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Abstract 

Magnetosomes are magnetic nanoparticles biomineralized by magnetotactic bacteria. They 

consist of a monocrystalline magnetite core enveloped by the magnetosome membrane, which 

harbours a set of specialized proteins. For the alphaproteobacterium Magnetospirillum 

gryphiswaldense, genetic techniques were developed to engineer both crystal morphology and 

the enveloping membrane, thereby generating building blocks for magnetic organic-inorganic 

hybrid materials. Genetic manipulation of magnetite biomineralization enabled the generation 

of core-engineered nanoparticles with adjusted magnetic and physico-chemical properties. 

Functionalization of the particle surface was achieved by genetic expression of enzymes and 

peptides genetically fused to abundant magnetosome anchor proteins. High-level expression 

allowed the generation of multifunctional nanoparticles with maximized protein-to-particle 

ratios. This allowed to tune surface properties (charge, hydrodynamic diameter), and the 

colloidal and enzymatic stability was improved by coating with inorganic and organic shells. 

The expression of molecular connectors might serve as scaffolds for the introduction of further 

functionalities. Overall, this demonstrates that the “synthetic biology” approach enables the 

generation of multifunctional, magnetic hybrid materials with a tuned property spectrum 

exceeding those of conventional materials, and the combination of different biogenic materials 

generates fully genetically encoded biocomposites with enhanced potential for various 

biotechnological and biomedical applications. 
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1. Introduction 

Magnetosomes of magnetotactic bacteria (MTB) are a particularly intriguing example of 

genetically controlled in vivo synthesis of a magnetic biomaterial.1 These membrane-enveloped 

nanoparticles (Figure 1) are evolutionary optimized for magnetic navigation by their 

well-defined size, shape, and composition, as well as their self-assembly into ordered 

nanochains.2,3 Magnetosome biosynthesis is compartmentalized within vesicles of the 

magnetosome membrane (MM) that provide confined “nano-reactors” in which the 

physico-chemical conditions are strictly regulated by a set of highly specialized proteins.4 

These exert precise control onto different stages of biomineralization, resulting in exceptionally 

well-defined magnetic nanoparticles (MNP) with unprecedented properties (such as high 

crystallinity, strong magnetization, and uniform shapes and sizes).5,6 Biogenic magnetic 

nanoparticles were shown to exhibit properties superior compared to inorganic, chemically 

synthesized particles. For instance, magnetosomes from Magnetospirillum gryphiswaldense 

(Figure 1) were effectively tested as contrast agents for the two predominant magnetic imaging 

techniques MRI (magnetic resonance imaging) and MPI (magnetic particle imaging). In both 

applications, bacterial magnetosome particles outperformed all other tested magnetic particle 

formulations, and in particular were superior to Resovist, the current commercial “gold 

standard” material.7-9 In addition, fluorochrome-coupled bacterial magnetic nanoparticles have 

been used as fluorescent bimodal contrast agents for stem cell tracking,10,11 and when used for 

hyperthermia, magnetosomes exhibited higher absorption rates, more uniform heating (in 
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particular for magnetosome chains) and exceptionally large values for real magnetic losses.12,13 

However, the application potential of bacterial magnetosomes would be further advanced by 

the introduction of additional functionalities. Intriguingly, both crystal morphologies and the 

composition of the enveloping magnetosome membrane can be manipulated at the genomic 

and proteomic level. These features make them ideal for many biomedical and 

biotechnological applications. In the following, we describe recent approaches for genetic 

engineering of biogenic MNP in the magnetotactic alphaproteobacterium M. gryphiswaldense. 

Versatile expression cassettes enabled high-yield magnetosome expression of foreign proteins 

and peptides. Overall, prerequisites were thereby generated not only for the bioproduction of 

core-engineered MNP with tailored magnetic and physico-chemical properties, but also for the 

generation of building blocks for multifunctional organic-inorganic hybrid materials by 

synthetic biology. 

 

2. Overview of genes functional in magnetosome biomineralisation 

Engineering of magnetosomes takes advantages of the fact that all steps of biosynthesis are 

under genetic control of >30 specific genes. In M. gryphiswaldense, these are clustered mostly 

within a large conserved genomic magnetosome island (MAI) comprising the mms6, 

mamGFDC, mamAB, mamXY and feoAB1 operons (Figure 2A).3,14,15 The mamAB operon is the 

only region of the MAI, which is necessary and sufficient for magnetite biomineralization.15 

Studies of deletion mutants revealed several essential and nonessential genes involved in 

various steps of magnetosome biosynthesis: Only mamE, -L, -M, -O, -Q, and -B were essential 
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for formation of magnetite, whereas a mamI mutant still biomineralized tiny particles which, 

however, consisted of the nonmagnetic iron oxide hematite. A model for magnetosome 

biosynthesis in M. gryphiswaldense is shown in Figure 2B:3,16 Magnetosome biosynthesis 

depends on different steps including various magnetosome proteins. The key proteins MamB, 

MamM, MamQ and MamL mark the beginning of a recruitment cascade and are required to 

position a network of additional magnetosome proteins, including MamI, MamE and MamO. 

In turn, recruitment of further magnetosome proteins (and oligomerization into high molecular 

weight complexes) may introduce curvature into the cytoplasmic membrane. MamB was found 

most important for MM formation, and it might act as the initial landmark protein to prime 

complex formation at certain sites within the cytoplasmic membrane. After a critical size and 

composition of the multi-protein assembly is reached, the formed lipid-protein complex 

induces rapid invagination to form the magnetosome lumen.17 After vesicle formation (by 

detachment of the MM), ferrous iron is transported into the magnetosome vesicles by MamB 

and MamM.18 Ferric iron is taken up by MamH and MamZ19 or formed by oxidation of ferrous 

iron within the vesicles. MamI is involved in magnetite nucleation. MamO was speculated to 

be directly involved in precipitation of iron oxide particles. The crystal growth is affected by 

several magnetosome proteins, including MamE, which was shown to proteolytically remove 

growth inhibitors or activate growth-promoting proteins in the related M. magneticum.20 Based 

on the conserved CXXCH heme-binding motifs within MamE, MamT, MamP, and MamX, it 

has been speculated that the proteins form a complex for electron transport to regulate electron 

flow.19,21 MamS and MamR control crystal size by a yet unknown mechanism. MamN exhibits 
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similarity to H+ translocation proteins and might be involved in crystal growth by regulating 

intra-magnetosomal pH.14 Mms6 is specific to magnetotactic bacteria. It is tightly bound to the 

magnetosome crystals22 and thought to form stabilizing interactions with magnetite surfaces 

during crystal growth.23 Mms48 and Mms36 act as inhibitors of crystal growth or recruit 

inhibiting proteins of particle growth by an unknown mechanism. The small, hydrophobic 

proteins MamG, MamF, MamD, and MamC control in a cumulative manner the growth of 

magnetite crystals.24  

Magnetosomes are subsequent aligned into ordered chains through the interaction of 

MamJ on the magnetosome membrane with a cytoskeletal filament that is formed through the 

polymerization of the actin-like MamK. The latter is furthermore required for the positioning 

of the particle chain at midcell.25,26 Organization of magnetosomes into chains helps to align 

individual magnetic dipoles to generate a strong dipole that can ‘sense’ the geomagnetic field.3 

 

3. Genetic engineering of magnetite cores with tuned magnetic properties 

Magnetic properties of magnetosomes are critically dependent on their size: While particles 

smaller than about 30 nm were superparamagnetic (SP, no permanent magnetic signal at room 

temperature in the absence of an external field) and were less prone to magnetic agglomeration, 

particles between 30 and 60-100 nm are stable single domain (SSD, one domain, remanent 

magnetization) (Figure 3). (Engineered) large single domain particles (LSD) represent an 

optimum, close to maximal coercivity, and particles larger than 100 nm being multidomain (MD, 

more than one domain, have remanent but reduced volume magnetization compared to SSD).27,28 
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Thus, as magnetic properties of magnetosomes critically vary over a rather narrow size range, 

either superparamagnetic or ferrimagnetic (including large single domains) particles could be 

deliberately selected by size control. 

Deletion of several single mam genes or entire operons resulted in strains that were 

affected in magnetosome biosynthesis. Since the mamGFDC, mms6 and mamXY operons have 

crucial (and partially overlapping) functions for the formation of functional magnetosomes, 

deletions of the corresponding operons affected the morphology, size and organization of 

magnetite crystals, and some of the mutant particles displayed modified shapes, such as 

elongated and needle-like crystallites.15 

A set of genetically engineered M. gryphiswaldense strains producing magnetosome 

crystals between 15 and 46 nm (mean size) and size increments between 2-5 nm was generated 

(for examples see Figure 3). Most modifications caused the formation of smaller magnetite 

crystals. Purified magnetosomes were, for instance, analyzed by FORC (first order reversal 

curves) which confirmed that smaller particles (as exemplified by strain ΔF3D, average crystal 

size = 23.6 nm; Figure 3) display true superparamagnetic (SP) behavior, whereas 

characteristics of unmodified WT particles were compatible with a mixture of SSD and SP 

particle sizes. However, deletion of the mms48 and mms36 genes resulted in fewer, but 

significantly larger crystals, falling into the large single domain (LSD) size range, which is 

expected to be associated with exceptional, but so far mostly unexplored magnetic properties. 

Thus, particles isolated from strain mms48 (diameter = 41 nm) showed higher coercivity, 

displayed the strongest and irreversible magnetization and stable single domain behavior.7,27 In 
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addition, modular overexpression of multiple magnetosome genes resulted in the generation of 

larger-than-WT particles, with a gradual size increase of crystals up to 80 nm.29 Extra copies of 

magnetosome genes or gene clusters were transferred to M. gryphiswaldense and 

chromosomally inserted by transposition. Introduction of an additional copy of the mms6 

operon into strain IK-1 (ΔrecA, to prevent recombination between identical copies)30 resulted 

in particles whose mean size was increased from 35 nm to >45 nm. These results are promising 

for the future bioproduction of size-adjusted larger monocrystalline magnetic nanoparticles 

(LSD). Thus, magnetic characteristics (i.e. magnetization, coercivity, domain state) can be 

engineered by genetic control of particle size. 

 

4. Multi-functionalization of bacterial magnetosomes by synthetic biology approaches 

4.1 Codon optimization and versatile expression cassettes allow high-level display of foreign 

peptides 

Chemical surface functionalization of non-biologically produced magnetic nanoparticles was 

shown to improve their colloidal stability, allowed the generation of bioconjugates, and 

enabled selective recognition and binding of targets.31 For magnetosomes, in vivo 

functionalization by genetic engineering provides a number of advantages over chemical 

coupling, such as the full use of subtle biological control mechanisms, and the fact that the 

final product can be obtained within a single step by biosynthesis without any coupling 

chemistry. For the selective and stable magnetosome display of functional moieties in 

M. gryphiswaldense, translational fusions of the peptides of interest with highly abundant 
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magnetosome membrane proteins were generated. A well-established magnetosome membrane 

anchor is the 12.4-kDa MamC protein, which has only a minor function in magnetite 

biomineralization.24,32 Both its N- and C-terminus provide sites for covalent and highly specific 

attachment of foreign proteins to the magnetosome surface by genetic fusion.33-35 As an 

essential prerequisite, a genetic cassette was constructed which allowed the convenient cloning 

and magnetosome expression of any DNA-encoded peptide. Different developed promotor 

systems allowed either moderate induced or high constitutive expression. By using eGFP as a 

reporter, the native PmamDC was identified as the strongest promoter functional in M. 

gryphiswaldense. Further optimization of PmamDC by gradual truncation resulted in a minimal 

functional cassette of 45 bp (PmamDC45), which displayed a threefold higher expression than the 

native PmamDC. In addition, an optimal spacing between ribosomal binding site (RBS) and the 

start codon of 8 bp was revealed, which yielded a 2.8-4 fold higher fluorescence than other 

spacers.34 Furthermore, introduction of a PTet promoter modified after Bertram and Hillen 

(2008)36 was tested. PTet not only provided tight repression if uninduced, but also allowed a 

tunable, high expression upon induction. Expression levels were about 60% of that of PmamDC 

after 6 h induction, but could be further increased by a prolonged induction.34 

Due to preferences in codon usage and the divergent %G+C content of M. 

gryphiswaldense genes (61.2%) compared to different eukaryotic systems (ca. 30-70%), 

magnetosome expression of foreign genes could be further enhanced by codon-optimization. 

For example, using the egfp gene as a model, expression and fluorescence of a 

codon-optimized variant (= megfp) was significantly improved (>30%).34 In addition to 
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versatile expression cassettes, codon optimization might be therefore an important tool for 

high-level expression of foreign peptides. 

 

4.2 Identification of highly abundant magnetosome proteins as membrane anchors 

Magnetosome expression of higher amounts of foreign proteins had been limited by the 

maximum possible copy number of the magnetosome anchor MamC in the MM. Therefore, in 

order to identify further suitable membrane anchors, the exact composition and stoichiometry 

of the associated membrane integral proteins was analyzed by semi-quantitative mass 

spectrometry.37 Acquired proteomic data was combined with previously published quantitative 

Western blot data,32 and the protein copy number and density within the magnetosome 

membrane could be modeled. This revealed that magnetosome proteins were present in 

different copy numbers (e.g., MamG: ~6; MamF: ~21; MamC: ~100) with up to 120 copies per 

particle (Mms6), which suggests an unusually crowded protein composition of the 

membrane.37 Using both GusA (β-glucuronidase from Escherichia coli) and eGFP as reporters, 

the abundant MamF (tightly bound to the magnetosome membrane due to three TMHs), 

MamG and MamA (an abundant MM-associated proteins lacking TMHs, but bound to MM by 

electrostatic interactions)16,35 were explored to function as reliable membrane anchors. 

Generated fusions were analyzed with respect to exposure, expression and stability under 

various conditions by estimating reporter activity.38 

 

4.3 Genetic magnetosome expression of peptides, enzymes and functional groups 

For many biomedical and biotechnological applications, the addition of functional moieties to 
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the particle surface is required. However, it remained unexplored until recently how the 

activity and stability of peptides or enzymes is affected by their magnetosome expression. In 

addition, potential applications (e.g. as magnetic sensors or as bi-/multimodal contrast agents) 

and functionalization of magnetosomes rely on densely decorated, catalytically active particles 

with maximized protein-to-particle ratios. For their subsequent use as building blocks for 

magnetic organic-inorganic hybrid materials, available techniques were combined to create a 

versatile and diverse genetic toolkit for the generation of “smart” multifunctional magnetic 

nanoparticles with plenty of tailored properties within M. gryphiswaldense. The feasibility of 

this approach was demonstrated by producing a set of different model particles (illustrated in 

Figure 4). 

 

4.3.1 Expression of fluorophores and enzyme proteins 

In order to explore the display of functional moieties or even multisubunit complexes, the 

magnetosome display of a chimeric bacterial RNase P enzyme was examined, a highly 

conserved ribonucleoprotein complex composed of the protein subunit (C5) of Escherichia coli 

RNase P and a single endogenous RNA subunit.41 C5 was fused to the C-terminal end of 

MamC via 13 residues of a flexible Gly-Ser linker to avoid steric hindrance, which could 

inhibit complex formation, and the fusion protein was efficiently expressed in 

M. gryphiswaldense under the control of PmamDC promoter. Isolated C5 particles showed 

apparent RNase P activity (confirmed by analysis of the cleavage of pre-tRNA under 

physiological conditions). The endogenous RNase P RNA subunit could associate with the C5 
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particles, and reaction rates were comparable to those reported for the E. coli RNase P 

holoenzyme.43 Thus, similar anchoring strategies might also be used for the generation of 

artificial multienzyme-like complexes for novel, completely artificial reaction pathways with 

high efficiency and accuracy. 

Borg et al. (2014) showed that the genetic duplication of the eGFP protein fused in 

tandem to MamC resulted in enhanced and stable magnetosome fluorescence and an overall 

increased expression of the eGFP protein (up to 520 copies per particle).34 The potential of this 

strategy was further investigated by magnetosome expression of multiple copies of the model 

enzyme GusA,39 which in M. gryphiswaldense was previously used as transcriptional reporter 

to study promoter activities and gene regulation.34,44,45 Arrays of up to five GusA monomers 

plus an additional mEGFP were genetically stitched together and fused as a large hybrid 

protein to a single MamC anchor protein. Purified magnetosome particles exhibited mEGFP 

fluorescence and a stable, up to 2.8-fold increased specific activity compared to monomeric 

GusA protein expressed as single-copy magnetosome fusions. Furthermore, catalytic activities 

were almost linear, sequentially increased with the number of GusA monomers per array. In 

total, about 190 GusA monomers were covalently attached to individual particles. Assuming 

layers of GusA rows surrounding the particles, the monomers would thus cover up to 90% of 

the magnetosome surface.39 This demonstrates that genetic multiplication is a very powerful 

strategy for high-level magnetosome expression of foreign polypeptides with maximized 

protein-to-particle ratios. 

Furthermore, the integral, highly abundant MamF and MamG proteins as well as the 
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surface-bound MamA were investigated as further candidates to act as suitable membrane 

anchors that might enable the simultaneous display of multiple peptides. The subcellular 

localization of MamF and MamG (in addition to MamC) had been studied before by 

expression of eGFP-tagged versions of the corresponding magnetosome proteins.33 

Oxygen-limited growth conditions were established that ensured growth, magnetite 

biomineralization, and eGFP fluorophore formation at reasonable rates. Isolated magnetosomes 

expressing MamC-eGFP, MamF-eGFP, or MamG-eGFP displayed strong fluorescence, which 

was visualized by fluorescence microscopy in the form of bundles of chains. MamC-eGFP 

particles displayed the highest fluorescence, while the fluorescences of MamF-eGFP and 

MamG-eGFP magnetosomes were approximately threefold (MamF-eGFP) and fivefold 

(MamG-GFP) lower. These data demonstrate not only the use of eGFP as reporter for 

expression and localization, but also the utility of MamF and MamG as anchors for 

magnetosome display of heterologous gene fusions.33 

For construction and magnetosome expression of bifunctional mamC/A/F/G-gusA-megfp 

fusions in the wild type or their respective deletion backgrounds (ΔmamC, ΔmamA, ΔmamF or 

ΔmamG, respectively),38 the optimized PmamDC45/oRBS expression systems was used as for 

MamC. mEGFP fluorescence intensities as well as GusA protein amounts and reaction rates 

correlated with the known abundance of the utilized membrane anchors (i.e. MamC > MamA > 

MamF > MamG32,37). When studying GusA enzyme kinetics, low KM constants were obtained, 

suggesting a high substrate affinity comparable to the cytoplasmic expressed enzyme. Similar 

values were also obtained for mamC-gusA fusions, which indicates that the additional mEGFP 
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copy does not influence catalytic activities. For the deletion strains ΔmamC/A/F/G lacking the 

respective wild type alleles mEGFP fluorescence intensities and GusA activities were nearly 

twice as high as for the corresponding wild type strains as expected. Since the latter harbour 

two copies of the corresponding mam gene (one unfused wild type copy and one additional 

mam-gusA-megfp fusion) it is likely that within the magnetosome membrane both versions are 

statistically distributed at a 50:50 ratio.38 

 

4.3.2 Magnetosome display of molecular connectors and antibodies 

In addition to fluorophore- and enzyme-displaying particles, magnetosomes were engineered 

that express versatile coupling groups on the surface.40,46,47 The latter included small (~15 kDa) 

camelid antibody fragments (nanobodies), which unlike conventional antibodies bind their 

antigens via only a single variable domain fragment and fold rigidly. Magnetosome-specific 

expression of a red fluorescent protein (RFP)-binding nanobody (RBP) in vivo was 

accomplished by genetic fusion of RBP to the magnetosome protein MamC. Isolated 

magnetosomes expressing MamC-RBP efficiently recognized and bound their antigen in vitro 

and could be used for immunoprecipitation of RFP-tagged proteins and their interaction 

partners from cell extracts. Furthermore, co-expression of monomeric RFP and MamC-RBP 

resulted in intracellular recognition and magnetosome recruitment of RFP within living 

bacteria.46 Moreover, RBP magnetosomes could be used for the generation of fluorescent 

assemblies of nanoparticles of varying types.48 A fusion protein of MamK, which is known to 

form filaments in vivo and in vitro, and mCherry (a variant of the red fluorescent protein) was 
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recombinantly expressed and isolated using a hexahistidine tag that was subsequently used to 

bind functionalized gold nanoparticles to polymerized MamK_mCherry_His6 filaments. The 

concomitant addition of RBP magnetosomes (capable of binding mCherry) resulted in 

fluorescent structures, which could be actuated by an external magnetic field. In addition, Borg 

et al. (2015) succeeded in expressing the gene for a GFP-binding nanobody (GBP, green 

binding protein, Chromotek Inc.).47 GBP-expressing magnetosomes were further 

functionalized by a mCherry-GBP tandem fusion to facilitate visualization of mCherry-GBP 

magnetosomes by their red fluorescence. Moreover, the expression of multivalent GFP-binding 

nanobodies on magnetosomes has been used as an “intracellular nanotrap”, and the chemotaxis 

protein CheW1-GFP could be retargeted from polar chemoreceptor clusters to the midcell, 

resulting in a gradual knockdown of aerotaxis. Conversely, entire magnetosome chains could 

be redirected from the midcell and tethered to one of the cell poles. 

The biotin/streptavidin (SAV) system described for instance by Ceyhan et al. (2006)49 

and Lang et al. (2007)50 turned out to be an intriguing alternative for specific coupling 

reactions. SAV-modified magnetosomes had already been used for the automated 

discrimination of single nucleotide polymorphism. The streptavidin-modified particles were 

coupled to biotinylated oligonucleotides to facilitate magnetic separation of DNA hybrids and 

used for the detection of single nucleotide polymorphisms.51 

As the display of versatile coupling groups as hybrid proteins fused to MamC not only 

allows a controlled decoration of the magnetosome surface, but also enables specific binding to 

other nanoparticles presenting the corresponding complementary antigens or ligands, 
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functionalized magnetosomes (displaying GBP nanobodies or SAV monomers) were used to 

generate a new kind of biocomposite by specific coupling reaction with tobacco mosaic virus 

(TMV) particles.40 Plant viruses like TMV have proven to be well-suited scaffolds and building 

blocks for the integration into hybrid materials52,53 as they exhibit a reproducible and narrow 

size distribution, high stability, defined shape and easy modifiability of the capsid proteins, 

which allows the coupling of a variety of molecules.54 Furthermore, pre-synthesized magnetic 

nanoparticles have been shown to align along the axes of plant viruses,55 and the amplified 

cumulative dipole can improve magnetic resonance imaging (MRI).56 TMV particles were 

functionalized in vitro either with EmGFP (a variant of the green fluorescent protein) or biotin 

residues and allowed directed interactions with GBP or SAV magnetosomes.40 Quantity and 

position of EmGFP or biotin turned out to be crucial for TMV-magnetosome complex 

formation. Thus, densely ‘decorated’ TMV allowed the formation of extensive mesoscopic, 

strand-like structures with the virus particles forming a scaffold for magnetosome binding. 

Depending on the particle amounts, strands of different size were formed, ranging from 

single-layered two- or three-chained to extensive multilayered microrods. These findings 

therefore demonstrated the flexibility of the approach as strand dimensions can be (roughly) 

directed and controlled by applying different TMV:magnetosome ratios. Furthermore, 

magnetosomes and TMV particles could effectively coupled at a distinct stoichiometry. Thus, 

coupling of 5’-plane functionalized TMVs (either presenting EmGFP or biotin residues at the 

‘end’ of the TMV rod) with magnetosomes that display the corresponding complementary 

group (GBP or SAV, respectively) resulted in a high portion of 1:1 coupled TMV-magnetosome 
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‘drumsticks’, i.e. TMV rods were bound to one single magnetosome at the end of the rod.40 

This high control in coupling two different kinds of nanoparticles can only be achieved by 

genetic functionalization approaches as chemical strategies often lack high selectivity. 

 

5. In vivo and in vitro coating strategies 

5.1 Expression of artificial spider silk-inspired peptides on the magnetosome surface 

The usability of bacterial magnetosomes in many applications could potentially be further 

improved by encapsulation in biocompatible organic polymers. An intriguing material suitable 

for organic/proteinaceous coatings could be spider silk, which exhibits extraordinary properties 

such as a high toughness combined with good biocompatibility57-59 desirable for future in vivo 

applications. Mickoleit et al. (2018) for the first time demonstrated that recombinant spider silk 

peptides can be expressed in M. gryphiswaldense.42 By designing engineered spider silk 

sequences (based on the conserved motif C of Araneus diadematus fibroin 4)60,61 for 

magnetosome expression, two strategies were explored: (i) Because it is known that glycine 

linkers may improve folding of recombinant fusion proteins and also reduce sterical 

hindrance,62 single C motifs were connected by Gly10 and the resulting arrays with two or 32 

silk units (referred to as CL2 or CL32, respectively) were genetically fused to MamC as 

membrane anchor (Figure 5). In addition, (ii) a linker-less construct with the established C2 

peptide63 stitched to MamC was generated, resulting in a MamC-C2 hybrid protein. The need 

of a seamless cloning strategy60 preserving the highly repetitive hydrophobic character of silk 

proteins64,65 was experimentally confirmed as the introduced Gly10 in constructs MamC-CL2 
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and MamC-CL32 affected the proteins properties and lead to affection of cell division, 

magnetosome production and protein expression. In contrast, magnetosome display of the 

linker-less C2 silk motif caused the formation of a proteinaceous coat with exposed spider silk 

features (specific interaction with eADF4(C16) spider silk protein) and thus provides a 

promising route for encapsulation of bacterial nanoparticles (Figure 5). Since spider silk is 

non-immunogenic,66 in future applications such building blocks might improve the 

biocompatibility of bacterial magnetosomes and mask immunogenic compounds displayed on 

the particle surface. Furthermore, it could be demonstrated that the surface properties of 

magnetic nanoparticles can be tuned, as particle agglomeration was reduced (most likely 

because of negatively charged amino acid residues, e.g. glutamate residues of the silk motifs) 

and the colloidal stability significantly increased.42 Moreover, magnetosome expression of 

spider silk-inspired peptides could be used in future approaches to generate multifunctional 

nanoparticles that combine spider silk features with further functionalities, such as catalytic 

activities, and to produce magnetic silk composites that can be oriented and manipulated by an 

external magnetic field.67 

 

5.2 Fabrication of multicoated magnetic nanoparticles by peptide-directed and chemical 

synthesis of inorganic coatings 

For the versatile generation of magnetic, multifunctional (hybrid) materials it was investigated 

whether particle-displayed, physico-chemical characteristics can be further improved by 

inorganic coating strategies. For chemical synthesis of silica encapsulated magnetosomes, 
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tetraethyl orthosilicate (TEOS) was precipitated in alkaline solution using isolated WT 

magnetosomes as precursor.68 Incubation for 18-24 h resulted in the formation of single 

silica-shelled magnetosomes with a thickness of the capsule of about 60 nm (Figure 6). In the 

presence of static magnetic fields, up to twenty magnetosomes were often found to be 

collectively encapsulated by silica, forming chain-like magnetic structures, behaving as 

nano-bar magnets. If encapsulation was performed within the rotating field of a magnetic 

stirrer, individual separated Si-magnetosomes predominated over chained Si-magnetosomes. 

By variation of conditions during encapsulation (seed magnetosome concentration, 

absence/presence of ambient magnetic fields), the thickness of silica shells could be varied 

between 3 and 20 nm, and suspensions of either single silica-encoated MNP or encoated 

nanorods could be generated (Figure 6C). Fluorescence of eGFP-expressing magnetosomes 

was not only preserved during encapsulation, but coating significantly increased resistance of 

eGFP-magnetosomes against denaturation (1% SDS) and protease treatment and also 

prolonged shelf-storage. Encapsulated magnetosomes furthermore displayed higher colloidal 

stability than non-encapsulated particles, potentially caused by electrostatic repulsion (due to 

high negative zeta potential of encapsulated particles) and increased spacing, thereby reducing 

short-range interparticle magnetic interactions.68 Because of their enhanced stability and 

expected decreased immunogenicity, the silica-coated eGFP-magnetosomes are promising as 

future bimodal magneto-fluorescent contrast agent for magnetic imaging of various biological 

processes, such as tracers for stem cells and tumors.10 
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As another strategy, Borg et al. (2015) investigated whether magnetosomes can be coated 

with zinc oxide.68 For that purpose, magnetosomes expressing the ZnO-binding peptide 31 

were genetically constructed. The latter was shown to exhibit a strong binding to ZnO with 

dissociation constants in the nanomolar range.69 The peptide was expressed as a mixed 

MamC-eGFP-31 fusion, resulting in eGFP-31-functionalized magnetosomes.68 ZnO coating 

(thickness ~20 nm) provided additional functions to the magnetic nanoparticles, since ZnO 

exhibits piezoelectricity70 and is a semiconducting material with antimicrobial activity.71 

 

6. Increasing magnetosome yields by optimization of growth conditions, generation of 

overproducer strains and magnetosome production in foreign hosts 

In the past, the use of magnetosomes in real-world applications was limited by fastidious, slow 

growth of magnetotactic bacteria and poor particle yields. However, recent progress in 

improving cultivation has led to considerably increased magnetosome amounts and will enable 

mass production of functionalized magnetosomes. For instance, Zhang et al. (2011) reported 

high-density cultivation of M. gryphiswaldense in a large-scale fermentor.72 In addition to 

fermentation procedures based on oxygen respiration,73 an alternative fermentation regime was 

developed, in which oxygen was gradually depleted to reach suboxic conditions favouring 

nitrate respiration. Magnetite biomineralization was substantially increased during denitrifying 

growth,44 and although cell densities were lower compared to oxic growth (due to 

growth-limiting low concentrations of nitrate required to reduce its toxicity), the amount of 

synthesized magnetite was substantially increased by >50%. 
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Another tempting way to increase magnetosome yields and simplify bioproduction has 

been the use of genetic engineering to generate overproducing strains, or even transplantation 

of the entire magnetosome pathway to a more facile biotechnological relevant host (Figure 7). 

Overexpression of magnetosome genes substantially increased overall magnetosome yields 

(Figure 7A). For instance, combined duplication of the major operons mms6op, mamGFDCop, 

mamABop and mamXYop comprising nearly all about 30 known magnetosome genes caused a 

2.5-fold increased iron accumulation and a 2.2-fold increased number of crystals per cell. Such 

merodiploidic overproducers are very promising for the biotechnological mass production of 

magnetosomes.29 In addition, Kolinko et al. (2014) succeeded for the first time in 

transplantation of bacterial magnetosome gene clusters and even the entire pathway of 

magnetosome biosynthesis to a foreign organism (Figure 7B).74 Transfer of about 30 genes 

from M. gryphiswaldense to the nonmagnetic, photosynthetic model organism Rhodospirillum 

rubrum induced biosynthesis of well-ordered magnetosome chains. Importantly, mutant 

phenotypes known from the donor M. gryphiswaldense could also be replicated, thus rendering 

the synthetic R. “magneticum” a promising alternative for generation of genetically engineered 

bioconjugated magnetosomes. This demonstrates that mam genes or whole operons can be 

transferred to organisms that are easier to cultivate and allow high yield production of 

(functionalized) magnetosomes. 

 

7. Conclusion and outlook 

In a systematic stepwise bottom-up approach, we identified magnetosome proteins with 
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biomineralizing activity and delineated a model for magnetosome biosynthesis, thus enabling 

the generation of core-engineered particles with defined physico-chemical properties by 

synthetic biology approaches.15,16 As many biotechnological and biomedical applications 

would benefit from multimodal particles with genetically encoded and tunable characteristics, 

versatile expression systems were developed that allowed the generation of tailored, 

multifunctional magnetosomes (Figure 8). The feasibility and power of this bionic “Swiss army 

knife” was demonstrated by the production of a set of different model particles. Clearly, this 

high degree of control can only be achieved by molecular-genetic approaches (i.e. by 

harnessing magnetosome membrane proteins as anchors for versatile protein-based/-derived 

functions) and is inaccessibly by inorganic synthesis. 

These strategies therefore provide highly promising routes for the stable expression and 

immobilization of functional moieties, as the display (and reusability) of, for instance, 

catalytically active enzymes are still common challenges.75 The properties of magnetic 

biosensors and protein arrays for drug screening are based on the efficient immobilization of 

(enzyme) proteins, and a high degree of control over the immobilization process is 

required,76,77 which makes genetically engineered magnetosomes to an attractive platform for 

the high-level display of foreign proteins. Magnetosome display of molecular connectors might 

be furthermore used for the generation of (multi)functionalized hybrid composites that could 

be used as novel biomaterials.40 In addition, inorganic and organic encapsulation strategies 

would not only significantly improve stability of the expressed moieties, but also mask 

immunogenic compounds and improve biocompatibility of the particles for future in vivo 
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applications.42,68 Overall, this illustrates the versatile features of engineered bacterial 

magnetosomes, providing routes toward the generation of fully genetically encoded 

functionalized hybrid composites that might be useful as novel biomaterials with enhanced 

properties in biotechnological/biomedical and research applications. 
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Figure 1. Formation and arrangement of magnetosomes in M. gryphiswaldense. (A) 

Transmission electron micrograph of a wild type cell of M. gryphiswaldense. Electron dense 

particles are magnetite crystals (on average 35 nm in diameter), which are chain-like arranged 

within the cell. (B) Suspensions of isolated magnetosomes (obtained from microoxic cultivated 

wild type cells of M. gryphiswaldense) were free of contamination, uniformous, and contained 

well dispersed particles. (C) TEM micrograph and (D) schematic illustration of magnetosome 

nanoparticles, consisting of a monocrystalline magnetite core enveloped by the magnetosome 

membrane, which harbours a set of specialized proteins. 
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Figure 2. Magnetosome biosynthesis in M. gryphiswaldense. (A) Molecular organization of 

the genomic magnetosome island (MAI), which contains genes with specific functions in 

magnetosome biogenesis organized into five operons (mms6OP, mamGFDCOP, mamABOP, 

mamXYOP, and feoAB1OP). (B) Current hypothetical model of iron uptake, magnetite crystal 

nucleation and crystal maturation in M. gryphiswaldense.3,16 The subsequent assembly of 

magnetosome chains is controlled by MamK-MamJ interactions (not shown).25,26 For details 

refer to the text 
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Figure 3. TEM micrographs of magnetosomes isolated from selected M. gryphiswaldense 

strains and size/volume dependent magnetic response (coercivity). The magnetic response 

depends on the magnetosome size and volume. Due to the particle diameter, different 

coercivity conditions can be distinguished. Particles with diameters ranging from 5-30 nm 

exhibit superparamagnetic (SP) behavior, while magnetosomes between 30 and 60-100 nm are 

stable single domain (SSD). Large single domain particles (LSD) represent an optimum, close 

to maximal coercivity, and particles larger than 100 nm being multidomain (MD, more than 

one domain).7,27,28 Strain F3D exhibited the dominance of magnetic particles that are SP 

whereas WT and mms48 contain a broader mixture of SP and SSD particles (TEM images of 

strains F3D, WT and mms48 modified from Ref. 7, coercivity diagram adapted from Ref. 28. 

For strain 2x mms6 (an overproducing strain which contains an extra copy of the mms6 operon), 

a high portion of SSD particles was obtained 
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Figure 4. (Multi-)Functionalization of bacterial magnetosomes from M. gryphiswaldense 

(selection) by synthetic biology approaches. Using an optimized expression cassette,34 a set 

of surface-functionalized magnetic particles was created. The highly abundant magnetosome 

membrane protein MamC was used as membrane anchor for the display of foreign proteins and 

peptides, expressed as large hybrid proteins. (1) Magnetosome expression of 

mamC-(gusA)n-megfp fusions resulted in particles that display arrays of one to five copies of 

the glucuronidase GusA and mEGFP (codon-optimized eGFP) as fluorophore.39 MamC, GusA 

monomers, and mEGFP were fused via Gly10 linkers (composed of ten glycine residues). 

Catalytic GusA activities were step-wise increased with the number of GusA monomers, and 

expressed arrays covered up to 90% of the particle surface (TEM micrographs adapted from 

Ref. 39). (2) Display of GBP nanobodies or streptavidin (SAV) produced as hybrid-proteins 

fused to a single MamC membrane anchor. GBP or SAV magnetosomes allowed specific 

coupling with GFP- or biotin-functionalized tobacco mosaic virus (TMV) particles, thereby 

generating mesoscopic, strand-like TMV-magnetosome composites, or even ‘drumstick’-like 

structures.40 (3) Display of RNase P on magnetosomes. The protein subunit (C5) of E. coli 

RNase P was fused to the C-terminus of MamC via 13 residues of a flexible Gly-Ser linker. 

Isolated C5 particles showed apparent RNase P activity and could associate with the 

endogenous RNase P RNA subunit.41 (4) Magnetosome expression of spider silk-inspired 

sequences resulted in the generation of an organic/proteinaceous capsule and significantly 

improved colloidal stability of the particles.42 For details refer to the text. Size of particles and 

proteins not to scale 
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Figure 5. Display of spider silk-inspired peptides on magnetosomes of 

M. gryphiswaldense.42 Genetic fusion of different silk sequence-like variants to the abundant 

magnetosome membrane protein MamC enhanced magnetite biomineralization and caused the 

formation of a proteinaceous capsule. Depending on the hybrid protein displayed on the 

particle surface, cells partially seemed to be caught in cytokinesis and tended to form 

minicell-like structures at the division sites, before becoming eventually separated. 

Cryo-electron tomography was used to investigate the subcellular ultrastructure in a 

near-native state. (Cryo-electron tomogram and CET 3D rendering by M. Toro-Nahuelpan) 
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Figure 6. Silica-encapsulation of isolated magnetosomes from M. gryphiswaldense. (A) 

Transmission electron micrographs of purified WT magnetosomes. Particles were surrounded 

by an organic layer of about 5 nm, representing the magnetosome membrane. (B) Experimental 

setup for silica-encapsulation.68 Tetraethyl orthosilicate (TEOS) was precipitated in alkaline 

solution using isolated magnetosomes as precursor. Incubation for 18-24 h resulted in the 

formation of silica-shelled particles. (C) TEM micrographs of silica-encapsulated 

magnetosomes. In the absence of an external magnetic field layer thicknesses ranging from 

10-60 nm were observed. (TEM micrographs by D. Maier) 
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Figure 7. Generation of magnetosome overproducing strains and magnetosome 

production in a foreign host by synthetic biology approaches. (A) Overexpression of 

magnetosome genes or whole operons by genomic multiplication substantially increased 

crystal sizes (up to 15%) and particle yields (up to 120%). Overproducing cells contained 75 

electron-dense particles on average (increase in number by 120%). About 30% of cells had 

more than 100 magnetosomes (maximum number: 169) and most cells contained multiple (two 

to four) magnetosome chains.29 (B) Transplantation of the entire pathway of magnetosome 

biosynthesis form M. gryphiswaldense to the nonmagnetic, photosynthetic model organism 

Rhodospirillum rubrum induced biosynthesis of well-ordered magnetosome chains (up to 30 

particles per cell).74 Unlike the untransformed R. rubrum wild type, cells of R. “magneticum” 

accumulated as a visible red spot near the pole of a permanent magnet at the edge of a culture 

flask. In suspensions of isolated magnetosomes, particles with intact membranes were visible 
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Figure 8. Generation of multifunctional core-engineered, bacterial nanoparticles by 

synthetic biology, and their application potential. Using optimized expression cassettes,34 

highly abundant magnetosome membrane proteins are utilized as membrane anchors for the 

display of an unprecedented set of (improved) functionalities comprising fluorophores (like 

GFP, RFP and variants) that allow tracking and detection,33,34,39 (reporter-)enzymes (e.g. the 

glucuronidase GusA, or glucose oxidase GOx) for the use as biosensors,39 chemically and 

biologically stable coupling groups/tags like streptavidin (SAV) for the generation of new 

kinds of biocomposites,40 anti-/nanobodies for specific ligand/antigen targeting,46,47 and metal 

precipitating peptides. Inorganic encapsulation strategies (e.g. silica-coating) were shown to 

improve enzyme stability and are supposed to enhance biocompatibility.68 

 

 


