGA-PDP, with the help of
EDC, can react with small drug molecules carrying amino groups such as doxorubicin
(DOX) and form PDP-PLGA-(DOX)n. This compound then reacts with the BMs modified
with SPDP and DTT, and the PLGA-(DOX)n can be loaded onto BMs. The process is
summarized in Figure 2.

There are also drug loading methods without additional chemical reactions. For example,
BMs have a negatively charged surface can be modified with cationic silane such as
N(trimethoxysilylpropyl) isothiouronium chloride, 3-Aminopropyltriethoxysilane, and 3-[2-
(2-aminoethyl)-ethylamino]-propyltrimethoxysilane. The modified BMs show a cationic
surface and can absorb nucleic acid drug [57, 58]. Protein A can be expressed in the
membrane of BMs with genetic engineering can conjugate antibody drugs directly [52, 59].

5. Drug-Loading Types with BMs

There are four major groups of drugs that are able to be loaded onto BMs: protein drugs,
nuclei acid drugs, radioactive isotopes, and chemotherapeutic drugs.

5.1. Protein Drugs

Protein drugs come in all shapes and sizes: recombinant human proteins such as insulin,
growth hormone, and erythropoietin; monoclonal antibodies such as Remicade, Rituxan, and
Erbitux; viral or bacterial proteins used as vaccines to elicit a specific immune response

[60]. These protein drugs on the market fail to deliver in one or more target areas because
they are digested or disrupted very readily during the process of crossing biological barriers
such as organs, cells, and intracellular compartments. Therapeutic anticancer antibodies
suffer from poor curative effects against solid tumors. Solid tumors are usually bounded
with a pyknotic basement membrane and show lymphatic backflow obstacles, which impede
the transfer of antibodies into solid tumors. This drawback can be overcome if the antibodies
are loaded onto BMs and maintained in the solid tumors with magnets.

Methods for loading proteins onto BMs were developed by the research group led by T.
Matsunaga. In 1987, Matsunaga et al. successfully immobilized glucose oxidase and uricase
on BMs. The activity of glucose oxidase immobilized on BMs was 40 times than that of
immobilized artificial magnetites or Zn-ferrite particles. Both glucose oxidase and uricase
coupled with BMs retained their activities when they were reused five times [61]. The same
research group also immobilized FITC conjugated anti-IgG antibodies on BMs, which were
modified with glutaraldehyde or SPDP for the detection of allergen [19, 54, 55]. In 2001, the
group loaded Hemoglobin Alc (HbAlc) onto modified BMs, which were coupled with m-
aminophenylboronic acid (mAPB) by using homobifunctional crosslinker, Bis-
(succcimidyl)suberate (BS3) (Figure 3) [62].
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Recombinant BMs with Protein A expressed on their surface were constructed using magA.
MagA is a key gene in the BMs biosynthesis of magnetotactic bacteria. Homogenous
chemiluminescence enzyme immunoassay using antibody bound Protein A-BMs complexes
was developed for detection of human IgG (Figure 4) [52, 59].

Yoshino et al. established a method for displaying functional proteins on BMPs [63-65]. A
novel promoter, termed msp3 promoter, was identified for the strong expression of BMs’
membrane-specific protein using M. magneticum AMB-1 genome and proteome databases.
The msp3 promoter showed 400 times higher activity than the magA promoter previously
used. Efficient protein display on BMs was performed using the newly identified promoter
sequences. This developed display system will facilitate the assembly of various functional
proteins onto BMs.

5.2. Nucleic Acid Drugs

Nucleic acids, DNA, and RNA are endogenous materials which encode genetic information
responsible for the biological process and also for dreadful diseases as well. The nucleic
acids act as drugs through different mechanisms such as binding with the synthesized
proteins and hybridizing to a messenger RNA, that leads to translation altering or inducing
degradation of target RNA. Through this process, the nucleic acids act as drugs for gene
expression and regulation. BMs were reported for DNA and RNA extraction and gene
delivery and detection [57, 58, 67-71].

BMs have a negatively charged surface and a membrane that contains 25%
phosphatidylethanolamino and can absorb much lower nucleic acids (less than 0.5 ug DNA
per 100 ug BMs) directly. Matsunaga’s group modified BMs with cationic silanes such as
N(trimethoxysilylpropyl) isothiouronium chloride, 3-Aminopropyltriethoxysilane, and 3-[2-
(2-aminoethyl)-ethylamino]-propyltrime-thoxysilane. The DNA binding efficiency of the
modified BMs increased with the number of amino groups presented on the silane
compounds and was 14-fold higher than that of untreated BMs [57]. They also developed a
better method of direct formation of a cascading hyper branched polyamidoamino dendrimer
onto the surface of amino silane modified BMs (Figure 5) [58]. Characterization of the
synthesis revealed linear doubling of the surface amino charge from generations one through
five starting with an amino silane initiator. The dendrimer modified BMs have been used to
carry out magnetic separation of DNA. Binding and release efficiencies increased with the
number of generations of dendrimer. The binding and release efficiencies of bacterial
magnetite modified with six-generation dendrimer (1.7 x 106 aminos/BM) were 7 and 11
times, compared with bacterial magnetites modified with only amino silane.

The Matsunaga group also immobilized biotin-labeled oligonucleotide probes onto BMs,
which were modified with Sulfo-NHS-LC-LC-biotin and streptavidin [68-71]. A
semiautomated system for the large-scale detection of single nucleotide polymorphisms
(SNPs) has been developed with these probes-BMs particles [71]. Matsunaga et al.
developed this method which binds nucleic acid fragments or protein to BMs modified with
dual functional reagents after several reaction steps [71]. Biotin groups were attached to the
magnetosome membrane either by incorpration of [1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamino-N-(biotinyl)(sodiumsalt)] (biotin-DPPE) or by the covalent
modification of the proteins within the magnetosome membrane using sulfo-N-hydroxy-
succinimide ester sodium salt (NHS-biotin). Magnetosomes modified with surface-bound
biotin groups were used to bind streptavidin (STV), and the resulting STV-functionalized
BMs were functionalized with biotinylated DNA oligomers and/or antibodies.
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5.3. Radioactive Isotopes

Radiotherapy can be used to treat diseases, especially cancer, using radiation to weaken or
destroy particular targeted cells. Different types of radiation sources such as X-rays, y-rays,
particle beams, protons or neutrons are used to destroy the cancer cells within the body [72,
73]. The most commonly used radioactive isotope in clinic is technetium-99, and accounts
for 80% of nuclear medicine procedures. In the US alone, over 18 million nuclear medicine
procedures are recorded each year. Radioactive isotopes such as 99mTc, 1311, 1231, and
111In can be linked to BMs with suitable chelates, radioactive-labeled molecules such as
nucleic acids and proteins, and by including the radioactive isotopes in culture medium
during BMs’ formation. BMs labeled with radioactive isotopes show advantages in internal
radiation or brachytherapy of solid tumors due to their targeted delivery.

5.4. Chemotherapeutic Drugs

The era of cancer chemotherapy began in the 1940s with the use of nitrogen mustards and
folic acid antagonist drugs, and cancer drug development has been used widely since then
[74, 75]. Modern chemotherapy avails itself, further to the cytotoxic drugs, of further agents
that are differentiation inductors, radiosensitising agents, biological response modifiers, and/
or agents capable of inducing hypoxia in the neoplastic clone cells. The majority of
chemotherapeutic drugs can be divided into alkylating agents, antimetabolites,
anthracyclines, plant alkaloids, topoisomerase inhibitors, and other antitumour agents [76].
All of these drugs affect cell division or DNA synthesis and function in some way. The
activities of the most chemotherapeutic drugs suffer from the inability to accumulate
selectively at the site of action. Drug targeting may attenuate adverse effects.

BMs’ membrane contains an abundance of primary amino groups which can be modified
and/or linked with chemotherapeutic drugs by various strategies mentioned above. Sun et al.
provided an effective method of loading doxorubicin (DOX) onto BMs with glutaradehyde
(Figure 6) and explored the clinical potential of magnetosomes as drug carriers in target
therapy of cancers [13, 66]. Cancer suppressant effects in response to DOX-loaded BMs
(DBMs) was evaluated. The DBMs prepared were cytotoxic to H22, HL60, and EMT-6 cells
with inhibition of cell proliferation, suppression in c-myc expression, and diminishment of
cell size and DNA content, which is consistent with free DOX. The in vivo antitumor effects
were evaluated in BABL/c mice bearing tumors formed with H22 cells. In H22 cell-bearing
mice, DBMs, DOX, and BMs displayed tumor suppression rates of 86.8%, 78.6%, and
4.3%, respectively. The mortality rates following administration of DBMs, DOX, and BMs
were 20%, 80%, and 0%, respectively. Pathological examination of hearts and tumors
revealed that both DBMs and DOX effectively inhibited tumor growth, but DBMs displayed
a much lower cardiac toxicity compared with DOX.

6. Prospective

Magnetosomes are shown to be excellent magnetic nanocarriers for antibodies, enzymes,
ligands, nucleic acids, and chemotherapeutic drugs. It was reported that functionalized
magnetosomes could be used for DNA/RNA recovery, ELISA, cell sorting, target therapy of
cancers, gene delivery, and as a contrast agent in MRI and cellular markers for gene
expression. Although most of these studies are still at the proof-of-concept stage, and each
study showed only one type of potential application of magnetosomes, these findings
indicated that it will be very easy to develop multifunctional magnetosomes for clinical
application. For instance, magnetosomes premodified with anticancer drugs can be linked
with radioactive isotope-labeled antibodies and can recognize carcinoembryonic antigens.
The multifunctional magnetosomes can simultaneously be used as molecular probes for
tumor detection with MRI and as targeting drug carriers for tumor chemotherapy and
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radioimmunotherapy combined with magnetic hyperthermia (Figure 7). There are great
potentials for the preclinical and clinical applications of the BMs.
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Figure 1.
Magnetotactic bacteria with magnetosomes (a—d) and its membrane (i). Various
morphologies of magnetosomes (e-h) [22, 23].
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Figure 2.
Schematic diagram of using PLGA as a bridge to link DOX with BMs.
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Figure 3.
Schematic diagram of the boronate affinity immunoassay using mAPB-BMPs and alkaline
phosphatase-conjugated anti-Ho antibody (ALP-antibody) [62].
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Schematic diagram of production of Protein A-BMs (A) and the homogenous
chemiluminescence enzyme immunoassay using Protein A-BMs complexes [52, 65].
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Structure of amino silane modified bacterial magnetite dendrimer [58].

J Nanomater. Author manuscript; available in PMC 2012 March 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al. Page 19

Magnetosome
Doxorubicin

CHO CHO H
T~ O O 0

DOX-loaded magnetosome (DBM)

Figure 6.
Schematic diagram for preparing DBMs with glutaraldehyde [66].
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Figure 7.

Schematic diagram of multifunctional BMs. Chemotherapeutic drug (a), protein drug (b),
and radioactive isotope (c) could be loaded onto BMs by cross linkers or chelators.
Radioactive isotopes could be incorporated in the membrane of BMs during the formation of
BMs (d). Antibodies modified with or without radioactive isotopes or chemotherapeutic
drugs could be loaded onto BMs by immunoconjugating the genetic engineering expressed
Protein A (e) or fusion protein tag (i) or by streptavidin-mediated conjugation with the
biotin-streptavidin-biotin (g). DNA drugs could be absorbed onto BMs modified with
cationic silanes (f) or linked to BMs with biotin-streptavidin-biotin (h). Specific protein drug
could be expressed in BMs membrane by genetic fusion to BMs membrane protein (j).
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Homobifunctional cross linkers that can react with amino group [53].
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