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Preface

Over hundreds of millions of years, biological systems have developed strategies to
synthesize and assemble nanomaterials with a precision yet to be achieved by arti-
ficial synthetic methods. Using abundant elements in earth’s crust, these biological
materials are formed under mild conditions, at near neutral pH and ambient tem-
peratures. These natural synthetic pathways have been developed over many millen-
nia, providing potential alternative strategies to synthesize next-generation
nanomaterials. One example of utilization of biological synthetic pathways for con-
trolled nanoarchitectures comes from iron oxide magnetic materials. The first find-
ing of magnetic materials in organisms was from the magnetic teeth of mollusks.
The presence of magnetite (Fe;O,)-based nanorods in the teeth provides excellent
mechanical properties and highlights their utility to harvest microalgae growing on
and within rocky substrates. In addition, magnetotactic bacteria produce chains of
magnetic iron oxide or iron sulfide nanoparticles. They use the magnetic nanopar-
ticles as biological geomagnetic sensors that help them to navigate and survive in
their habitats on earth. Based on recent fundamental studies on the formation mech-
anisms of magnetic materials in these organisms, novel structures, biological mol-
ecules, and formation principles have been revealed. These findings are now
attracting chemists, materials scientists, and engineers to translate knowledge
gleaned from these systems toward the development of new advanced magnetic
materials for future technologies. In addition, new functional materials are being
developed by utilizing genetically modified organisms and the underlying biotem-
plating proteins found in biologically synthesized magnetic materials.

Magnetic materials are widely used for numerous applications in the field of
electronics, mechanical engineering, and biotechnology. Magnetic nanomaterials
are important for ultrahigh density magnetic recording media. They are also used
for biomedical processes such as magnetic resonance imaging, cell separation, envi-
ronmental inspections, drug delivery, and hyperthermia. It is also shown that mag-
netic iron oxide particles have catalytic utility in polymer syntheses. Therefore, this
book focuses on iron-based biological magnetic materials and
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1. Leverages a diversity of multidisciplinary expertise encompassing cellular and
molecular biology, paleobiology, materials science and engineering, bio- and
nanotechnology, and medical sciences

2. Provides a wide scope — balancing basic science with large-scale engineering
(cradle to grave strategies), yet includes sufficient detail for scientific
accumulation

This book consists of three major sections: (I) formation mechanisms of biologi-
cal magnetic materials, (II) biological templating of magnetic materials for medical
and device applications, and (III) bio-inspired magnetic materials for
nanotechnology-based applications. The approach is from multiple perspectives: (i)
organisms which utilize biologically derived magnetic materials and their function;
(i1) formation mechanisms of biologically derived magnetic materials; (iii) how
these biological formation routes yield various phase and morphologically derived
magnetic materials; (iv) resultant properties (i.e., magnetic, structural). From this,
the book describes the utilization of bio-inspiration to develop new materials for
applications ranging from machine to bio-industries. Furthermore, we want to high-
light recent strategies for developing scalable technologies that encompass protein
displays, drug delivery, biophysical separations, and medical diagnostics as well as
future insights toward next-generation applications. This book provides insights for
scientists who want to access multidisciplinary fields to overcome current barriers
and develop a multifaceted expertise in bionanotechnology.

Finally, the editors wish to thank all the authors of the chapters, coordination
from the publisher, and the many people who worked behind the scenes in making
this book a reality.

Fuchu, Tokyo Tadashi Matsunaga
Koganei, Tokyo Tsuyoshi Tanaka
Riverside, CA, USA David Kisailus

July 2018
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Chapter 1

Structure and Function of Aligned
Magnetic Crystals in Magnetotactic
Bacteria

Azuma Taoka and Yoshihiro Fukumori

Abstract Magnetotactic bacteria swim along the magnetic field using a unique
bacterial organelle termed the magnetosome. Magnetosomes are comprised of
nano-sized crystals of magnetite or greigite enclosed within lipid bilayer membrane
vesicles and specifically associated proteins. The integration of magnetosomes in
motility allows magnetotactic bacteria to orient themselves to find a favorable
microaerobic habitat. Most of the magnetosome-associated proteins are encoded in
gene clusters within a “magnetosome island.” Additionally, these proteins are highly
conserved and essential for the synthesis and maintenance of magnetosomes. In this
chapter, we will briefly introduce general insight into magnetotactic bacteria, and
then, we will present recent research progress on magnetosome structure and
function.

1.1 Introduction

Magnetotactic bacteria are widespread aquatic eubacteria that utilize organelles
known as magnetosomes to navigate along Earth’s magnetic field (reviewed in
Bazylinski and Frankel 2004; Faivre and Schiiler 2008; Komeili 2012; Lin et al.
2013; Schiiler 2008). The unique properties of these bacteria regarding magnetic
sensing, magnetosome formation, and biomineralization have garnered much mul-
tidisciplinary interests from fields such as microbiology, geology, chemistry, phys-
ics, mineralogy, astrobiology, synthetic biology, bioengineering, materials science,
chemical engineering, medicine, and bionanotechnology. In this first section, we
will provide a general overview of magnetotactic bacteria.
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4 A. Taoka and Y. Fukumori
1.1.1 Discovery of Magnetotactic Bacteria

Two scientists, Richard Blakemore and Salvatore Bellini, independently and seren-
dipitously discovered magnetotactic bacteria (Frankel 2009). Magnetotactic bacte-
ria were first demonstrated by Salvatore Bellini, a medical doctor at the University
of Pavia in Italy. He found magnetotactic bacteria in freshwater samples collected
from Pavia and studied them from the late 1950s until 1963. His work was pub-
lished in 1963 but was not widely disseminated. However, his findings have recently
come to light, and his papers were translated to English and subsequently published
in an international journal (Bellini 2009a, b). Richard Blakemore rediscovered mag-
netotactic bacteria in 1974 (Blakemore 1975). While observing sediment samples
collected near Woods Hole, Massachusetts to study microbes enriched in sulfide
mud, he found a group of highly motile bacteria that swam continuously in the same
geographic direction (Blakemore 1982). These bacteria altered their swimming
direction by placing a bar magnet near the microscope slide, and he deduced that
these bacteria swam along the magnetic field. Blakemore demonstrated that these
bacteria contained chains of iron-rich magnetic crystals in their cells, thus providing
an explanation for their ability to respond to magnetic fields (Blakemore 1975). He
termed such cell motility directed by a magnetic field as “magnetotaxis” (Blakemore
1975).

1.1.2 Isolation of Magnetotactic Bacteria

Magnetotactic bacteria are ubiquitous, widely distributed in a diverse array of
aquatic environments such as fresh, marine, brackish, and hypersaline water or in
chemically stratified water columns (Lefévre and Bazylinski 2013). These bacteria
have also been found on all continents (Lin et al. 2013; Lefevre and Wu 2013).
Although most magnetotactic bacteria dwell in aquatic habitats at ambient tempera-
ture and neutral pH, some species are extremophiles. Lefevre et al. recently reported
moderately thermophilic magnetotactic bacteria in hot springs (Lefevre et al. 2010)
and obligate magnetotactic alkaliphiles magnetotactic bacteria living in alkaline
lakes (Lefevre et al. 2011b).

Magnetotactic bacteria are either microaerobes or anaerobes and are found at the
oxic-anoxic interface or anoxic region of aquatic habitats, respectively, in sediments
or at the bottom of water column. Here we briefly mention a simple method to iso-
late magnetotactic bacteria from freshwater sediments. Sediment (0-3 cm deep) and
surface water are collected from near the edge of a shallow freshwater pond using a
scooper and placed into tightly capped 0.5 L glass bottle. The magnetotactic bacte-
ria are concentrated by attaching a bar magnet to the outside of the bottle just above
the sediment/water interface. North-seeking magnetotactic bacteria (swimming
toward the magnetic S-pole) dominate in the Northern Hemisphere, while south-
seeking magnetotactic bacteria (swimming toward the magnetic N-pole) dominate
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in the Southern Hemisphere. Therefore, for example, the S pole of the bar magnet is
attached to the glass bottle in case of observation in the North Hemisphere. The
bottle is kept in the dark for up to 3 h to allow magnetotactic cells to swim toward
the magnet. A pipet is then used to collect magnetotactic bacteria. A drop of the
magnetotactic bacteria is placed onto a slide, and the S-pole of bar magnet is placed
on the microscope stage near the drop. The magnetotactic bacteria will swim to the
edge of the drop near the magnet (Fig. 1.1a). When the bar magnet is rotated 180°,
the cells will rotate and swim away from the magnet. Figure 1.1b shows examples
of magnetotactic bacteria that were collected from a freshwater pond in Kanazawa,
Japan. Morphologically diverse magnetotactic bacteria were observed from this col-
lection, with chains of magnetosomes to help the bacteria move along the magnetic
field.

1.1.3 Magnetotactic Bacteria Diversity

Magnetotactic bacteria are a physiologically, morphologically, and phylogeneti-
cally diverse group of Gram-negative bacteria. Many bacteria from this group have
been isolated from various aquatic environments; however, the surface of magneto-
tactic bacteria diversity has barely been scratched due to difficulty in obtaining
axenic cultures. Despite their ubiquitous presence, magnetotactic bacteria are fas-
tidious and grow slowly. Recently, there has been much improvement in isolation
and culturing methods, and employing current genetic techniques, such as metage-
nomics and single-cell genome analysis, has substantially provided insight about
the diversity of magnetotactic bacteria. Known magnetotactic bacteria belong to
different Proteobacteria phylum subgroups, including at least alpha-, gamma-, and
delta-subgroups; the Nitrospirae phylum; and the OP3 of the PVC (Planctomycetes,
Verrucomicrobia, and Chlamydiae) superphylum (reviewed in Lefevre and
Bazylinski 2013) (Table 1.1). Thus, magnetotactic bacteria do not form a phyloge-
netically coherent group.

With over 40 years of sustained efforts to date, more than 20 species of axenic
cultures have been obtained. To note, species belonging to Alphaproteobacteria,
e.g., Magnetospirillum magnetotacticum MS-1, M. magneticum AMB-1, M. gry-
phiswaldense MSR-1, Magnetococcus marinus MC-1, and Magnetovibrio blake-
morei MV-1; Gammaproteobacteria, e.g., strain BW-2 and SS-5; and
Deltaproteobacteria, e.g., Desulfovivbrio magneticus RS-1, have been cultivated
(Table 1.1). Specifically, M. magneticun AMB-1 and M. gryphiswaldense
MSR-1 are used as model species for the genetic and biochemical dissection of
magnetosome formation and function. However, species belonging to Nitrospirae,
and the PVC superphylum have yet to be cultured.
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Magnetic field
=S

Magnetotactic bacteria ¢
b Edge of the water drop

Fig. 1.1 Isolation of magnetotactic bacteria. (a) Phase contrast microscopic image of magnetotac-
tic bacteria in a water drop. The S-pole of the bar magnet was placed on the right side of the image.
Magnetotactic bacteria accumulated at the edge of the water drop. (b) Transmission electron
microscopic (TEM) images of isolated magnetotactic bacteria from a freshwater pond in Kanazawa,
Japan. Note that all of the cells possess chains of opaque structures, magnetosomes (arrows), to
facilitate navigations along the magnetic field. Bar: 1 pm
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Table 1.1 Isolated and characterized species of magnetotactic bacteria

Phyla (classes) Genus and species® References

Alphaproteobacteria | Magnetospirillum magneticum AMB-1 Matsunaga et al. (1991)
Magnetospirillum sp. WM-1 Li et al. (2007)
Magnetospirillum magnetotacticum MS-1 Blakemore et al. (1979)
Magnetospirillum gryphiswaldense MSR-1 Schleifer et al. (1991)
Magnetospirillum aberrantis Gorlenko et al. (2011)
Magnetospirillum bellicus Thrash et al. (2010)
Magnetospirillum sp. XM-1 Wang et al. (2015)
Magnetospirillum sp. VITRIS1 Revathy et al. (2016)
Magnetococcus marinus MC-1 Meldrum et al. (1993b)
Strain MO-1 Lefevre et al. (2009)
Magnetofaba australis 1T-1 Zhang et al. (2012)
Magnetovibrio blakemorei MV-1 Bazylinski et al. (1988)
Strain MV-2 Meldrum et al. (1993a)
Magnetospira thiophila MMS-1 Williams et al. (2012)
Magnetospira sp. QH-2 Zhu et al. (2010)

Gammaproteobacteria | Strain BW-2, and SS-5 Lefevre et al. (2012)

Strain GRS-1

Taoka et al. (2014)

Deltaproteobacteria

Ca. Magnetoglobus multicellularis

Abreu et al. (2007)

Ca. Magnetomorum litorale

Wenter et al. (2009)

Ca. Magnetananas tsingtaoensis

Zhou et al. (2012)

Desulfovibrio magneticus RS-1

Sakaguchi et al. (1993)

Strain ZZ-1, ML-1, AV-1

Lefévre et al. (2011b)

Desulfamplus magnetovallemortis BW-1, SS-2

Lefevre et al. (2011c¢)

Nitrospirae

Ca. Magnetobacterium bavaricum

Petersen et al. (1989)

Ca. Magnetobacterium bremense MHB-1

Flies et al. (2005)

Ca. Magnetobacterium casensis

Lin etal. (2014)

Ca. Thermomagnetovibrio paiutensis HSMV-1

Lefevre et al. (2010)

Ca. Magnetoovum mohavensis LO-1

Lefévre et al. (2011a)

Ca. Magnetoovum chiemensis CS-04

Kolinko et al. (2013)

Strain MWB-1

Lin etal. (2012)

PVC superphylum

Ca. Omnitrophus magneticus SKK-01

Kolinko et al. (2012)

4Ca. Candidatus

1.1.4 Magnetotaxis

Magnetotaxis is thought to facilitate cell location and maintenance cells within the
microaerobic zones on the bottom of chemically stratified natural waters or in sedi-
ments (Frankel et al. 1997). The intracellular magnetic dipoles of magnetosomes
enable bacteria to orient themselves to swim parallel to the geomagnetic field
(Fig. 1.2). Due to the inclination of the Earth’s magnetic field (white dash arrows,
Fig. 1.2), magnetotactic bacteria can swim unidirectionally along the vertical axis in
aquatic habitats. Interestingly, north-seeking bacteria occur predominantly in the
Northern Hemisphere, while south-seeking bacteria are predominantly in the



8 A. Taoka and Y. Fukumori

High
aerobic area 4/

oxic anoxic
transition zone

O, concentration

o Geomagnetic field
Low /@ (the Northern Hemisphere)

Fig. 1.2 Magneto-aerotaxis model

Southern Hemisphere. In addition, the abundance of north- and south-seeking
bacteria is distributed equally at the equator (Blakemore 1975, 1982). As a conse-
quence, both of Northern Hemisphere magnetotactic bacteria and Southern
Hemisphere magnetotactic bacteria swim to regions of low oxygen. Thus, magneto-
tactic bacteria swim along the geomagnetic field by using magnetotaxis. These bac-
teria maintain their position within the microaerobic environment via aerotaxis.
This behavior is collectively termed “magneto-aerotaxis” (Frankel et al. 1997).

1.2 Magnetosome Structure and Protein Localization

Magnetosomes contain membrane-enclosed regular-sized magnetite (Fe;O,) or
greigite (Fe;S,) crystals. Individual magnetosome particles are aligned into one or
multiple chains and localize along the long axis of the cell, thereby facilitating cel-
lular orientation along the geomagnetic field and the search for a microaerobic envi-
ronment. Magnetosomes consist of the Mam and Mms proteins, which are
specifically localized. These proteins function in magnetosome formation and are
critical for precise control of the biomineralization of magnetite crystals and mag-
netic reception. In this section, we present our recent studies dissecting the roles of
magnetosome-associated proteins MamA and MamK in maintenance of magneto-
some structure.
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1.2.1 Magnetosome-Associated Proteins

Figure 1.3a shows magnetosomes isolated from M. magneticum AMB-1, and
Fig. 1.3b shows the SDS-PAGE gel profile of magnetosome-associated proteins. In
2004, Griinberg et al. identified key proteins to magnetosome function via pro-
teomics and found that magnetosome-associated proteins are encoded in a specific
genomic region called the magnetosome island (MAI) (Fig. 1.4) (Schiibbe et al.
2003; Ullrich et al. 2005; Jogler et al. 2009; Fukuda et al. 2006). All magnetotactic
bacterial genomes identified thus far have MAIs. The MAI of Magnetospirillum
species encodes magnetosome-associated proteins in four operons, mamGFDC,
mms6, mamAB, and mamXY (Fig. 1.4) (Matsunaga et al. 2005). Magnetosome-
associated proteins comprise various kinds of proteins, such as TPR protein, trans-
porter, PDZ domain-containing proteins, cytoskeletal proteins, heme proteins,
serine proteases, and hypothetical proteins. These proteins show no or very low
homology to known proteins and thus specific to magnetosome function, such as
magnetosome biogenesis (Richter et al. 2007).

a 8 L ® . it * ® b
)
L f ... ™Y '
. o @
4 o o 97.4kDa |
o " :
* @
.' *® » 66.3 kDa
€ . L J Fl
. ..i o® o
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'Q.. & ] ..
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Tt . N MamA
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o
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Fig. 1.3 Isolated magnetosomes. (a) TEM image of isolated magnetosomes. (b) SDS-PAGE gel
profile of extracted proteins from isolated magnetosomes. MamA (arrow) is one of the most abun-
dant proteins in the magnetosome

mamDC mms6 mmA.S {17 5] kb] mamXY
! ! « = A 4 E\ = \ \ A T\ Ud\ 2 !
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Fig. 1.4 The genomic organization of the M. magneticum AMB-1 magnetosome island (MAI)
consists of four operons: mamGFDC, mms6, mamAB, and mamXY
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1.2.2 Tetratricopeptide Repeat (TPR) Protein MamA

MamA (Mam22) was the first identified magnetosome-associated protein (Okuda
et al. 1996; Okuda and Fukumori 2001). MamaA is also one of the most abundant
proteins and conserved in MAIs of all known magnetotactic bacteria (Lefevre et al.
2013). Taken together, MamA may have an essential role in the magnetosome. The
primary structure of MamA consists of five TPR motifs and one putative TPR motif
(Okuda and Fukumori 2001). A single TPR motif adopts a helix-turn-helix fold,
while several adjacent TPR motifs create antiparallel a-helices that form a superhe-
lix structure. This yields a pair of concave and convex curved surfaces that display
binding sites capable of forming a multiprotein complex (Zeytuni and Zarivach
2012). Yamamoto et al. and Zeytuni et al. determined that MamA proteins interact
with themselves to form an oligomeric complex (Yamamoto et al. 2010; Zeytuni
et al. 2011). According to atomic force microscopic (AFM) observation, MamA
forms spherical-shaped oligomers, and the size of the oligomer ranged from 4.5 to
6.5 nm in height and 14 to 20 nm in diameter (Yamamoto et al. 2010). Recently,
X-ray crystal structures of MamA from M. magneticum AMB-1 (Zeytuni et al.
2011), M. gryphiswaldense MSR-1 (Zeytuni et al. 2011), Ca. Magnetobacterium
bavaricum Candidatus Magnetobacterium bavaricum (Zeytuni et al. 2012), and
Desulfovibrio magneticus RS-1 (Zeytuni et al. 2015) were determined. Zeytuni
et al. proposed that MamA contains at least three protein binding sites: a putative
TPR binding site, a concave binding site, and a convex binding site (Zeytuni et al.
2011). MamA structural insight suggested that such protein-protein interactions are
critical to its function in the magnetosome.

1.2.3 MamA and the Magnetosome Matrix

We observed isolated magnetosomes chains via transmission electron microscopy
(TEM) and found that magnetosome vesicles are covered by a proteinaceous layer
known as the magnetosome matrix (Taoka et al. 2006). We investigated MamA
localization in magnetosomes using immunogold staining. Interestingly, MamA
proteins localized to the magnetosome matrix. To further understand magnetosome
structure and MamA localization, the use of AFM is employed. AFM is used to
visualize organic samples under physiological conditions (Dufréne 2008; Engel and
Muller 2000). In AFM, the surface profile of the sample is imaged by detecting the
interaction between the sample and the AFM stylus during the raster scanning of the
sample. Figure 1.5a, b show AFM images of isolated magnetosomes. Based on
AFM measurements, a magnetite crystal is surrounded by organic material with a
~7 nm thickness (Yamamoto et al. 2010). Upon labeling magnetosomes with anti-
MamA antibodies and visualizing via AFM, we observed dense packing of anti-
MamaA antibodies on the magnetosomes (Fig. 1.5¢c—f), which indicated that MamA
was located at the outermost layer of the magnetosomes to form the magnetosome
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Fig. 1.5 AFM observations of isolated magnetosome. (a, b) AFM images of magnetosomes
chains. (¢, d) AFM images of immunolabeled magnetosomes. Magnetosomes labeled with (¢) anti-
MamA antibodies and (d) preimmune serum. (e, f) Surface profiles along the lines indicated in
panels ¢ and d. (g) Model of magnetosome organization
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matrix (Fig. 1.5g). Moreover, we used AFM to observe chains of magnetosomes
with and without MamA, and we proposed that MamA is anchored to the magneto-
some membrane and may stabilize the structure of magnetosome chain (Yamamoto
et al. 2010). Figure 1.5g shows a proposed model of magnetosome organization.
In this model, MamA oligomers bind to the surface of magnetosome vesicles and
form a proteinaceous layer to stabilize magnetosome chain arrangement. Recently,
we reported that the magnetosome membrane protein Mms6 binds to MamA
oligomers in vitro, suggesting that MamA and Mms6 interact each other in the
magnetosome (Nguyen et al. 2016).

1.2.4 Cytoskeletal Filaments Associated with Magnetosome
Chains

In 2006, two research groups independently confirmed the existence of cytoskeletal
structures associated with magnetosome chains using cryo-electron tomography.
Scheffel et al. found a network of cytoskeleton-like filamentous structures extend-
ing up to the cell pole of M. gryphiswaldense MSR-1 (Scheffel et al. 2006). The
magnetosome vesicles were arranged along the filamentous structure located close
to the cytoplasmic membrane. Komeili et al. also found networks of filaments run-
ning parallel to individual M. magneticum AMB-1 magnetosomes (Komeili et al.
2006). Furthermore, based on a mamK deletion mutant, filaments appeared to be
comprised of MamK, a bacterial homolog of actin (Komeili et al. 2006).

MamK is found only in magnetotactic bacteria, unlike other well-known bacte-
rial actin-like proteins MreB and ParM (Shaevitz and Gitai 2010). MreB is gener-
ally conserved in rod- and spiral-shaped bacteria and associated with most spatially
organized cellular processes, including cell morphogenesis, cellular polarity, pro-
tein localization, cell division, cell differentiation, and chromosome segregation.
ParM is a plasmid-encoded actin-like protein and functions in the plasmid segrega-
tion process. MamK, MreB, and ParM are predicted to form phylogenetically and
functionally distinct groups of prokaryotic actin-like proteins (Derman et al. 2009).
The amino acid sequence similarity is >50% among the MamK proteins of different
magnetotactic bacteria species. On the other hand, amino acid identity between M.
magnetotacticum MS-1 MamK and MreB is 24% and 17% between M. magneto-
tacticum MS-1 MamK and human actin. The actin protein superfamily has five
conserved sequence motifs that form the ATP-binding pocket and the interdomain
hinge region (Bork et al. 1992). MamK proteins also have five conserved motifs,
suggesting that MamK has biochemical properties similar to those of other actin
homologs (Fig. 1.6). MamK is encoded by the mamAB operon of MAI (Fig. 1.4)
and is conserved in most identified magnetotactic bacterial genomes. The mamAB
operon is essential for magnetosome biosynthesis (Lohfe et al. 2011; Murat et al.
2010), suggesting that MamK is important for magnetosome organization.
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Fig. 1.6 Conserved motifs within the actin superfamily. (a) Schematic drawing of the five motifs
in MamK that exhibit similarity to conserved motifs in proteins with an actin fold. Numbers indi-
cated are amino acids in M. magnetotacticum MS-1 MamK. (b) Sequence alignments of the five
conserved MamK motifs with MreB and eukaryotic actin proteins. Conserved amino acids are
indicated in bold

1.2.5 MamK Localization

We compared the localization of MamK and MreB in early stationary phase M.
magnetotacticum MS-1 cells to further characterize this cytoskeletal protein. The
intracellular localization of MamK in M. magnetotacticum MS-1 was examined by
both immunofluorescence and immunoelectron microscopy. Immunofluorescence
microscopy with an anti-MamK antibody revealed a linear distribution of MamK
from pole to pole along the vertical axis of the cells (Fig. 1.7a, b). In contrast, immu-
nofluorescence microscopy using an anti-MreB antibody showed that MreB formed
either spiral filamentous structures (Fig. 1.7¢) or was located in the septa as paired
dots (Fig. 1.7d). This distribution of MreB is consistent with that of other bacteria,
such as Bacillus subtilis (Jones et al. 2001) and E. coli (Kruse et al. 2003). The
results demonstrated that two kinds of actin-like proteins assemble as different
filamentous structures in magnetotactic bacteria. Immunogold labeling of ultrathin
sections confirmed the locality of MamK as shown in Fig. 1.7e.

To assess whether MamK filament is comprised of a single or multi-arranged
protofilaments, the cellular abundance of the MamK protein was estimated by quan-
titative immunoblotting. The amount of MamK was estimated to be 26,000 = 6000
(n = 8) molecules per cell in early stationary phase. Because of amino acid similar-
ity and comparable molecular mass of MamK with MreB and ParM, the longitudi-
nal monomer spacing of the MamK protein may be approximately that of MreB
(51 A) (van den Ent et al. 2001) and ParM (49 A) (van den Ent et al. 2002). Thus,
enough MamK is most likely available to accommodate a double helical filament of
14-22 times the length of the cell (mean length: 3.6 pm). These findings strongly
suggest that MamK filaments exist as a bundle of multiple protofilaments or as a
network structure in the cell. Additionally, in our analyses, MreB was estimated to
be 5000 £ 1000 (n = 6) molecules per M. magnetotacticum cell. Thus, the difference
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Fig. 1.7 Localization of MamK. (a, b) Immunofluorescence images using the anti-MamK anti-
body. (¢, d) Immunofluorescence images using the anti-MreB antibody. (e) Immunogold labeling
of an ultrathin section using anti-MamK indicating that MamK is distributed from pole to pole
along the long axis of the cell (arrows indicate 15 nm gold particles). (f~h) Immunoelectron micro-
scopic images of purified magnetosomes using anti-MamK antibodies that indicates the 5 nm gold
particles (arrows) are distributed in a line along the surfaces of several magnetite particles (arrow-
heads). (h) Immunoelectron microscopic image of magnetosomes with negative staining (4% ura-
nyl acetate). Scale bars (a—d): 1 pm

in the estimated values of MamK and MreB molecules in a single cell suggested that
their expression is independently regulated.

To elucidate the localization of MamK in the magnetosome chain, we performed
immunogold staining with isolated magnetosomes from M. magnetotacticum MS-1.
Immunoelectron microscopy showed that the 5 nm gold particles were distributed
in a line along the surfaces of several magnetite particles and appeared to remain on
one side of the magnetosome chain with magnetite particles (Fig. 1.7f=h). These
linear distributions of the gold particles suggested that MamK is filamentous.

1.2.6 MamK Polymerization

Next, we characterized MamK protein from M. magnetotacticum MS-1 in vitro
(Taoka et al. 2007). The recombinant MamK protein was purified from E. coli and
was added at a final concentration of 10 pM in a total volume of 30 pl polymeriza-
tion buffer, which contained 100 mM Tris-HCI (pH 7.0), 14 mM MgCl, 100 mM
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Fig. 1.8 TEM images of in vitro polymerized MamK filaments. (a) Low magnification of a
MamK filamentous bundle. (b) Two filaments are indicated in the bundle. (¢) Scanning TEM
images of in vitro polymerized MamK filaments. A fine filament in the MamK filamentous bundle
demonstrates that the filament is made up of two smaller helical filaments. Crossovers of the two
helical filaments are indicated by the arrows. The mean crossover distance is 23 nm. The helical
filament is approximately 6 nm wide (Scale bars, a 200 nm; b 20 nm, ¢ 20 nm)

NaCl, and 30 mM KCI. The mixture was then centrifuged at 150,000 x g at 4 °C for
1 htoremove aggregated MamK. After the addition of 2 mM of the non-hydrolyzable
ATP analog ATP-y-S, the mixture was incubated at 30 °C for 5 min. The sample was
then loaded on Formvar- and carbon-coated grids and negatively stained with 4%
uranyl acetate for TEM observation. MamK polymerized into well-developed, fila-
mentous, straight bundles (Fig. 1.8). The bundles were comprised of fine filaments,
smaller than 20 nm wide. Scanning TEM images of the filaments revealed that each
filament was made up of two small helical filaments (Fig. 1.8). The mean crossover
distance of the two helical filaments was 23 nm, and the helical filament was
approximately 6 nm wide. Additionally, the helical filament was thus presumed to
be a protofilament constructed with a single strand of MamK molecules. In vitro
polymerized MamK filaments were observed using MamK protein from different
species, M. gryphiswaldense MSR-1 (Sonkaria et al. 2012), M. magneticum AMB-1
(Ozyamak et al. 2013), and Ca. Magnetobacterium casensis (Deng et al. 2016).
Recently, a high-resolution structure (~6.5 A) of the MamK filament was deter-
mined using cryo-electron microscopy. Accordingly, the MamK filament was of
double-stranded and non-staggered architecture, with monomeric MamK protein
contacts apparent (Bergeron et al. 2016). The longitudinal contacts along each
MamK strand most closely resembled those of eukaryotic actin; however, the cross-
strand interface is novel among actin-like proteins and is responsible for the non-
staggered architecture (Bergeron et al. 2016).



16 A. Taoka and Y. Fukumori

1.2.7 Recent Advances in Understanding the MamK
Cytoskeleton

Scheffel et al. reported that M. gryphiswaldense MSR-1 cells in which the acidic
magnetosome protein MamJ was deleted did not assemble linear chains of magne-
tosomes. Rather, magnetosomes aggregated into three-dimensional clusters
(Scheffel et al. 2006). Furthermore, using cryo-electron tomography, they demon-
strated that in AmamJ cells, magnetosome vesicles were detached from cytoskeletal
filaments. These observations led to the development of a model in which MamJ
connects magnetosome vesicles to the MamK filament, which serves as a scaffold
for stabilizing magnetosome chains (Scheffel et al. 2006). The results of a bacterial
two-hybrid study indicated that MamJ interacts with MamK in vivo, and the C- and
N-terminal sequence regions of MamJ mediated these interactions (Scheffel and
Schiiler 2007).

Draper et al. demonstrated that M. magneticum AMB-1 cells deficient in both
MamlJ and Liml], a paralog of MamJ, formed a chain of magnetosomes in contrast
to the aggregated magnetosomes observed in M. gryphiswaldense MSR-1 (Draper
et al. 2011). Cryo-electron tomography observations of the AmamJ AlimJ strain
revealed chains with 100- to 250-nm gaps, which were devoid of magnetosomes
(Draper et al. 2011). Interestingly, the distribution of magnetosome-associated
MamK filaments was drastically altered in the AmamJ AlimJ strain. To note, the
filaments were observed as concentrated bundles within the gaps of the magneto-
some chains. Furthermore, using the fluorescence recovery after photobleaching
(FRAP) assay, they demonstrated that MamK forms dynamic filaments in M. mag-
neticum AMB-1 (Draper et al. 2011). MamK mutants of essential residues for ATP
hydrolysis activity (MamKP'®'A and MamX!'*4) did not display such dynamics,
thereby demonstrating that MamK ATPase activity is required for own dynamics.
Strikingly, in the AmamJ AlimJ strain, MamK-GFP was static as assessed by FRAP,
suggesting that MamJ and LimJ promote MamK filament dynamics. Taken together,
these results indicate that MamK dynamics require MamJ and LimJ for the assem-
bly and maintenance of the magnetosome chain.

Philippe and Wu, using a bimolecular fluorescence complementation assay, dem-
onstrated that Amb0994, the MAI-encoded methyl-accepting chemotaxis protein,
interacts with MamK at the cell poles where methyl-accepting chemotaxis proteins
usually cluster (Philippe and Wu 2010). They also demonstrated that Amb0994
impacts effective magnetic sensing of M. magneticum AMB-1 (Zhu et al. 2014).
They proposed that this interaction plays a key role in magnetotaxis. Moreover, two-
hybrid genomic screenings suggested that FliM, a flagella motor switch protein;
Amb0854, another methyl-accepting chemotaxis protein; and Amb3568 and
GGDEF domain-containing protein interact with MamK (Pan et al. 2012). These
findings may lead to a novel hypothesis for magnetotaxis.
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1.3 Conclusions

In the past, bacterial cells were thought of as “bags of enzymes.” However, bacteria
have been eloquently shown to possess highly ordered, compartmented organelles
purposed for specific functions such as photosynthesis, nitrogen metabolism, and
magnetic sensing. However, little is known about the molecular mechanisms gov-
erning the biogenesis and function of these bacterial organelles. Interestingly, the
magnetosome possesses many features of a eukaryotic organelle. Particularly, the
magnetosome is a membrane-enclosed subcellular compartment equipped with spe-
cialized proteins and cytoskeletal filaments to facilitate magnetic sensing.
Additionally, magnetosomes are passed on to daughter bacterial cells. Thus, the
magnetosome is an outstanding model to elucidate the molecular landscape of bac-
terial organelle organization. Further studies about the specific roles of magnetosome-
associated proteins are warranted to shed light on magnetosome biogenesis and
function.
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Chapter 2
Molecular Mechanism of Magnetic Crystal
Formation in Magnetotactic Bacteria

Check for
updates

Atsushi Arakaki, Masayoshi Tanaka, and Tadashi Matsunaga

Abstract Magnetotactic bacteria are a group of microorganism producing nano-
sized magnetic particles. The bacterial cells accumulate a large amount of iron ion
from aquatic environment and synthesize single-crystal magnetic nano-particles
under ambient conditions. The size, shape, and composition of the magnetic nano-
particles are precisely regulated in individual bacterial cell types. Thus, the under-
standing of molecular mechanism should provide ideas to design and create
magnetic nano-materials with environmentally friendly synthetic routes. This chap-
ter describes the molecular mechanism of magnetic nano-particle formation that has
been clarified based on comprehensive molecular analyses of magnetotactic bacte-
ria. Identified proteins from the basic studies are shown to be available for the devel-
opment of novel magnetic nano-materials. The strategy and fundamental
technologies that are useful for the understanding of biomineralization mechanisms
are also introduced.

2.1 Introduction

Magnetotactic bacteria produce finely tuned nano-sized single-crystal magnetic
particles consisting of Fe;O, (magnetite) or Fe;S, (greigite) (Blakemore 1975;
Bazylinski et al. 1995). The nano-particles are approximately 40—-100 nm in diam-
eter, which is the size range of magnetically stable single-domain size. In the bacte-
rial cell, they are naturally covered with lipid bilayer membrane (Gorby et al. 1988).
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Because of the presence of lipid membrane, the magnetic nano-particles show supe-
rior dispersibility in solution when they are extracted from the bacterial cells. In
addition, to use the surface membrane as a basement, functional molecules can be
attached to the magnetic nano-particle surface (Matsunaga and Kamiya 1987).
Thus, surface-modified magnetic nano-particles are shown to be useful for various
biotechnological applications (Arakaki et al. 2008), although the details will be
described in the other chapters of this book (see Sects. 2.1 and 2.2).

By the development of genetic techniques and clarification of genome informa-
tion, our knowledge on the formation mechanism of bacterial magnetic nano-
particles has significantly been improved over the past decade. The number of genes
and proteins involved in the nano-particle formation has been identified by compre-
hensive molecular analyses including comparative genome and proteome analyses
(Griinberg et al. 2004; Matsunaga et al. 2005, 2009; Tanaka et al. 2006; Nakazawa
and Arakaki 2009; Schiibbe et al. 2009; Lefevre et al. 2013). Their functions are
then characterized based on phenotypic studies of the gene deletion mutants and
biochemical studies on the proteins (see Sect. 2.3). The molecular studies revealed
that the mechanism is unique in this organism and quite complicated system as
consisting of several formation processes with number of biological molecules (see
Sect. 2.3). The biological system enables magnetotactic bacteria to synthesize
single-crystal magnetic nano-particles under the ambient room temperature and
atmospheric condition.

This chapter describes the synthetic principle of magnetic nano-particles in mag-
netotactic bacteria, as an example of material synthesis in nature. Because the
membrane-encapsulated magnetic nano-particles formed in the bacteria specifically
referred to as magnetosomes, this term is used throughout this chapter. The mecha-
nism involving multisteps with the aid of biological molecules will provide ideas to
design new synthetic route of iron oxide nano-materials and develop novel magnetic
nano-materials to mimic or utilize the biological materials.

2.2 Identification of Key Biological Molecular Components
for Magnetic Nano-particle Formation

Comprehensive analyses such as genome sequencing (genome analysis), protein
expression analysis (proteomics), and gene expression analysis (trasncriptomics)
are currently recognized as powerful tools for the understanding of biological sys-
tem. Genomics can list up all the molecular components of the analyzed organism.
Proteomics can identify molecules that are really functional in the cell. It also pro-
vides localization information of the molecules within the cell. Transcriptomics can
provide magnitude of expression levels of the molecules and also visualize their
expression networks. Combinatorial use of these analyses is informative toward the
identification of key molecules, and thus they are generally used as a first examina-
tion for overall understanding of organisms.
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Fig. 2.1 TEM picture (a) and thin section (b) of Magnetospirillum magneticum AMB-1

As described in Sect. 1.1, overall mechanism of magnetosome formation was
speculated from microscopic observations, microbiological characterizations, and
biochemical analyses of magnetotactic bacteria. Since magnetotactic bacteria are
commonly observed in microaerobic or anaerobic aquatic environments, it is con-
sidered that the organisms uptake iron as a form of Fe (II) or Fe (III) ions from the
water and crystallize them to form magnetic nano-particle in magnetosome
(Nakamura et al. 1995; Suzuki et al. 2006). Thin-section transmission electron
microscope (TEM) observation revealed the presence of membranous structures on
the surface of magnetic nano-particles (Gorby et al. 1988). The observed structure
called as magnetosome membrane mainly consists of phospholipids and proteins,
suggesting a presence of bacterial organelle specialized for magnetic nano-particle
formation (Nakamura et al. 1991). In order to identify key molecules for the mag-
netosome formation, the above-described comprehensive analyses were simultane-
ously conducted. The first complete genome analysis of magnetotactic bacteria was
achieved in a model organism, Magnetospirillum magneticum strain AMB-1
(Fig. 2.1), in 2005 (Matsunaga et al. 2005). The sequence has been conducted by the
traditional DNA sequencing method to use capillary sequencers, and the genome
size was precisely determined as 4,967,148 bp (Table 2.1). The genome data
revealed the presence of 4559 predicted genes. The gene numbers are relatively
smaller compared with the genome size, suggesting presence of noncoding regions
in the genome. In fact, the genome includes numbers of vestiges of past exogenous
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Table 2.1 Comparison of the genome characteristics of magnetotactic bacteria

Predicted
Genus, species, and | Magnetic particle Length gene
strains types DNA types | (bp) numbers | References
Magnetospirillum Cubo-octahedral | Chromosome | 4,967,148 | 4559 Matsunaga
magneticum AMB-1 | magnetite et al. (2005)
Magnetospirillum Cubo-octahedral | Chromosome | 4,523,935 | 4136 Smalley
magnetotacticum magnetite etal. (2015)
MS-1
Magnetospirillum Cubo-octahedral Chromosome | 4,365,796 | 4261 Wang et al.
gryphiswaldense magnetite Plasmid 35,803 38 (2014)
MSR-1
Magnetococcus Pseudohexagonal | Chromosome | 4,719,581 | 3815 Schiibbe
marinus MC-1 prismatic et al. (2009)
magnetite
Magnetospira sp. Magnetite Chromosome | 4,020,900 | 3794 Jietal
QH-2 Plasmid 31,063 37 (2014)
Magnetovibrio Truncated Chromosome | Approx. - Bazylinski
blakemorei MV-1 hexa-octahedral 37M et al. (2013)
magnetite
Desulfovibrio Bullet-shaped Chromosome | 5,248,049 | 4629 Nakazawa
magneticus RS-1 magnetite Plasmid 1 58,704 65 et al. (2009)
Plasmid 2 8867 10
Candidatus Bullet-shaped Chromosome | 3,415,676 | 3140 Lin et al.
Magnetobacterium | magnetite (2014)
casensis
Candidatus Magnetite and Chromosome | 12,479,246 | 9987 Abreu et al.
Magnetoglobus greigite (2014)
multicellularis
Magnetospirillum Magnetite Chromosome | 4,164,497 | 4279 Koziaeva
moscoviense BB-1 et al. (2016)
Magnetospirillum Magnetite Chromosome | 4,619,819 | 4130 Koziaeva
marisnigri SP-1 et al. (2016)

gene transfers, such as insertion sequence (IS) elements, integrases, and phage-
coding genes (Matsunaga et al. 2005). Similar features were also found in other
magnetotactic bacterial strains (Nakazawa and Arakaki 2009; Ji et al. 2014). They
are considered to be involved in the development of magnetosome formation, as
well as the evolution of this microorganism. After the genome sequencing of strain
AMB-1, genomes of other magnetotactic bacterial strains have also become avail-
able (Table 2.1). Next-generation sequencers facilitated the analyses. New strate-
gies enabling to analyze genomes from uncultured magnetotactic bacteria were also
developed by using magnetic separation of bacteria and whole genome amplifica-
tion (Arakaki et al. 2010; Jogler et al. 2011; Kolinko et al. 2012). Comparative
genome analysis of both isolated and unisolated magnetotactic bacteria revealed the
presence of common gene sets in magnetotactic bacteria. The gene region is specifi-
cally called as magnetosome island. The comparative analyses of magnetosome
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Fig. 2.2 Molecular organization of genes in magnetosome island of M. magneticum AMB-1. The
predicted ORFs are represented by arrowheads indicating the direction of transcription. Black
arrowheads indicate genes encoding magnetosome proteins. mamA—mamZ genes are abbreviated
as A-Z

islands revealed the distinct variations in gene order and sequence similarity of the
genes in these microorganisms (Richter et al. 2007; Nakazawa and Arakaki 2009;
Lefévre and Wu 2013). As an example, the magnetosome island of strain AMB-1 is
shown in Fig. 2.2. Spontaneous deletion of this region from the AMB-1 genome
resulted deficiency of magnetosome formation ability in the mutant strain (Fukuda
et al. 2006). The findings suggested the presence of core genetic components for
magnetosome formation; these genes may have been acquired into the magnetotac-
tic bacterial genomes by multiple gene transfer events during evolution of this
organism.

Proteome and transcriptome analyses generally require gene sequences. Thus,
the abovementioned genome information was utilized for these analyses for mag-
netotactic bacteria. Proteome analyses of magnetosome membrane proteins have
been conducted in several species of magnetotactic bacteria from which numerous
novel proteins with potentially crucial roles in magnetosome biomineralization
have been discovered. In the analyses of magnetosome membrane proteins from M.
magneticum AMB-1 and M. gryphiswaldense MSR-1, approximately 80 and 30
proteins were identified (Griinberg et al. 2004; Tanaka et al. 20006), respectively. A
part of the proteins are listed in Table 2.2. A considerable number of identified pro-
teins were found to be assigned in gene clusters located within the magnetosome
island. Furthermore, comparative proteome analysis between the protein fractions
acquired from the outer membrane, cytoplasmic membrane, magnetosome mem-
brane, and cytoplasm-periplasmic fractions was conducted (Tanaka et al. 2006). A
high degree of similarity was observed between the protein profiles of the magneto-
some and cytoplasmic membranes of the AMB-1 strain. Fatty acid comparative
analysis also indicated that both these fractions showed similar profiles. These
results suggest that the magnetosome membrane could have been derived from the
cytoplasmic membrane (Tanaka et al. 2006). Proteome analysis of D. magneticus
RS-1 revealed a presence of magnetosome membrane proteins commonly exist in
strain RS-1 and Magnetospirillum spp. (Matsunaga et al. 2009). Those include
actin-like protein, TPR-containing protein, cation diffusion facilitator, and several
oxidation-reduction proteins. On the other hand, non-common proteins were also
identified from magnetosome of strain RS-1 (Matsunaga et al. 2009). The results
indicate that the phylogenetically distinct magnetotactic bacteria utilize common
proteins to form magnetosome, although some proteins are different.
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Protein
identification
AMB- | MSR- | Genetic
Protein Suggested role | 1 1 investigation® | Main related articles
Membrane formation
Mms16 Membrane v v Okamura et al. (2001)
invagination
MpsA Lipid 4 Matsunaga et al. (2000)
metabolism
MamA Vesicle v v HR Komeili and Vali (2004),
(Mms24, activation Yamamoto et al. (2010),
Mam?22) Zeytuni et al. (2011, 2015),
LohBe et al. (2014), and
Nguyen et al. (2016)
Maml Membrane HR Murat et al. (2010), LohBe
formation et al. (2014), and Raschdorf
etal. (2016)
MamL Membrane HR Murat et al. 2010, LohBe et al.
formation (2014), and Raschdorf et al.
(2016)
MamQ Membrane v HR Murat et al. (2010), LohBe
formation et al. (2014), and Raschdorf
et al. (2016)
MamY Membrane v HR Tanaka et al. (2010a)
constriction
Chain formation
MamJ Chain v v HR Scheffel et al. (2006), Scheffel
formation and Schiiler (2007), and Pan
etal. (2012)
MamK Chain 4 HR Komeili et al. (2006), Taoka
formation et al. (2007), Draper et al.
(2011), Pan et al. (2012), and
Bergeron et al. (2016)
Iron transport and redox control
MagA Iron transport TP Matsunaga et al. (1992),
Nakamura et al. (1995), and
Wang et al. (2009)
MamB Iron transport, | v/ v HR Murat et al. (2010), Uebe et al.
vesicle (2011), and Raschdorf et al.
formation (2016)
MamH Iron transport HR Murat et al. (2010), and
Raschdorf et al. (2013)
MamM Iron transport v HR Murat et al. (2010), Uebe et al.
(2011), Zeytuni et al. (2014),
and Raschdorf et al. (2016)
MamZ Iron transport, HR Raschdorf et al. (2013)
redox control

(continued)
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Table 2.2 (continued)

Protein
identification
AMB- | MSR- | Genetic
Protein Suggested role | 1 1 investigation® | Main related articles
AOR Redox control TP Wahyudi et al. (2003)
MamE Redox control, | v v HR Yang et al. (2010), Murat et al.
protein sorting (2010), Quinlan et al. 2011,
and Hershey et al. (2016)
MamP Redox control | v HR Murat et al. (2010), Siponen
et al. (2013), Taoka et al.
(2014), LohBe et al. (2014),
Jones et al. (2015), and
Hershey et al. (2016)
MamT Redox control v HR Murat et al. (2010), Siponen
et al. (2012), LohBe et al.
(2014), and Jones et al. (2015)
MamX Redox control | v HR Yang et al. (2013) and
Raschdorf et al. (2013)
Magnetite biomineralization
Mms5 Crystal v HR Arakaki et al. (2003, 2014)
formation
Mms6 Crystal v v HR Arakaki et al. (2003, 2014),
formation Wang et al. (2009), Tanaka
et al. (2011b), LohBe et al.
(2014), and Nguyen et al.
(2016)
Mms7 Crystal v v HR, GI Arakaki et al. (2003, 2014),
(MamD) formation Scheffel et al. (2008), and
Yamagishi et al. (2016)
Mms13 Crystal v v HR, GI Arakaki et al. (2003, 2014),
(MamC) formation Scheffel et al. (2008), and
Yoshino et al. (2010)
MamF Crystal v HR Scheffel et al. (2008) and
formation LohBe et al. (2014)
MamG Crystal v HR Scheffel et al. (2008)
formation
MamO Nucleation v HR Yang et al. (2010), Quinlan
etal. (2011), Guo et al. (2012),
and Hershey et al. (2016)
FtsZm Crystal HR Ding et al. (2010) and Miiller
formation et al. (2014)
MmsF Crystal HR Murat and Falahati (2012),
formation Rawlings et al. (2014), and

LohBe et al. (2014)

Function unknown

(continued)
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Table 2.2 (continued)

Protein
identification
AMB- | MSR- | Genetic
Protein Suggested role | 1 1 investigation® | Main related articles
MamN - v HR Murat et al. (2010), LohBe
et al. (2014), and Raschdorf
et al. (2016)
MamU - HR Murat et al. (2010) and Lohfe
et al. (2014)
MamV - HR Murat et al. (2010)
MamR - v HR Murat et al. (2010) and Lohf3e
et al. (2014)
MamS - v v HR Murat et al. (2010) and LohBe
et al. (2014)

“The tools for genetic investigation were listed. The abbreviations were as follows: TP phenotypic
analysis of mutant strain developed by transposon mutagenesis, HR phenotypic analysis of mutant
strain developed by homologous recombination, and G/ gene expression induction

Transcriptome analysis supported results from genome and proteome analyses.
The analysis is generally conducted to use DNA microarray and real-time reverse
transcription PCR (RT-PCR). Since magnetotactic bacteria uptake a larger amount of
iron compared to other well-characterized bacteria, global gene expression analysis
of strain AMB-1 grown under iron-rich and iron-deficient conditions was conducted
(Suzuki et al. 2006). The result indicated that despite the unusual high-iron require-
ment of strain AMB-1, it utilizes robust but simple iron uptake systems similar to
those of other gram-negative bacteria. Analysis of the genes in magnetosome island
revealed that the genes were transcribed under magnetosome-forming conditions,
while they were downregulated under non-forming conditions (Schiibbe et al. 2006).

The comprehensive analyses successfully clarified genes and proteins for mag-
netic nano-particle formation in magnetotactic bacteria. A recent study revealed that
non-magnetotactic photosynthetic bacterium can produce magnetosome by insert-
ing the genes of magnetosome island into the genome (Kolinko et al. 2014). To use
the molecular components identified here, a genetically modified microorganism
which can produce both magnetic nano-particles and other useful substances will be
constructed in near future.

2.3 Molecular Analysis of Unique Prokaryotic Organelle
Biogenesis Specialized for Magnetic Nano-particle
Production

Various magnetotactic bacteria have been isolated and studied in many research
groups. Among these magnetotactic bacteria, M. magneticum AMB-1, M. gry-
phiswaldense MSR-1, M. magnetotacticum strain MS-1, Magnetococcus marinus
strain MC-1, and Desulfovibrio magneticus RS-1 are the most characterized strains.
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Fig. 2.3 Schematic illustration of hypothesized mechanism of magnetosome formation

In particular, M. magneticum AMB-1 and M. gryphiswaldense MSR-1 are well
investigated toward the elucidation of magnetosome formation because of the devel-
opment of some important genetic engineering techniques for transformation
(Okamura et al. 2003; Schultheiss and Schiiler 2003), transposon insertion at ran-
dom position in their genome (Matsunaga et al. 1992; Wahyudi et al. 2001; Li et al.
2005), specific gene deletion (Komeili and Vali 2004; Ullrich and Schiiler 2010),
and induction of target gene expression (Yoshino et al. 2010; Borg et al. 2014;
Yamagishi et al. 2016). Each genetic engineering technique has provided us the
chance of in vivo experiment in order to investigate the magnetosome formation. It
notes that magnetotactic bacteria is an ideal model organism for in vivo investiga-
tion of biomineralization mechanism (especially nano-sized single crystal), because
many biomineral synthesizing organisms, e.g., hydroxyapatite in the bones and
teeth (Dorozhkin and Epple 2002), silica in diatoms (Kroger et al. 1999) and sponges
(Shimizu et al. 1998), calcium carbonate in mollusk shells (Weiner and Addadi
1997), are eukaryote that is generally difficult to develop the genetic engineering
techniques.

This section describes the overview of magnetosome formation mechanism in
magnetotactic bacteria (Fig. 2.3). The mechanism has been analyzed based on the
researches of key molecules by using the genetic engineering techniques. As current
several studies pointed out the presence of different phenotypes between same gene
lacking mutant strains of M. magneticum AMB-1 and M. gryphiswaldense MSR-1
(Murat et al. 2010; Raschdorf et al. 2016), herein we describe the researches mainly
about M. magneticum AMB-1 to disturb the confusion. Firstly, a gene list reported
to contribute to magnetosome formation was shown in Table 2.2 with the information
of protein identification by proteomic studies in M. magneticum AMB-1 and M.
gryphiswaldense MSR-1 (Okamura et al. 2000; Arakaki et al. 2003; Griinberg et al.
2004; Tanaka et al. 2006, 2010a). As found in this table, the magnetosome biogen-
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esis occurred through multiple steps including magnetosome membrane formation
by invagination of cytoplasmic membrane, magnetosome chain formation, iron
transportation and redox control within magnetosome, magnetite crystallization,
and morphological regulation. Hence, the researches in each step are described step
by step, and the mechanism of magnetite crystallization and morphological regula-
tion is briefly summarized because the content is shown in detail in Sect. 2.5.

2.3.1 Magnetosome Membrane Formation by Invagination
of Cytoplasmic Membrane

A key step in the magnetosome organelle biogenesis is the magnetosome membrane
formation by the invagination of cytoplasmic membrane. The compartmentalized
nano-spaces provide domains for the regulation of iron concentrations and redox
conditions, enabling the synthesis of morphologically controlled magnetite crystal
in organisms. One of the most abundant proteins in magnetosome membrane,
Mms16, was identified in M. magneticum AMB-1 (Okamura et al. 2000, 2001). As
the Mms16 protein exhibited GTPase activity, which is known as an important
activity for vesicle formation (e.g., endocytosis) in eukaryotic cells (Stenmark 2009;
Colombo et al. 2014), the protein is suggested to be involved in the magnetosome
membrane formation from cytoplasmic membrane. Within the proteomic study of
magnetosome proteins in M. magneticum AMB-1, MpsA and the beta subunit,
MpsB, were identified (Matsunaga et al. 2000; Tanaka et al. 2006). Given the
homology between the MpsA and MpsB proteins with the E. coli acyl-CoA carbox-
ylase and the supporting reports on the acylation and budding of vesicles (Randazzo
et al. 1993; Chun et al. 2008), MpsA and MpsB are suggested to cooperate and
mediate invagination of the cytoplasmic membrane to form magnetosome
membrane.

One of the other dominant proteins in magnetosome membrane, MamA, has
tetratricopeptide (TPR) repeat domain, which plays an important role in protein-
protein interaction. The gene deletion in M. magneticum AMB-1 showed the
decrease of magnetosome number, and the GFP fusions behave dynamic localiza-
tion during cell growth. These analyses suggested that MamA assembling complex
acts as a scaffold protein for magnetosome formation by interacting with other mag-
netosome proteins (Komeili and Vali 2004; Zeytuni et al. 2011; Nguyen et al. 2016).

The mutant strains of M. magneticum AMB-1 lacking any of mamli, mamlL,
mamB, and mamQ genes revealed the non-formation of magnetosome membrane
(Murat et al. 2010). Therefore though these four proteins are suggested to be essen-
tial for magnetosome membrane formation, the precise molecular mechanism is
largely unclear thus far. As MamL and Maml proteins are no homology with any
proteins found in other bacteria, these proteins seem to have unique function in
magnetotactic bacteria. In MamL, the C-terminal region mainly comprised by posi-
tively charged amino acids has been suggested to contribute for the formation of
curved membrane structure through the interaction onto negatively charged phos-
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No protein CentaurinBAR

Fig. 2.4 Liposome tubulation assay with MamY protein. Electron micrographs of the liver lipid
liposomes incubated with the proteins. MamY protein interacted with the liposome surfaces, lead-
ing to the formation of tubules with outer diameters of 20 nm. CentaurinBAR and GST proteins
were used as the positive and negative controls, respectively. The inset shows liposomes at a higher
magnification. Scale bar = 200 nm

pholipid surface, but further research may need to clarify the molecular function
(Murat et al. 2010; LohBe et al. 2014; Raschdorf et al. 2016).

In order to form the intracellular spherical membranous structure (highly curved
membrane structure) from relatively flat membrane structure (e.g., cell membrane),
membrane curvature formation and constriction are important processes. In eukary-
otic cells, for example, many endocytic proteins, such as dynamin and the bin/
amphiphysin/Rvs (BAR) protein family, play a critical role during clathrin-mediated
endocytosis (Peter et al. 2004; Shimada et al. 2007). On the other hand, in prokary-
otes, methyl-accepting chemotaxis protein (MCP) in E. coli has been reported to
deform the cell membrane structure by the protein overexpression (Khursigara et al.
2008). One potential protein attribute for the process in magnetosome membrane
formation, MamY, was identified from comparative proteomic study (Tanaka et al.
2010a). The protein was only present in magnetosomes containing small immature
crystals, whereas it was not identified in magnetosome containing regular mature
crystals or any other cellular fraction. The protein has weak homology to eukaryotic
BAR protein with alpha helix repeats from secondary structure prediction. In vivo
study using mamY gene deletion mutant showed the formation of bigger
magnetosome vesicles with a larger number of small magnetite crystals. The recom-
binant protein produced in E. coli revealed unique characteristics of direct lipid
binding and liposome tubulation (Fig. 2.4). In addition, from the aspect of 3D struc-
ture prediction, the protein showed low conservation to the domain from Talin pro-
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tein, which is a cytoskeletal linker protein connecting between actin and membrane
structure (Niggli et al. 1994; Nudelman and Zarivach 2014). Based on these
researches, the function of MamY protein is considered to be involving in the con-
striction/deformation of cytoplasmic membrane in order to form magnetosome
membrane or size control of magnetosome membranes.

2.3.2 Magnetosome Chain Formation

Magnetosomes intracellularly align in linear structure along the major axis of cell in
M. magneticum AMB-1. The chain structure seems to be mainly controlled by two
proteins, MamK and MamJ. In both mamK and mamJ deletion mutants of magneto-
tactic bacteria, mutant cells lack the ability of magnetosome chain formation
(Scheffel et al. 2006; Komeili et al. 2006; Draper et al. 2011). MamK is a homo-
logue of the bacterial actin-like protein MreB and is revealed to form filament struc-
tures (Komeili et al. 2006). MamK nucleates at multiple sites to form long filaments
that were confirmed via protein expression in E. coli (Pradel et al. 2006). In vitro
polymerization of recombinant MamK was examined, and formation of long fila-
mentous bundles was observed (Taoka et al. 2007). Maml, an acidic protein, inter-
acts with the filamentous MamK protein structure (Pan et al. 2012), and the mamJ
deletion mutant showed the lack of magnetosome chain structure (Scheffel et al.
2006). From these observations, it is assumed that MamlJ is involved in the assem-
bly of magnetosomes into chains by connecting them to the filamentous structure
formed by MamK (Scheffel and Schiiler 2007).

2.3.3 Iron Transportation and Redox Control
Within Magnetosome

M. magneticum AMB-1 can accumulate 100 times higher concentration of iron
rather than E. coli (Nakamura et al. 1995; Suzuki et al. 2006). Therefore, effective
biological system for iron uptake should be facilitated in the magnetosome forma-
tion. The magA, the gene encoding a proton-driving H*/Fe (II) antiporter protein,
was firstly isolated as an iron transporting protein candidate related to magnetosome
formation (Nakamura et al. 1995). The gene was screened from non-magnetosome
forming mutant library through the Tn5 transposon-based treatment. As iron accu-
mulation ability of liposomes produced from MagA expressing E. coli was demon-
strated, the protein is suggested to be an iron transporter in M. magneticum AMB-1.
Other candidates of iron transporters, MamB and MamM, share 47% sequence
similarity. The proteins are homologue of cation diffusion facilitator (CDF) protein
family. MamM has been relatively well investigated, and the deletion or single
amino acid mutations coursed severe effect for magnetite crystal formation



2 Molecular Mechanism of Magnetic Crystal Formation in Magnetotactic Bacteria 35

including complete inhibition of crystallization (Murat et al. 2010; Uebe et al. 2011;
Zeytuni et al. 2014).

M. magneticum AMB-1 produces magnetite, Fe;O, comprising of two Fe(III)
and one Fe(II). As iron ion is generally uptaking Fe(II) within the cell, the redox
condition is believed to be highly controlled to produce the particles. An aldehyde
ferredoxin oxidoreductase (AOR), which plays a role in aldehyde oxidation, was
also isolated from transposon mutant library. Iron uptake and growth of AOR-
deficient mutant were lower than wild type under microaerobic condition (Wahyudi
et al. 2003). The results indicate that AOR may contribute to ferric iron reduction
during magnetosome synthesis under microaerobic respiration. In addition, muta-
tion in MamP causes deficiencies in crystal maturation and the loss of response for
external magnetic moment (Siponen et al. 2013; Jones et al. 2015). The protein pos-
sesses CXXCH motif of typical c-type cytochrome heme-binding motif. MamP
contributes for the oxidation of iron to form iron(III) ferrihydrite (Murat et al. 2010).
In addition to MamP, the motif was shared in several magnetosome proteins includ-
ing MamE, MamT, and MamX. As these deletions caused the production of hema-
tite or extremely smaller crystals rather than large magnetite crystal in wild type
(Yang et al. 2013; Raschdorf et al. 2013), these proteins also seem to have important
role for iron-redox control during magnetosome formation.

2.3.4 The Mechanism of Magnetite Crystallization
and Morphological Regulation

During long history of research about functional protein analyses in magnetotactic
bacteria, a series of Mms proteins comprising Mms5, 6, 7, and 13 were firstly iden-
tified as candidate proteins directly involved in crystal formation of biogenic mag-
netic nano-particles (Arakaki et al. 2003). Through in vivo and in vitro analyses,
these proteins have disclosed the fact that the bacteria regulate the size and mor-
phology of nano-sized biomineral using biological molecules in ambient condition
in bacterial cells (see Sect. 2.5). In addition to these Mms proteins, several proteins
have been also suggested to involve in the process. For example, MmsF protein is a
protein encoded within mms6 operon in M. magneticum AMB-1, and the gene dele-
tion mutant strain synthesized smaller crystals and lower magnetic responses (Murat
and Falahati 2012; Rawlings et al. 2014). The mutant strain lacking mamG gene
revealed the phenotype of spherical magnetite crystal formation with smaller sizes.
In M. gryphiswaldense MSR-1, mamF deletion caused no effect for magnetite nano-
particle numbers and sizes, but the additional deletion of mmsF revealed further
noticeable phenotypic change rather than only mmsF gene deletion mutant (Lohf3e
et al. 2014). Taken together, magnetotactic bacteria seem to achieve the biological
unique process about magnetic nano-particle regulation using a group of Mms pro-
teins and several other proteins.
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2.4 Nano-particle Encapsulating Lipid Tubule Synthesis
Inspired from Prokaryotic Membrane Deformation
Protein, MamY

As described in above section, magnetotactic bacterial possesses complex biologi-
cal process for intracellular membranous structure formation through the invagina-
tion of cytoplasmic membrane. Among various proteins suggested to have contribute
for the process, MamY possesses a domain with slight homology (Tanaka et al.
2010a) to the eukaryotic bin/amphiphysin/Rvs167 (BAR) domain (Peter et al. 2004;
Shimada et al. 2007), a region commonly found in liposome tubulation proteins,
and it has been experimentally proven that MamY does show both activities of
direct binding to lipid and of liposome tubulation in vitro, similar to that of its
eukaryotic counterparts (Tanaka et al. 2010a). It is proposed that this liposome
deformation mechanism by BAR protein is caused by the banana-shaped protein
domain binding to the membrane (by mainly electrostatic interaction) and self-
assembling to form a spiral-like structure surrounding the tubulated membrane
(Peter et al. 2004; Shimada et al. 2007). This biological phenomenon has inspired
the development of novel technology to induce the 1D assembly of nano-particles
within the lipid bilayer in ambient conditions.

To date, liposomes, one of the most recognized platforms for crystalline forma-
tion in size regulation of nano-materials, have been widely introduced in various
applications due to their biocompatibility and their superior dispersion properties
(due to the electrostatic charges of phospholipids). However, it is commonly
observed and understood that the morphology of various nano-materials synthe-
sized within liposome platforms is strictly limited to the synthesis of materials of
circular structures (Fig. 2.5). This setback has thus brought about much limitation to
the application such as metal nano-wires within micro-fabricated devices. However,
if we look at organisms including magnetotactic bacteria, various nano- and micro-
membranous structures made by lipid and protein can be seen including spherical,
tubular, and lamella in a cell. In order to properly function, all these structures seem
to be strictly controlled by biological molecules. Then, if we could elucidate and
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Fig. 2.6 Schematic image of the fabrication of tubulated liposomes containing NPs within the
lipid bilayer

mimic the machinery, novel structure controlled membrane-based materials can be
fabricated. Therefore, based on the inspiration from MamY functional research, we
tried to fabricate new nano-material using BAR protein, which shows structure and
function similarities with MamY protein.

The fabrication process consists of two simple steps (Tanaka et al. 2012b)
(Fig. 2.6). Firstly, giant unilamellar vesicles (GUVs) containing hydrophobic nano-
particles were formed by a rehydration method. Secondly, liposome tubulation was
performed using BAR protein (Amphiphysin). Based on this simple strategy,
one-dimensional membrane structures (lipid tubule) containing various nano-parti-
cles (CulnS, and CdSe quantum dots and gold) were successfully fabricated (Fig. 2.7).
By choosing various NPs, the lipid tubules could be designed to have a range of
properties. Additionally, the optically observable liposome/lipid tubule (low-/high-
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Fig. 2.7 TEM images of tubulated liposome containing quantum dots within the lipid bilayer: (a)
without QDs; (b, ¢) with QDs (QD:lipid = 1:5000 and 1:1000) using Amphiphysin-BAR protein.
(d-f) Representative images of tubulated liposome (d) without QDs, (e) with QDs (QD:lipid =
1:5000), and (f) magnified image of the area indicated in (e). Scale bars indicate 50 nm

curvature membrane) with high photostability could be a useful tool for elucidation
of biological reactions onto/within highly curved membranous structures. The
developed material with unique characteristics, such as protein-induced morphologi-
cal change, biocompatibility, high dispersity, and the potential of diameter tuning
with a further molecular engineering technique, could be useful for various applica-
tions in nanobiotechnology.
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2.5 Crystal Size and Shape Determination Mechanism
of Magnetic Nano-particles

Finely tuned size and shape of biominerals are directed by the functions of specific
proteins in biominerals, although the knowledge of the mechanisms is still largely
limited so far. To clarify this, isolation of proteins involved in the formation of mag-
netite crystal has been examined in M. magneticum AMB-1 (Arakaki et al. 2003).
As described above, strain AMB-1 produces cubo-octahedral-shaped particles
mainly consisting of {111} and {100} crystal faces. Since such proteins are consid-
ered to have function near the biomineral crystals, they should locate inside of
biominerals or closely associated with the surface. As an approach to isolate such
biomineralization proteins, proteins tightly attaching to the mineral surface were
extracted to use surfactant (1% SDS) with boiling treatment (100 °C). As a result, a
group of protein designated as Mms5, Mms6, Mms7, and Mms13 were successfully
isolated. They showed similarities in the N-terminal and C-terminal amino acid
sequence and were speculated to have related functions in the magnetic nano-
particle formation (Arakaki et al. 2003).

Protein functions are generally analyzed from different ways such as in vivo,
in vitro, and in silico. Each approach has strength and weakness for determination
of protein functions, and thus it is best to use some of these to complement obtained
results. For example, in vivo analysis, such as mutagenesis, is suitable to show the
protein function in the cellular system. In contrast, in vitro analysis may be able to
clarify the function and structural information at molecular level. In silico analysis
is useful to reinforce the experimental results in in vivo and in vitro. Regarding to
in vivo analysis of target protein, gene deletion technique is a powerful tool in
order to understand the protein function in the cellular system. To elucidate in vivo
function of Mms6 protein, the mms6 gene deletion mutant of M. magneticum
AMB-1 was constructed by homologous recombination (Tanaka et al. 2011b).
When the mms6 gene was deleted from the genome of magnetotactic bacteria, the
gene deletion mutant synthesized small particles in their cells (Tanaka et al. 2011b).
The average particle size (27.4 + 8.9 nm) and shape factor (0.74 £ 0.23 nm) for the
gene deletion mutant were significantly different from the wild type, with
48.3 = 12.5 nm particle size and 0.92 + 0.16 nm shape factor (Fig. 2.8). The crys-
tals formed in the gene deletion mutant exhibited high index crystal faces, while
the wild-type strain synthesized cubo-octahedral crystals with {111} and {100}
faces. However, the number of magnetic particles in the mutant remained unaf-
fected. These observations indicate that Mms6 does not function in the nucleation
step of magnetite biomineralization (Tanaka et al. 2011b). Similarly, gene deletion
mutagenesis was also conducted for other mms genes (Arakaki et al. 2014). The
mms7 gene deletion mutant produced elongated crystals as those in the mms6 gene
deletion mutant (Fig. 2.8). In contrast, the gene deletion mutants of mms5 or mms7
produced cubo-octahedral crystals with slightly smaller average sizes than those in
the wild-type strain (Arakaki et al. 2014). Thus, Mms proteins are responsible for
crystal growth and controlling the geometries of the crystal surface structures,
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Fig. 2.8 (a) Transmission electron micrograph of magnetic nano-particles formed within various
mms gene deletion mutant strains. Scale bar, 50 nm. (b) Ideal models of the particles

although they have some differences in the function (Fig. 2.9). Moreover, other
magnetotactic bacterial strains that form bullet-shaped and/or pleomorphic magne-
tite crystals do not possess mms genes (Nakazawa and Arakaki 2009). The genes
are specific for the strains which produce cubo-octahedral magnetic particles. The
specified and cooperative functions of these proteins resulted in the characteristic
cubo-octahedral crystal morphology in strain AMB-1.

The mutagenesis studies revealed that the expression of Mms proteins alters the
size and shape of magnetic nano-particles in magnetotactic bacteria. While prepar-
ing the gene mutant strains, a spontaneous mutant strain that produced novel
dumbbell-shaped magnetic particles was obtained (Arakaki etal. 2014). Interestingly,
the crystal shapes cannot be produced by chemical synthetic pathways in artificial
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Fig. 2.9 Morphological regulation mechanism of magnetic nano-particle by the coordinated
action of Mms proteins. Model of magnetic nano-particles formed in the wild type (a), mms5 or
mms13 gene deletion mutant (b), and mms6 or mms7 gene deletion mutant (c). Localization of the
Mms proteins in magnetosome vesicle defines the crystal morphology of nano-particle

systems. These findings imply that the crystal morphology can be controlled via
regulation of the expression of genes encoding Mms proteins in a cell system. The
attempt was conducted to construct inducible mms7 gene expression system in the
mutant strain producing dumbbell-shaped crystals (Yamagishi et al. 2016). A
tetracycline-inducible expression system was used for regulation of mms7 gene
expression. Increasing concentration of the inducer molecule (anhydrotetracycline:
ATec) in the media triggers expression levels of Mms7 protein in bacterial cells, and
the expressed protein promotes the crystal growth to certain direction. As a result,
crystal shape of magnetic particles successfully regulated from dumbbell to cubo-
octahedron (Fig. 2.10). According to the shape change, average crystal size was
increased from 23 to 29 nm (Yamagishi et al. 2016). The regulation of magnetite
biomineralization provides new opportunities for the in vivo synthesis of magnetite
materials with tuned size, shape, and properties. The preparation method will
expand the biotechnological applications of the magnetic nano-particles.



42 A. Arakaki et al.

Alce Alc ATc ATce
50 ng/ml 100 ng/ml 250 ng/ml 500 ng/ml

Scale bars : 50 nm

Fig. 2.10 Control of particle size and shape by regulation of mms7 gene using a tetracycline-
inducible expression system. Magnetite crystals synthesized in a spontaneous mutant strain that
produces dumbbell-shaped magnetic particles. A plasmid containing mms7 gene with the
tetracycline-inducible promoter was introduced in the mutant strain. The transformants were culti-
vated in the presence of 50-500 ng/mL anhydrotetracycline (ATc)

2.6 Crystal and Granule Formation from Toxic or Useful
Compounds Through the Reduction Bioprocess
Within Magnetotactic Bacteria

An important research area in nano-material science deals with the nano-particle
synthesis showing various properties of different morphologies and sizes. The syn-
thesis of inorganic nano-materials and nanostructures by the means of chemically,
physically, and biologically controlled courses has been developed. Among these,
biologically controlled biomaterial synthesis has attracted various scientists due to
the potential for the eco-friendly process development. Especially in bacteria, a
wide number of bacterial species including magnetotactic bacteria have been used
in green nanotechnology for nano-particle production. Microorganisms have
acquired various strategies (metabolic pathways) toward taking advantage of any
ecological niches found in environment, in order to survive in the most widely var-
ied environmental conditions on Earth. Some organisms acquired the tolerance for
toxic molecule, and some are able to convert various toxic targets to relatively non-
toxic molecules. For example, gold, silver, platinum, palladium, titanium, cadmium
sulfide, magnetite, and so on have been reported to be synthesized using various
bacterial species (Barton et al. 2015; Sharma et al. 2015).

In regard to magnetotactic bacteria, they are unique prokaryotes, recognized by
their response to a magnetic field because of the presence of magnetic nano-particles
of magnetite or greigite within the cells. The magnetic nano-particles confer a mag-
netic moment to the cells, allowing them to migrate in aquatic environments under
the influence of the Earth’s geomagnetic field. Such unique characteristic allows the
bacteria to be applied not only for nano-particle production but also for bioremedia-
tion and can be easily collected and concentrated by magnetic separation.
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Fig. 2.11 Scheme of various nano-material productions on and within magnetotactic bacteria.
Transmission electron micrographs of D. magneticus strain RS-1 grown in the presence of cad-
mium (a) and M. magneticum strain AMB-1 grown in the presence of tellurite (b) and selenite (c).
STEM-EDX maps of Se, TE, Fe, and O in M. magneticum strain AMB-1 grown in the presence of
tellurite (d) and selenite (e)

Environmental remediation, a technique of waste removal and/or neutralization of
pollutant from a contaminated site, is an attractive field because of the increasing
difficulty and importance of pure water acquisition in both developing and indus-
trial countries. Hence, studies of the target biosorption and accumulation onto/
within microorganisms have been well demonstrated, but cell recovery remains a
bottleneck in this approach because scale-up of collection methods, such as cen-
trifugation and filtration, provides a huge logistical and monetary challenge.

Using magnetotactic bacteria, studies for removal of toxic molecules were con-
ducted in 1991 (Bahaj et al. 1991). From then, various target molecules including
heavy metals and trace radionuclides were tried to remove using this organism
(Bahaj et al. 1994, 1998a, b). Subsequently, the adsorption and mineralization of
metal ions were investigated (Arakaki et al. 2002; Keim et al. 2005; Huiping et al.
2007; Song et al. 2008; Tanaka et al. 2008, 2010b, 2011a, 2016; Cai et al. 2011). We
have investigated the use of magnetic bacteria (D. magneticus RS-1 and M. magne-
ticum AMB-1) for nano-particle productions from toxic and/or valuable metals and
metalloid such as Cd** (Arakaki et al. 2002;), Te (Tanaka et al. 2010b), and Se
(Tanaka et al. 2016) to CdS, elemental Te particles, and Se granules (Fig. 2.11).
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Fig. 2.12 Schematic view of biomagnetic recovery of toxic and/or valuable molecules using mag-
netotactic bacteria

Importantly, the Se- and Te-accumulating bacteria were successfully recovered with
an external magnetic field. Therefore, we believe that magnetotactic bacteria have
the unique advantage for cell recovery, providing a new effective methodology for
bioremediation of water environment and for further nano-material production from
pollutant product (Fig. 2.12).

It also notes that M. magneticun AMB-1 seems to be not metallophile (metal
resistance bacteria) through the profiling of various trace metal tolerance (Tanaka
et al. 2012a, 2016). Current genetic and environmental microbiological research
shows that magnetic nano-particle production within bacteria occurs across a
diverse group of bacterial species. In fact, the genetic region corresponding to mag-
netosome formation, called the magnetosome island (MAI), is found within
microbes spread across the phylogenetic tree. Therefore, a magnetotactic bacteria
species with higher tolerance and effective accumulation of target molecules could
be found and used to improve the nano-particle production and the bioremediation.
In addition, recently, magnetosome formation was enabled in another bacterial spe-
cies by artificially transferring key genetic regions of the MAI into the host organ-
ism (Kolinko et al. 2014). Therefore, the induction of magnetosome formation
within known bacteria showing high resistance to a target element and various
material bioproduction is another promising approach for various applications.

2.7 Summary and Perspective

Understandings of magnetosome formation mechanism in magnetotactic bacteria
have tremendously improved by the recent comprehensive molecular studies.
Numbers of functional molecules involved in the magnetosome formation have been
identified. The molecules and the cellular processes understood from the fundamen-
tal studies will allow us to develop various magnetic nano-materials. The morpho-
logically controlled magnetic nano-particles generated by both chemical processes
and genetic manipulations are useful for various applications in biotechnology and
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magnetic recordings. Advanced magnetic materials through environmentally benign
routes will also be created for a wide array of tailor-made applications via collabora-
tive works in a wide variety of scientific fields, including inorganic chemistry,
organic chemistry, biology, computer science, and engineering.
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Chapter 3
Structural and Proteomic Analyses of Iron
Oxide Biomineralization in Chiton Teeth

Check for
updates

David Kisailus and Michiko Nemoto

Abstract The denticle caps of chiton teeth exhibit the largest hardness and stiffness
among any biological minerals in the world. They consist of a composite structure
of highly oriented crystalline nanorods of magnetite surrounded by a veneer of
organic. The ultrahard teeth of the chiton are the first reported example of biologi-
cally formed magnetite, and its formation mechanisms have been of great interest to
researchers for decades. Recently, using modern nanomechanical characterization
techniques, it was shown that chiton teeth exhibit the largest hardness and stiffness
of any biological mineral. The predicted abrasion resistance of chiton teeth against
a blunt contact was reported to be even higher than that of zirconia. Therefore, the
elucidation of chiton teeth synthetic processes could help us learn how to develop
novel abrasion-resistant materials and environmentally benign processes for the
production of iron oxides and other nanostructured materials. In order to understand
the chiton teeth formation, proteomic analyses of tooth proteins as well as detailed
structural analyses of mature and developing teeth were conducted. Based on the
results obtained from these analyses, we discuss the underlying mechanisms of iron
oxide biomineralization in chiton teeth.

3.1 Introduction

It has been known that widely distributed magnetite on our planet is lithogenic,
originating from igneous rock, which formed at high temperatures and pressures.
Other than lithogenic magnetite, pedogenic magnetite that is formed in soil has been
recently discovered (Maher and Taylor 1988). However, in 1962, Lowenstam, using
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X-ray diffraction methods, showed for the first time that the denticle caps of chiton
teeth consisted of magnetite (Lowenstam 1962). This was the first report of biologi-
cally formed magnetite and previously believed to be formed only under elevated
temperatures and pressures. After this initial finding, a plethora of biologically min-
eralized magnetite has been found from other organisms including bacteria, homing
pigeons, honeybees, and salmon (Blakemore 1975; Gould et al. 1978; Kirschvink
et al. 1985; Walcott et al. 1979). In fact, although the origin of pedogenic magnetite
is still under discussion, biotic routes to magnetite have been suggested as a possible
route (Fassbinder et al. 1990). In order to mineralize the magnetite under physiolog-
ical conditions, it was suggested that organisms might use a highly regulated system
to control oxidation/reduction of iron oxides.

In addition to offering a low temperature, environmentally benign biological pro-
cess to magnetite, the controlled synthesis of this ultrahard material has afforded
another advantage, superior abrasion resistance. This notable feature was revealed
in the teeth of chiton, an algae-grazing mollusk. For many years, Chitons have been
known to be the cause of erosion of rocky surfaces in the littoral zones. The great
erosional power of chiton can be found from deep gauges on these rocks (primarily
limestone, 3—4 on Moh’s hardness scale). In order to access algae growing on (epi-
lithic) and within (endolithic) rock, the teeth of the chiton must be able to abrade the
rock without becoming worn prematurely. Lowenstam was the first to show that the
hardness of chiton teeth was close to 6 on Moh’s hardness scale (Lowenstam 1962).
Recently, using modern nanomechanical characterization techniques, Weaver et al.
showed that chiton teeth exhibit the largest hardness and stiffness among any bio-
logical minerals. The predicted abrasion resistance of chiton teeth against a blunt
contact was reported to be even higher than that of zirconia, which has been used in
abrasion-resistant coatings and other load-bearing applications (Weaver et al. 2010).
Recent analysis using microscopic and spectroscopic techniques combined with
finite element simulations revealed the relationships between structure and mechan-
ical properties of chiton teeth (Grunenfelder et al. 2014). In this work, the magnetite
in shell of the teeth was shown to consist of nanorods oriented along the long axis
of the tooth, providing superior abrasion resistance and strength under tensile load-
ing on the leading edge as well as under compression loading on the trailing edge.
This was due to the highly controlled nature of the synthesis process.

In this chapter, we will concentrate on aspects relevant to the formation mecha-
nisms of chiton teeth. Unanswered questions and future research directions of chi-
ton teeth formation are highlighted through the review of previous literature. The
analysis of chiton teeth could lead to the elucidation of magnetite biomineralization
mechanisms shared by all magnetite-forming organisms. Furthermore, it could pave
the way for developing novel environmentally benign processes for the production
of iron oxides and other nanostructured materials.
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Fig. 3.1 Schematic illustration of the radular teeth of chiton. (a) Basic structure of a radular tooth.
Composition of the mineralized cusp in (b) Acanthopleura and (c) C. stelleri

3.2 Structure and Composition of Fully Mineralized Chiton
Teeth

Several chiton species that inhabit both cold and warm waters have been used to
study the formation of magnetite within their teeth. Among them, Cryptochiton stel-
leri, which inhabits the North Pacific Ocean, is the world largest species, reaching a
maximum length of more than 30 cm. Because of its size, this species is an ideal
research target to study the formation mechanisms of magnetite within chiton teeth.
C. stelleri has more than 70 primary rows of teeth (termed major lateral teeth) that
are attached to a ribbon-like structure called a radular membrane. Each of the 70
rows consists of one pair of teeth; the anterior teeth on the membrane are fully min-
eralized and subsequently have reduced mineral content moving toward the poste-
rior. Each tooth is composed of a mineralized cusp and base (also referred to as
stylus) supporting the mineralized cusp (Fig. 3.1a). The morphology of teeth is
different among species. C. stelleri and Plaxiphora albida have tricuspid teeth
(Fig. 3.2b), while other chiton species including Acanthopleura has unicuspid teeth.
Adjacent the major lateral teeth, marginal teeth are positioned in ridges along the
side of the stylus to provide lateral support during rasping. The entire structure,
including the mineralized major lateral teeth, marginal teeth, and the radular mem-
brane, is called the radula (Fig. 3.2b).

Chiton use only several rows (~10) of teeth in the most anterior region for graz-
ing on rock for algae. When these teeth are worn down, they break off, and newly
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Fig. 3.2 (a) Diagram of the mouth part of a chiton; (b) optical micrograph of the radula of C.
stelleri

formed teeth move forward to replace them (Fig. 3.2a). Radular teeth are shaped
inside an organ called the radular sac. During tooth formation, the tooth matrix,
which is composed of a-chitin and protein, is initially secreted from odontoblast
cells associated with the posterior end of the sac. Subsequently, mineralization
occurs within the tooth matrix through several steps to form mature teeth. The for-
mation rate of each new row of teeth varies from 0.4 to 0.8 rows per day (Nesson
1968; Shaw et al. 2008) and is dependent on their feeding habits. Since the teeth in
different mineralization stages exist at the same time on one radula, it is an attractive
research model to study dynamic biomineralization processes.

The pioneering work of Lowenstam showed that an individual mineralized tooth
is a composite material, consisting of several mineral phases including magnetite,
lepidocrocite, and apatite (Lowenstam 1967). Mineral distribution in each tooth has
been analyzed by a number of methods including transmission electron microscopy
(TEM), energy dispersive spectrometry (EDS), and laser Raman microscopy (Lee
et al. 1998, 2000; Saunders et al. 2009). Analyses of the teeth from Acanthopleura
echinata and Acanthopleura hirtosa have been revealed an outermost shell of mag-
netite, followed by thin layers of iron oxyhydroxide phases (lepidocrocite or lepido-
crocite plus goethite) and a core consisting of apatite (Fig. 3.1b). The outermost
magnetite cap is common in all chiton species, while the composition of the core
region varies among species. A number of chiton species, including Acanthopleura,
have apatite at the core of their teeth (Evans et al. 1992; Lee et al. 2000; Lowenstam
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1967; Lowenstam and Weiner 1985). The detailed analysis using Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray diffraction revealed
the apatite phases consisted of carbonated hydroxyapatite, dahllite, or carbonated
fluorapatite (francolite) (Evans et al. 1992; Lee et al. 2000; Lowenstam and Weiner
1985). C. stelleri have weakly crystalline-hydrated iron phosphate (phosphosider-
ite) in its core region (Fig. 3.1c) (Weaver et al. 2010). Amorphous hydrous ferric
phosphate was also detected in the teeth of Mopalia muscosa (Nesson and
Lowenstam 1985). Plaxiphora albida was found to have limonite, which is a mix-
ture of hydrated lepidocrocite and goethite, in its core region (Lee et al. 2003).
Mossbauer spectroscopic analysis of A. hirtosa further revealed the presence of
maghemite, which is the oxidized form of magnetite in the mature teeth (Mizota and
Maeda 1986; Pierre et al. 1992). In A. hirtosa, maghemite was estimated as ~10%
of total Fe in the fully mineralized teeth of the radulae (Pierre et al. 1992). It was
suggested that part of magnetite was oxidized to maghemite in radular teeth.

Elemental composition of radular teeth has been analyzed by a number of meth-
ods including proton-induced X-ray emission (PIXE) (Kim et al. 1986b). One such
analysis showed that the concentrations of Fe, Ca, P, and F increased as mineraliza-
tion proceeded toward the anterior end of the radula of A. hirtosa. Additionally,
trace amounts of Zn also increased through the course of mineralization. But the
role of Zn for tooth mineralization has yet to be determined. An inductively coupled
plasma mass spectrometry (ICP-MS) (Okoshi and Ishii 1996) or inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) (Shaw et al. 2008) was also
used to analyze the elemental composition of radular teeth. Beyond the dominant
elements found in the mineral of teeth, Fe, Ca, O, and P, relatively high concentra-
tions of Al, Mg, Na, K, Sr, and Zn were detected (Macey and Brooker 1996; Weaver
et al. 2010). The concentrations of minerals among chiton species vary. Among
those elements, the content of Mg was decreased after protease treatment (Okoshi
and Ishii 1996). This indicated that Mg could be a component of protein structures
within the teeth.

Beyond the elemental and phase differences, the volume of mineral deposits and
their architecture are different between leading and trailing edges in different spe-
cies. More minerals are deposited on leading edge than on trailing edge of the tooth
cusp in A. hirtosa (Kim et al. 1989). Wang et al. revealed a structural gradient in the
teeth of chiton C. stelleri (Wang et al. 2013). The fracture surface analysis of teeth
in C. stelleri showed a regionally segregated complex structure consists of (a) thin
zone of condensed magnetite nanoparticles on the surface of leading edge, (b) bun-
dles of magnetite rods oriented parallel to the leading edge, (c) those oriented paral-
lel to the trailing edge, and (d) the rod’s gradual bending around the core region
(Fig. 3.3) (Wang et al. 2013). The diameter of magnetite rods differs in leading edge
(162 + 22 nm) and trailing edge (194 + 30 nm), affording abrasion resistance and
reducing catastrophic failure in the teeth. How these structural gradients are formed
inside the tooth was revealed by a detailed TEM analysis of developing teeth, which
is explained in the next section.
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A

Fig. 3.3 (a—d) Scanning electron micrographs of a longitudinal fracture surface of a mineralized
radular tooth in C. stelleri. Regional structural heterogeneity includes (i) the granular magnetite
veneer, the magnetite rods oriented parallel to the (ii) leading and (iv) trailing tooth edges and (iii)
a gradual bending at transitional zone between them. The dashed lines illustrate the prevalent ori-
entation of the rods in regions (ii), (iii), and (iv) (Reprinted with permission from Wang et al. 2013.
Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

Finally, the volume of mineral on the leading and trailing edges of these teeth, as
well as their varied structural components, is likely a function of the specific feeding
habits of each species.

3.3 Iron Oxide Mineralization in Chiton Teeth

3.3.1 Phase Transformation of Iron Oxides

As described in Sect. 3.2, chiton possesses all stages of tooth development in one
radula. Phase analysis within each region of radular teeth was determined using a
combination of traditional powder and synchrotron X-ray diffraction, TEM, and
Raman spectroscopy. For C. stelleri, the development stages are as follows.
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Fig. 3.4 Schematic diagram of the radula in the chiton C. stelleri showing every stage of tooth
development is contained on a single radula

Stage 1: The first 8—12 rows of teeth, newly secreted from odontoblast cells, are
transparent and are composed of a-chitin and proteins and do not contain
mineral.

Stage 2: The next 2-5 rows of teeth have a reddish-brown color due to the initial
deposition of amorphous iron oxide or ferrihydrite inside the teeth.

Stage 3: The following 12—15 rows of teeth have black-colored cusps. Here, trans-
formation of ferrihydrite to magnetite begins to take place. Ferrihydrite is still
detected in this stage. The core region remains void of any mineral.

Stage 4: The subsequent 20 rows of teeth have nearly fully mineralized magnetite
cusps, and the core region begins to be filled with iron phosphate.

Stage 5: Finally, the last 20 or more rows of teeth become fully mineralized in both
shell and core.

As previously mentioned, in order to identify the mineral phases, teeth in the
early developing stage (stage 2 teeth in C. stelleri) have been analyzed by X-ray
diffraction as well as by electron diffraction in TEM. Results revealed the presence
of mineral deposits which had a diameter of ~200 A. Although X-ray diffraction
data was performed, the mineral phase of the deposits was not determined at that
time (Towe and Lowenstam 1967). Cornell and Schwertmann used X-ray diffrac-
tion to confirm the mineral phase is in good agreement with both synthetic and natu-
ral six-line ferrihydrite exhibiting the major peaks corresponding to the (110), (112),
and (300) lattice planes (Cornell and Schwertmann 2003). Ferrihydrite has also
been detected from developing teeth in other chiton species. TEM analysis of par-
tially mineralized teeth in A. hirtosa revealed the deposition of small particle aggre-
gates between 15 and 50 nm on an organic structure (Kim et al. 1989). Electron
diffraction analyses indicated the presence of ferrihydrite (Fh).

In order to obtain a more detailed analysis of the phase transformation during the
tooth development, the sequential early mineralization stages of teeth were ana-
lyzed by synchrotron X-ray techniques (Wang et al. 2013). In their analysis, the first
tooth row of stage 2 that showed the earliest visible signs of mineralization was
labeled as tooth #1. The following four rows of teeth are numbered sequentially as
seen in Fig. 3.4. The results showed that multiple mineral phases coexisted in the
early stages of partially mineralized teeth (Fig. 3.5a). Furthermore, ferrihydrite
appeared only in the first four rows of mineralized teeth. This suggested that the
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Fig. 3.5 Phase transformations during the early stages of radula mineralization in C. stelleri. (a)
Representative diffracted synchrotron X-ray intensity vs Q (Q = 2x/d) plots from azimuthally
integrated patterns in X-ray diffraction frames. Spectra show powder diffraction patterns from a
nonmineralized tooth; teeth #1, #2, #3, and #5; magnetite and a-chitin standards; and a ferrihydrite
literature reference (Jansen et al. 2002). Diffraction peaks Q = 2.802 A (specific to the 102 fer-
rihydrite reflection) and Q = 2.991 A (specific to the 400 magnetite reflection) were fit to obtain
the tooth-dependent integrated reflection areas and the full-width at half maximum. The intensity
of (b) ferrihydrite and (c) magnetite is represented by the integrated peak areas. (d) The change of
the average crystal size of magnetite and ferrihydrite was calculated from the full width at half
maximum of representative reflections via the Scherrer equation (Reprinted with permission from
Wang et al. 2013. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

phase transformation from ferrihydrite to magnetite occurred relatively quickly,
within four rows of teeth (Wang et al. 2013) (Fig. 3.5b). X-ray diffraction patterns
from a synchrotron beam line further enabled the quantification of crystal size varia-
tion of each mineral phase in the partially mineralized teeth. The results showed that
there were no obvious changes in ferrihydrite crystal size (17-18.7 nm) during the
tooth mineralization, while the magnetite crystals grew from ~16.4 to ~29.2 nm
(Fig. 3.5d). Phase transformation from ferrihydrite to magnetite in the early stages
of mineralization was also observed by Mdssbauer spectra (Mizota and Maeda
1986), also indicating the size development of magnetite particles occurred along
with tooth development.

Wang et al. conducted synchrotron micro X-ray fluorescence (uXRF) analysis
and micro X-ray absorption near-edge structure (WXANES) analysis to construct
spatially resolved maps of ferric distribution in early stages of partially mineralized
teeth. According to their results, ferrihydrite first deposits within the leading edge of
the teeth as well as at the interface between the tooth and base. Subsequently, fer-
rihydrite localized at the tip of the leading edge starts to transform to magnetite
(Fig. 3.6). Initial iron deposition at the interface between tooth and base (junction
zone) was also reported in A. hirtosa (Shaw et al. 2009a).
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Fig. 3.6 Micro X-ray fluorescence (LXRF) analysis of longitudinal thin sections of radular teeth
#1-4 from C. stelleri shows the local iron oxide transformation. Both the intensity of (a) total iron
and (b) ferrous iron increase across the leading edge with increasing tooth maturation. (¢) Micro
X-ray absorption near-edge structure (0XANES) analysis reveals an increasing abundance of mag-
netite across the shell region along the leading edge of radular teeth (Reprinted with permission
from Wang et al. 2013. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

Recently, iron-organic complexes formed prior to Fh formation were detected in
stage 1 teeth by spectroscopic analysis. Gordon et al. used X-ray absorption analy-
sis and electron paramagnetic resonance spectroscopic analysis to detect a mono-
nuclear high-spin Fe ™ iron complex in stage 1 teeth of chiton K. tunicate (Gordon
et al. 2014). In that report, they also showed that polyaspartic acid or citrate in a
FeCl, solution induced the formation of ferrihydrite and high-spin Fe ™ iron com-
plexes. Based on these results, the acidic ligands were suggested to be involved in
the formation of Fe ™ iron complex before Fh formation.
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200 nm

Fig. 3.7 Scanning electron micrographs of fracture surfaces from the tips of (a, b) tooth #1, (c, d)
tooth #2, (e, f) tooth #3, (g, h) tooth #4 and (i, j) a fully mineralized tooth in C. stelleri (Reprinted
with permission from Wang et al. 2013. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim)

3.3.2 Ultrastructural Development

Fracture surface analysis of the tips of teeth #1 through #4 (Fig. 3.4) showed that the
crystal aggregates first deposited on alpha-chitin fibers continuously grow in size as
teeth maturation proceeds (Fig. 3.7). In tooth #1, 41 + 6 nm crystal aggregates of Fh
were first deposited along the fiber. The size of these aggregates gradually increases
to 107 £ 18 nm. With the growing size of crystal aggregates, the diameter of organic
fibers also was observed to decrease from 37 + 2 to 20 = 3 nm.

TEM analysis revealed that size and density of mineral deposits in tooth #3 differ
between the tip, middle, and bottom of the tooth leading edge (Fig. 3.8b—d). The
average mineral deposit size was reported to be 175.0 = 24 nm at the tip, 70.7 + 14 nm
at the middle, and 40.5 = 8 nm at the base of the leading edge. The number density
of mineral deposit was 6.4/um? at the tip, 66.9/um? at the middle, and 106.2/pm? at
the base. Furthermore, at the tip of tooth #3, the mineral deposited on the leading
edge was smaller and denser compared to those deposited on the trailing edge
(Fig. 3.8b, f). These regional differences were suggested to be controlled by the
organic framework, alpha-chitin (the detailed description about the chitin in chiton
teeth is in Sect. 3.3.3.1).

High-resolution TEM observations of the tip of tooth #5 revealed magnetite
nanocrystal aggregates composed of ~16 to 19 nm multiple nanocrystals surrounded
by larger magnetite crystals, which were 56—128 nm (Fig. 3.8h). Since the size
range of magnetite nanocrystals was similar to that of ferrihydrite initially deposited
on teeth #1 to #4 (Fig. 3.5d), a solid-state phase transformation from ferrihydrite to
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Fig. 3.8 Transmission electron microscopy (TEM) analyses of phase transformations during early
radular tooth mineralization (i.e., teeth #3 and #5) in C. stelleri. (a) An optical micrograph illus-
trates the locations of TEM sections. TEM from (b) the tip, (¢) the middle, and (d) the base of the
leading edge of tooth #3. Selected area electron diffraction (SAED) shows the presence of ferrihy-
drite and magnetite at the tooth tip, while the nanocrystalline aggregates at the base only contain
ferrihydrite. (e) Deposited mineral at the trailing edge of the tip of the tooth is physically contacted
with the fibrillar organic matrix and consists of aggregated nanocrystallites with 16—19 nm in
diameter. (f) TEM from the tip of the trailing edge of tooth #3. (g, h) Magnetite crystal aggregates
from the tip of tooth #5 consist of multiple nanocrystallites with 16—19 nm in size, surrounded by
larger single crystals of magnetite. Convergent beam electron diffraction (CBED) illustrates that
both the (H, inset/) 16-19 nm crystals in the cores of the crystal aggregates and the (H, inset2)
larger domains along their perimeter are single magnetite crystals (Reprinted with permission from
Wang et al. 2013. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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magnetite was suggested. The solid-state phase transformation has been suggested
to be induced by the adsorption of Fe?* to ferrihydrite (Tronc et al. 1992).

3.3.3 Organic Matrix in Chiton Tooth

Organic matrices such as polysaccharides or proteins have been known to control
biomineralization via templating heterogeneous nucleation events. For chiton, it is
likely that the organic matrix composed of a-chitin and proteins controls nucleation
and growth of mineral during teeth formation. Here, we review previous reports and
discuss the possible role of these organic matrices on mineral formation in chiton
teeth.

3.3.3.1 Chitin Fibers

From TEM analysis of stained, nonmineralized teeth of C. stelleri, Towe et al. found
rope-like fibrous materials within the teeth. It was also determined that those organic
fibers were embedded within magnetite crystals in fully mineralized teeth (Towe
and Lowenstam 1967). Fracture surface analysis of fully mineralized teeth revealed
a polygonal organic framework enclosed in magnetite in C. stelleri, Henleya hen-
leyi, and Chiton tuberculatus (Kirschvink and Lowenstam 1979; Towe and
Lowenstam 1967). The organic fibers in the teeth were subsequently revealed to be
a-chitin, as determined by X-ray diffraction analysis or Raman spectroscopic analy-
sis (Evans et al. 1990; Lowenstam and Weiner 1985; Nesson and Lowenstam 1985;
Weaver et al. 2010).

a-Chitin, which is a polymer of N-acetyl-p-d-glucosamine, is the most abundant
polymorphic form of chitin. It is found within insect skins, crustacean shells, and
fungal or yeast cell walls. The templating activity of chitin in biomineralization has
been previously identified (Matsumura et al. 2015).

Ultrastructural analysis using SEM and TEM revealed the close association
between chitin and mineral in chiton teeth (Wang et al. 2013). High-resolution TEM
revealed that each aggregate of nanocrystals forms directly on the chitin fibers
within partially mineralized teeth (Fig. 3.8e). At the tip of tooth #3, the spacing
between chitin fibers at the trailing edge was 116 + 35 nm, while those at the leading
edge was 106 + 24 nm. At the tip of the trailing edge, the size of crystal aggregates
was 211.0 £ 29 nm and had a crystal aggregate density of 2.6/pm?, while those at the
leading edge were 175.0 + 24 nm and 6.4/pm?, respectively. Based on these obser-
vations, it is likely that densely packed chitin fibers in the leading edge provide
more mineral nucleating sites resulting in the deposition of larger number of smaller
crystal aggregates, while sparsely spaced chitin fibers in the trailing edge provide
fewer mineral nucleating sites resulting in the deposition of fewer, yet large crystal
aggregates. The difference in the organization of chitin fibers in the trailing and
leading edges was also observed in the chiton Plaxiphora albida (Macey et al. 1996)
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and A. hirtosa (Evans et al. 1990, 1994). Evans et al. showed that the chitin fibers in
the anterior region of the cusp consisted of hollow tubules and appeared to be inter-
connected by small-diameter organic fibers (Evans et al. 1990). These results,
together with the observations obtained from fracture surface analysis of mineral-
ized teeth (Sect. 3.2), suggest that the spacing between chitin fibers determines the
final magnetite rod diameter and thus the function in mineralized teeth.

3.3.3.2 Protein

The close observation of developing chiton teeth allows us to assume that there may
be several proteins controlling iron oxide mineralization in chiton teeth. These pro-
teins may include the proteins that (1) induce heterogeneous nucleation of ferrihy-
drite on chitin fibers, (2) control the reduction or oxidation environment for
ferrihydrite and/or magnetite formation, and (3) control the transport of iron and
other elements.

Histological staining of a nonmineralized teeth section has indicated the pres-
ence of the proteins inside the teeth (Evans et al. 1990, 1991). Further analysis
revealed that protein content of major lateral teeth in A. hirfosa was 10.2% (dry
weight). Amino acid analysis suggested that the proteins in radular teeth were rich
in acidic amino acids and glycine (Evans et al. 1991). However, since these data
were obtained from whole radulae, including the mineralized cusp, radular mem-
brane, and base, all of these proteins were not necessarily involved in iron oxide
mineralization.

Gordon and Joester analyzed chiton tooth with pulsed-laser atom-probe tomog-
raphy, which could reconstruct three-dimensional tomograms of materials with
atomic resolution (Gordon and Joester 2011). The results showed that Na* and Mg>*
co-localize with organic fibers. Since the chitin that constitutes the organic fibers in
chiton tooth is not negatively charged and might have low affinity to these cations,
they suggested the presence of acidic proteins that could bind with the cations.
Together with previous reports, these results indirectly support the presence of
acidic proteins in the teeth.

Proteomic Analysis

In order to identify the proteins or peptides that specifically exist in the cusp region
controlling magnetite mineralization, proteomic analysis of tooth proteins in C. stel-
leri was conducted (Nemoto et al. 2012). To compare the protein profile in the
mineralized cusp and those in the other parts of radular teeth (base + radular mem-
brane), mineralized cusps were physically separated from each base and radular
membrane. Subsequently, proteins were extracted from each part of radular teeth
using boiling SDS. The protein contents of mineralized tooth cusp and membrane
plus radular membrane were 0.19 + 0.01% and 2.73 + 0.12% by dry weight, respec-
tively. Not surprisingly, these fractions were significantly lower than those found by
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Evans et al. (1991). SDS-PAGE results showed several dominant protein bands spe-
cific to the mineralized cusp fraction (Fig. 3.9). The proteins extracted from each of
the bands were analyzed with nano-LC-MS. As a result, six proteins including the
proteins that might be important for iron oxide mineralization were identified as the
mineralized cusp-specific proteins (Table 3.1).

A protein showing similarities with dienelactone hydrolase from A. hirtosa was
identified. Hydrolase is known for its importance for silica biomineralization. The
hydrolase isolated from sponge spicule catalyzes the condensation of silicon oxide
during sponge spicule formation (Cha et al. 1999). In iron oxide formation, ferrihy-
drite, which has been detected from partially mineralized teeth as an intermediate
mineral phase, is formed through hydrolysis of iron (III) hydroxide precursor. In
vitro, the hydrolysis reaction is induced by an addition of a base, by heating or by
dilution (Cornell and Schwertmann 2003).

The myoglobin was identified as one of the major proteins in the mineralized
cusp fractions. Myoglobin that could reversibly bind with oxygen is known to con-
trol the intracellular and muscle oxygen levels. In iron oxide formation, the oxida-
tion rate affects the mineral phase of the final product (Cornell and Schwertmann
2003). Thus the myoglobin identified from the mineralized cusp may be involved in
oxygen level control during iron oxide formation.

Other proteins include an arginine kinase that is known to catalyze the transfer of
a phosphoryl group of ATP to L-arginine and cyclophilin A that has peptidyl-prolyl
cis-trans isomerase activity (Safavi-Hemami et al. 2010; Wang and Heitman 2005).
The indirect function in the iron oxide biomineralization of these proteins was
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Table 3.1 List of the mineralized cusp-specific proteins from radular teeth in C. stelleri

Accession
Annotation Function Organisms no.
Full=Globin-1; AltName: Oxygen binding Liolophura Q7M416
Full=Myoglobin I Jjaponica
Arginine kinase Arginine kinase activity Cellana grata BAB41096
Sepioteuthis BAA95610
lessoniana
Liolophura 015990
Japonica
Dienelactone hydrolase family | Hydrolase activity Acanthopleura G0924919
protein hirtosa
Cyclophilin A Peptidyl-prolyl cis-trans Mythimna ADI58372
isomerase activity separata
Acanthopleura G0924939
hirtosa
Glyceraldehyde phosphate Glycolysis and Sporothrix ACY38586
dehydrogenase (GAPDH) glyconeogenesis schenckii
Gremmeniella AAF97478
laricina
Eukaryotic translation initiation | Translation initiation factor | Drosophila CAA48790
factor 4A activity melanogaster

Nemoto et al. (2012). Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FLVNVGFANLTPGLK 795.51
HLWSFSEDDDSAEK 833.38

Table 3.2 List of the De novo peptide sequences | m/z z

mine?ralized cusp-specific . SPGNLLVSTR 52033 |2
peptides from radular teeth in

C. stelleri VLDSLQLTATK 594.89 |2

SLGSFYFGAGSAK 646.36 |2

ALSTALHEASGLR 663.41 |2

LYGWLSTVMLR 66991 |2

LYGWLSTVYPR 677.89 |2

LPEVSDLQFDMEK 775.92 |2

2

2

expected (such as phosphorylation or assisting the assembly/folding of
biomineralization-related proteins).

The peptides that did not show homology to any known proteins were further
listed and analyzed (Table 3.2). One of the peptides (HLWSFSEDDDSAEK) has a
characteristic sequence with its high acidic amino acid content. The protein Mms6
isolated from magnetotactic bacteria has been known to regulate the magnetite crys-
tal structure (Amemiya et al. 2007; Arakaki et al., 2003, 2010; Tanaka et al. 2011).
The previous studies suggested that the domain containing the cluster of negatively
charged acidic amino acids in Mms6 protein is responsible for iron binding (Arakaki
et al. 2003). Thus, the acidic peptides identified from chiton teeth could interact
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with iron for iron oxide deposition in the tooth cusp. Another peptide identified
from the mineralized cusp shares a homology to the peroxiredoxin-6-like protein.
The peroxiredoxin-6 protein is known to be involved in redox regulation in cells
(Choi et al. 1998). Therefore, the peroxiredoxin-6-like protein in the mineralized
cusp could be involved in the reduction of iron oxide species.

The proteomic analysis revealed, for the first time, the protein profile of the iron
oxide-based chiton teeth. This data provided the basis for the molecular biological
analysis of chiton teeth formation.

3.3.4 Role of Epithelial Cells

During the teeth formation inside the radular sac, entire teeth are surrounded by
superior epithelial cells that might be responsible for the transport of iron and other
biomolecules required for tooth mineralization (Fig. 3.2a) (Kim et al. 1989; Nesson
1968). Ultrastructural analysis of teeth and superior epithelial cells in each of the
mineralization stages was conducted on A. hirtosa (Kim et al. 1989). In that report,
no Fe-containing materials were detected by Perls’ reaction in the superior epithe-
lial cells of the nonmineralized teeth. In the superior epithelial cells, just before the
onset of tooth mineralization, large granules containing Fe started to appear. Those
Fe-containing granules were distributed uniformly in the epithelial cells attached to
the tooth surfaces of both leading and trailing edges. Besides Fe-containing gran-
ules, ferritin cores were also observed near the cell membrane of epithelial cells.
Characterization of the ferritin isolated from chiton is described in the next section
in detail. Furthermore, a number of mitochondria and microvilli attached to the
tooth surface were observed. These mitochondria could provide the reductive energy
to drive iron release from ferritin cores, while microvilli could be involved in iron
transport to the mineralizing surface of tooth cusp (Kim et al. 1989). Similar obser-
vations were reported by Shaw et al., who used microwave-assisted sample prepara-
tion methods for TEM analysis of partially mineralized teeth in A. hirtosa (Shaw
et al. 2009b). Comprehensive analysis with a number of partially mineralized teeth
enabled the observation of the increased number and length of microvilli attached to
the tooth cusp and an increase in the number of granules in superior epithelial cells
around the tooth through the course of tooth mineralization. Furthermore, ferritin-
like Fe-containing particles were observed in the microvilli attached to the surface
of partially mineralized teeth cusps (Shaw et al. 2009b). However, this result contra-
dicts the report from Nesson et al. (Nesson and Lowenstam 1985), which showed no
electron-dense material within the microvilli. Further analysis is needed to assess
the function of the microvilli for iron transport.
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3.3.5 Iron Delivery Pathway

The iron containing protein shell, ferritin, was detected and first isolated from epi-
thelial cells of the radula in C. stelleri (Towe et al. 1963). TEM analysis revealed the
membrane-enclosed granules composed of paracrystalline or crystalline ferritins
appearing in the superior epithelial cells (Lowenstam 1967). After its first appear-
ance in the epithelial cells located one to three rows posterior to the tooth in which
first iron oxide deposition occurred, the number of granules increased greatly as
tooth mineralization proceeded (Nesson and Lowenstam 1985). This indicates that
those ferritins containing granules might be involved in iron transport for tooth min-
eralization. The size of ferritins was ~5.5-6 nm in diameter (Towe et al. 1963). The
ferritin in chiton blood was also isolated and characterized (Kim et al. 1986a;
Nesson 1968; Stpierre et al. 1986, 1990). The ferritin isolated from chiton blood and
tissues was similar in the elution patterns on agarose gel columns, aggregation
behavior with blue dextran, absorption spectrum, and appearance and size in the
electron microscope (Nesson 1968). Thus, ferritin in the blood may accumulate in
epithelial cells of radula to supply iron for the teeth mineralization. Ferritin isolated
from the chiton A. hirtosa blood was analyzed by ICP spectrometry. The results
showed significantly low levels of phosphate content in chiton ferritin (Stpierre
et al. 1990). The P:Fe ratio in chiton ferritin was 1:36, while P:Fe ratio in human
ferritin and bacterioferritin is 2:1 and 1.7:1, respectively (Ueno and Watanabe
2013). The functional analysis of ferritin in A. hirtosa revealed that it has a M, of
530,000, which is larger than that of mammalian ferritins and bacterioferritins. Iron
content in purified ferritin lies between 1500 and 2500 atoms/mol, which is compa-
rable to the iron content in mammalian ferritins. Note that the initial rate of iron
uptake by chiton ferritin is much higher than that exhibited by mammalian ferritin
(Kim et al. 1986a). These results indicate that the unique ferritin in chiton plays a
key role in efficient iron accumulation for teeth mineralization.

In vitro experiments by Evans et al. showed that ferritin penetrates into the tooth
interior in stage 1 and iron-demineralized stage 3 teeth (Evans et al. 1994). In that
report, stage 1 teeth and iron-demineralized stage 3 teeth were infiltrated with horse
spleen ferritin and analyzed after 1 week. As a result, ferritin deposited along the
fibers in the teeth was detected. However, since horse spleen ferritin which has dif-
ferent features from chiton ferritin was used (Kim et al. 1986a), and chitin fibers
may act as templates for absorption of free particles, these results need to be reex-
amined. Except for the results from in vitro experiments, to date, no ferritin granules
have been detected inside the teeth. Kim et al. reported that the crystallinity of fer-
rihydrite deposited inside the teeth cusps is more significant than that of the ferritin
core (Kim et al. 1989). Therefore, it is likely that iron in ferritin is released and
transported inside the teeth in a soluble form and re-deposit along the fiber as fer-
rihydrite (Lowenstam 1981).

Shaw et al. highlighted the role of the stylus canal in elemental delivery for teeth
mineralization (Shaw et al. 2009a). In that report, the iron-containing ferritin-like
particles were observed in the cells located in the stylus canal. The cells in stylus
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canal resemble the cells in superior epithelial tissues. Both Perl’s staining and EDS
mapping of partially mineralized teeth revealed the presence of an iron plume
between the stylus canal and iron-mineralizing core region. The tooth core region
was gradually infilled with iron, phosphorous, and calcium, followed by a complete
infilling of the stylus canal with these elements (Shaw et al. 2009a).

Macey and Brooker showed that iron and phosphorous were first deposited on
the junction zone located between tooth cusp and stylus in Cryptoplax striata
(Macey and Brooker 1996). Subsequently, iron started to deposit within the tooth
cap region, followed by the mineralization of core region. The increasing amount of
iron at the junction zone during mineralization was also observed in A. echinata
(Brooker et al. 2003). EDS mapping of longitudinal sections of partially mineral-
ized teeth revealed that iron deposition starts both from the outer and inner surfaces
of the magnetite cusp region.

These results suggest that iron and other elements are transported to the teeth not
only through epithelial cells but also through the stylus.

3.4 Summary and Perspective

Based on the studies reported to date, the formation of mineral in chiton teeth could
be postulated to proceed as follows: (1) initially, iron is transported into the tooth
matrix that consists of a-chitin and proteins as a soluble form (potentially as a ferric
ion) through the tooth surface from the superior epithelium and from the stylus
through the junction zone, (2) adsorbed hydrated iron species (on acidic proteins
coating the alpha-chitin fibers) precipitate as ferrihydrite via a heterogeneous nucle-
ation process, (3) ferrihydrite transforms to magnetite via a solid-state transforma-
tion (potentially induced by a ferrous iron ion absorption to ferrihydrite particles)
and magnetite crystals grow along the chitin fiber until the gap between particles
and chitin fibers is completely filled, and (4) finally, the tooth core region is filled
with apatite or iron phosphate to complete the tooth formation (Fig. 3.10). The pro-
teins identified by proteomic analysis of chiton teeth may be involved in the regula-
tion of the above processes. Further molecular biological analysis including genome
analysis and gene expression profiles will improve our understanding about the
molecular mechanisms of chiton teeth formation. A multidisciplinary approach,
using material science as well as molecular biology, is key to understanding chiton
teeth formation.

By mimicking the strategies of mineralization within chiton teeth, we could
develop new technologies for controlling the precise patterning of magnetic crystals
onto substrate that could be applied for the sensing or high-density magnetic stor-
age. Furthermore, magnetic properties of these materials could be manipulated by
controlling the morphology of magnetic crystals. Beyond magnetite, an entire
library of nanomaterials (i.e., metals, metal oxides, metal nitrides, metal carbides,
etc.) could be fabricated using bioinspired processing, taking control lessons from
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Fig. 3.10 Scheme of the hypothesized mechanism of mineral formation in chiton teeth

the chiton’s precision fabrication. Furthermore, these materials, which would be
made under physiological conditions, could be easily functionalized with biomole-
cules, enabling multifunctionality.
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Chapter 4

Bioengineering and Biotechnological
Applications of Bacterial Magnetic
Particles

Tomoko Yoshino, Tadashi Matsunaga, and Tsuyoshi Tanaka

Abstract Magnetotactic bacteria synthesize nano-sized magnetic particles in the
cells. The bacterial magnetic particles have a core of magnetite (Fe;O,4) and are sur-
rounded by a lipid bilayer membrane containing a number of proteins, referred to as
magnetosome. Since the bioengineering methodology for magnetotactic bacteria
was established, expression of a wide range of functional proteins onto magnetic
particles has successfully been performed in which the native proteins in the lipid
membrane can serve as anchors for the protein display. The expression system, here
we call “magnetosome-display system,” has enabled us to reduce the cost of pro-
duction of protein-magnetic particle complexes. These advantages lead to creation
of a variety of magnetic particles displaying functional proteins, including mem-
brane proteins and disulfide-bonded proteins, which the basic approach cannot
match. This review provides an overview of the developmental status of magnetic
particles in the field of bioassays, summarizes magnetosome display system by
magnetotactic bacteria, and discusses their usefulness and prospects in the medical
and environmental fields. The novel system has shown considerable promise for
improving the display efficiency of the difficult-to-express proteins and thus is
expected to contribute to further development of functional magnetic particles
toward biotechnological applications.

4.1 Introduction

In the medical/biological field, the purification of a from mixture is an important
process. When the target is a biological sample such as cells, protein, or DNA,
purity of product and efficiency of isolation are required. Magnetic particles are
easily and rapidly separated and recovered using an external magnetic field, thereby
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facilitating their use for isolation and detection of biological samples. Furthermore,
progress has been made in applying magnetic particles to drug delivery systems and
cancer thermotherapy (magnetic hyperthermia) utilizing magnetic properties. With
this broadening of application, the properties required of magnetic particles have
been diversifying. Consequently, there are many studies on modifying the surface of
magnetic particles using polymers or proteins, altering magnetic properties through
doping with various metals and other methods. Typically, synthesizing such mag-
netic particles requires high temperatures and pressures, and producing a uniform
particle size requires rigorous control. In addition, most magnetic particles used in
the medical and biological fields need surface modification, which is a complex
process requiring multiple steps.

The magnetic particle-synthesizing magnetotactic bacteria, which we introduce
in this review, perform biosynthesis under physiological conditions of ordinary tem-
peratures and pressures within each bacterium in a tube-shaped organelle called a
magnetosome. This organelle has single-axis-structured nanoparticles (50—100 nm
in diameter) with a core of magnetite (Fe;0,) crystals, each of which is covered by
a lipid bilayer membrane primarily composed of phosphatidylethanolamine. These
lipid bilayer membrane-covered, magnetic particles have excellent dispersibility in
aqueous solutions and can be easily recovered using magnetic separation, thus pro-
viding opportunities for use in applications such as magnetic carriers in bioassays.

In 1995, a technique was created for targeting exogenous proteins onto the sur-
face of magnetic particles through genetic modification of magnetic bacterium
Magnetospirillum magneticum AMB-1. The expression system, here we call “mag-
netosome display system,” has enabled us to produce a wide range of functional
proteins, therefore improving and reducing the cost of production of protein-
magnetic particle complexes. This advancement paved the road toward creating a
variety of protein-magnetic particle complexes based on genetic engineering.
However, although increased diversity was possible for the target proteins bonded
to the surface of the magnetic particles, it was not possible to use bioengineering to
control physical properties such as magnetic bodies or the dispersibility of the par-
ticles. In addition, to achieve the functional expression of exogenous proteins from
animal or other cells in magnetotactic bacteria, more advanced expression processes
are required to create truly diverse protein-magnetic particle complexes. Thus, this
review provides an overview of the developmental status of magnetic particles in
the field of bioassays, summarizes the technique for production of protein-magnetic
particle complexes, “magnetosome display system” by magnetotactic bacteria, and
discusses their usefulness and prospects in the medical and environmental fields.

4.2 Developmental Status of Commercialized Magnetic
Particles

Currently, commercially available magnetic particles vary in a number of character-
istics such as particle size, shape, and material depending on the manufacturer.
Commonly, their structure consists of an aggregate of iron oxide particles with a
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diameter of a few nanometers dispersed or embedded in a polymer such as a poly-
saccharide, polystyrene, silica, or agarose. Covering the iron oxide particles with
the polymer prevents the magnetic particles from clumping. In addition, the size and
amount of magnetization of the magnetic particles are largely proportional to the
mass of the iron oxide particles dispersed or embedded in the polymer, and so the
force is greater in magnetic particles containing larger iron oxide particles (ym
scale), thereby enabling easier and faster separation using an external magnetic
field. By contrast, smaller magnetic particles (nm scale) are inferior in separation
ease and speed but are characterized by higher reaction efficiency due to their
greater specific surface area.

Dynabeads® (Invitrogen, Co.) and Magnosphere™ (JSR Life Sciences Co.) are
examples of magnetic particles currently available in the market. These magnetic
particles have a diameter of 1-3 ym and are constructed by molding many iron
oxide particles 10 nm or smaller into spheres or coating them onto a polymer core.
These magnetic particles are magnetic carriers used in biological research and
immunoassays. Improved methods for synthesizing magnetic particles have led to
the commercial availability of nano-sized magnetic particles. FG beads® (Tamagawa
Seiki Co.) have a diameter of approximately 0.2 ym and contain multiple 20 nm Fe
particles embedded in poly(glycidyl methacrylate). An applied study using thalido-
mide bound to FG beads®, mixing them with a cell homogenate, and followed by
magnetic separation was conducted in an attempt to identify proteins causing defor-
mities from thalidomide (Ito et al. 2010). Therma-Max® (JNC Co.) are nano-sized
magnetic particles approximately 0.1 ym in size developed by devising a surface
coating that enables magnetic recovery (Furukawa et al. 2003). The small size of
Therma-Max® nanoparticles creates a large surface area and high reactivity, but the
magnetic particles themselves are only weakly magnetic; therefore, separation
using magnets is difficult. To resolve this problem, the surface of the magnetic par-
ticles in Therma-Max® is modified with the thermoresponsive polymer
N-isopropylacrylamide (NIPAM). NIPAM is hydrophilic when below a particular
temperature but becomes hydrophobic as the temperature rises. This property of
NIPAM allows the reaction to take place at room or lower temperatures. As the
temperature increases, the NIPAM becomes hydrophobic causing the Therma-
Max® particles to clump together, thus enabling magnetic recovery. A highly sensi-
tive immunoassay using Therma-Max® has been reported (Nagaoka et al. 2011). As
seen above, several diverse magnetic particles have been developed (Fig. 4.1).
However, their usefulness is limited by problems such as the complexity of surface
modification, the multiple steps for preparation of protein-magnetic particle com-
plexes, and deactivation of proteins caused by their immobilization on the particles.
Thus, there is a need to develop magnetic particles that (1) have a small diameter
and (2) are capable of surface modification with a target molecule in an easy and
stable manner.
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Fig. 4.1 Diverse magnetic particles and their applications

4.3 Production of Functional Magnetic Particles
by ‘“Magnetosome Display System”

4.3.1 Development of Host/Vector System

The magnetic particles in magnetotactic bacteria are in an organelle called the mag-
netosome and are configured from a magnetite core covered by a lipid bilayer mem-
brane vesicle (liposome) and specific membrane proteins. The specific membrane
proteins participate in magnetic particle synthesis and are important factors for
exogenous protein transport and targeting during the production of protein-magnetic
particle complexes. Liposomes greatly contribute to the high level of dispersibility
of the magnetic particles in aqueous solutions. In addition, from the standpoint of
production, liposomes are a useful platform for bringing exogenous proteins, par-
ticularly membrane proteins, into the solid phase.

The mechanism behind magnetosome formation has been detailed in numerous
review articles and in this book; therefore, only the overview will be explained here.
Recently, large-scale analysis techniques for genes and proteins have been coupled
with the magnetosome formation mechanism, allowing research to proceed rapidly.
The first magnetotactic bacterium to have its genome completely sequenced was
Magnetospirillum magneticum AMB-1 (Matsunaga et al. 2005). The genomes of
other bacteria, including Desulfovibrio magneticus, have been sequenced and the
transcriptome and proteome analyses are in progress. In addition, the presence of
numerous proteins internal and external to the membrane coating the magnetic par-
ticles has been confirmed (Arakaki et al. 2003, 2014; Tanaka et al. 2006), and analy-
ses of the function of these proteins indicate that multiple proteins are involved in
magnetic particle synthesis. Based on the results of these analyses, the proposed
mechanism for magnetic particle synthesis is as follows: (1) the cytoplasmic mem-
brane invaginates and forms liposomes arranged in a chain; (2) iron ions are taken
into the liposomes; and (3) the iron concentration in the liposomes increases, caus-
ing crystallization to form Fe;O, magnetite. Progress has been made in identifying
and elucidating the functions of the proteins specific to magnetic particles. Among
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them, the proteins Mms5, 6, 7, and 13, which bind strongly to magnetite, have been
shown to be involved in magnetite crystal growth. These proteins are not found in
other cell fractions such as the cytoplasm; therefore, it is believed that the proteins
can be specifically targeted onto magnetic particles. The Mms13 protein, which
among the Mms series has a particularly high degree of localization, is strongly
bonded to magnetite and hence is present and stable at the particle membrane even
after washing with a solution containing a surfactant (Arakaki et al. 2003; Yoshino
etal. 2008). As a result, it can be used as an “anchor molecule” for a variety of target
proteins. We developed the elemental technology for the “magnetosome display
system,” which creates functional magnetic particles by transporting target proteins
to the surface of the magnetic particles using Mms13 (Fig. 4.2), enabling free con-
trol of the magnetic particle surface. This novel technology is detailed below.

In our research group, we made rapid progress in a magnetotactic bacteria
recombination system by using an oxygen-tolerant AMB-1 strain as a host and a
plasmid from another magnetotactic MGT-1 strain as a vector to form a host-vector
system. We developed pUMG, which is an expression vector fusing a plasmid from
the MGT-1 strain and a pUC-series plasmid, enabling the free use of vectors that can
be replicated in both coliform bacteria and magnetotactic bacteria (Okamura et al.
2003). Furthermore, we are investigating the development of a promoter to increase
expression and control the expression period. By selecting the endogenous promot-
ers Pmspl, Pmsp3, and Pmms16, which are strongly expressed in M. magneticum
AMB-1 and using them as the promoters for a target protein, the expression of that
protein was markedly increased (Yoshino and Matsunaga 2005). The Schiiler Group
in 2008 also succeeded in expressing GFP in a strain of M. gryphiswaldense using
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a pBBR-series vector, which was the second report of a recombination system in
magnetotactic bacteria (Lang and Schiiler 2008).

The author’s group attempted the surface display of difficult-to-express proteins
onto magnetic particles by expressing membrane proteins on liposomes. However,
we encountered cases of severe growth inhibition, including the complete lack of
transformants; hence, it became necessary to create an expression induction system
for target proteins similar to that developed in E. coli. Thus, we introduced a tetra-
cycline operator (TetO) sequence into the Pmms16 promoter region and introduced
a gene expressing the tetracycline repressor (TetR) protein into the same plasmid,
creating a tetracycline induction system. Normally, TetR binds to the operator,
inhibiting the promoter function and turning off the expression of the target protein.
In this state, by adding tetracycline (or its derivative anhydrotetracycline, ATc),
which is an inducer molecule, TetR is released from TetO, and the gene expression
resumes. This is very simple compared to other expression induction systems,
owing to which this system was adopted early on for use with magnetotactic bacte-
ria. We succeeded in expressing a variety of difficult-to-express proteins at the sur-
face of magnetic particles by introducing this system into conventional protein
expression vectors (Yoshino et al. 2010).

The expression induction system succeeded in displaying certain difficult-to-
express proteins at the surface of magnetic particles. However, the amount expressed
was very low compared to the expression of soluble proteins such as GFP or Protein
A, leading us to believe that there could be decomposition in the cytoplasm or incor-
rect localization onto the surface of the magnetic particles. Thus, we began to mod-
ify the genome of the host magnetotactic bacteria with the aim of increasing the
displayed amount of the difficult-to-express proteins. Since decomposition by pro-
teases (protein decomposition enzymes) originating from the host cell was a possi-
ble cause for the reduced expression of the target protein, we constructed a Lon
protease knockout strain (Alon strain) similar to that in E. coli (Kanetsuki et al.
2013). We attempted to display difficult-to-express proteins at the surface of mag-
netic particles using the resulting magnetotactic bacteria Alon strain. As a result, the
expression of the target proteins on the magnetic particles was approximately three
times greater than in a wild-type host. With the objective of an even greater increase
in the amount displayed, we prepared an mms I3 knockout strain by inactivating the
gene for Mms13 in genome DNA. In the wild-type strain, native Mms13 is localized
at the surface of the magnetic particles; hence, it is believed that the display amount
of target protein bound to Mms13 is limited (Fig. 4.3, wild-type). On the other hand,
in the mms13 knockout strain, only Mms13 that has bonded with the target protein
is localized at the surface of the magnetic particles; hence, it was believed that a
greater amount of the target proteins could be displayed on the particles (Fig. 4.3,
mms13 knockout strain). As a result, the display amount of difficult-to-express
protein increased by up to a factor of eight in the mmsI3 knockout strain compared
to that in the wild-type strain used as hosts, indicating that it was possible to increase
the display of recombinant proteins (Kanetsuki et al. 2012). In this way, we demon-
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Fig. 4.3 Differences of the amount displayed on magnetic particles using wild-type or mms13
knockout strain as host

strated that the expression efficiency of difficult-to-express proteins could be greatly
improved not only by selecting promoters but also by modifying the intracellular
environment in the magnetotactic bacteria, which is the site of heterologous
expression.

4.3.2 Novel Expression Strategies of Target Proteins
onto Magnetic Particles

The functional protein-magnetic particle complexes produced by the magnetosome
display system are rapidly dispersed in a reaction solution, and efficient magnetic
recovery of specific substances bonded to the functional proteins is possible.
Previous attempts have used the system of incorporating the gene for a target pro-
tein downstream of the gene for the anchor molecule Mms13 to efficiently trans-
port the target to the magnetic particles. To date, various receptors and enzymes,
including marker proteins such as GFP and luciferase, have been successfully
expressed.
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Fig. 4.4 Schematic diagram of the “in vitro docking” method (a) and antigen binding assay on
magnetic particles (b)

As stated above, it has become possible to display a certain amount of various
target proteins on the magnetic particles; however, their functionality has still not
been improved. For example, attempts to express the single-chain variable fragment
(scFv) on magnetic particles were successful, but no bonding with antigens could be
seen (Sugamata et al. 2014). This was believed to be caused by the reducing envi-
ronment in the cytoplasm in which the target protein is expressed, preventing the
formation of many of the disulfide bonds in scFv, thereby destabilizing its three-
dimensional structure. Thus, we took note of the fact that the periplasmic space
(space between the inner and outer cell membrane) in magnetotactic bacteria is an
oxidizing environment and proposed the method of forming the correct folding pat-
tern with the formation of disulfide bonds in scFv and then immobilizing the result
onto the magnetic particles. The overview of this method, termed the “in vitro dock-
ing,” is shown in Fig. 4.4a. A recombinant antibody with a constant region (F,.) is
fused to a single-chain antibody with two variable regions (F,), and both are joined
by a linker; the recombinant antibody is expressed and then transported to the peri-
plasm. The transport to the periplasm is achieved by fusing a signal sequence (an
amino acid sequence determining the localization of a protein in the cytoplasm)
from a protein normally transported to the periplasm to the recombinant antibody.
As a result, the recombinant antibody forms disulfide bonds in the periplasm and
forms a stable dimerized structure. Meanwhile, Protein A, which strongly interacts
with the constant region (F.), is displayed at the surface of the magnetic particles.
Therefore, the two structures, one in the form of magnetic particles presenting a
recombinant antibody and one presenting Protein A, are produced independently in
separate spaces within the cell, the periplasm and the cytoplasm, respectively.
Finally, by disrupting the magnetotactic bacteria, the recombinant antibodies in the
periplasm can be transferred and immobilized (docked) onto the magnetic particles.
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Using this “in vitro docking” method, we have succeeded in affixing recombinant
antibodies with antigen-specific bonding ability onto particles (Fig. 4.4b).
Recombinant antibodies form dimers on the particles and have been shown to be in
a state similar to the native structure of the antibodies. This can be considered evi-
dence that disulfide bonds form within the recombinant antibodies to maintain their
normal folding pattern.

In addition to the location of expression of target proteins within the cell, we
attempted to control their spatial arrangement on the magnetic particles. In this
method, instead of the anchor molecule binding to the target protein, a scaffold pro-
tein capable of assembling a number of proteins is bonded, enabling advanced
assembling to take place. For example, let us introduce a study using the cohesin-
dockerin interaction to assemble multiple enzymes to perform a cascading chain of
enzymatic reactions to take place in proximity. The cohesin-dockerin interaction is
characterized by high affinity (K, value of 102 ~!' M) and bond specificity. It is
possible to selectively affix the desired enzyme by using multiple types of cohesin-
dockerin interaction combinations. Thus, we developed a technique for using the
magnetosome display method to immobilize two types of enzymes in proximity on
magnetic particles. The overview of this technique is shown in Fig. 4.5a. This tech-
nique used the interaction of cohesin and dockerin from the cellulosome of
Clostridium thermocellum and Ruminococcus flavefaciens. A fusion protein was
expressed that combined Mms13, cohesin derived from C. thermocellum (Cohesin
A), and cohesin derived from R. flavefaciens (Cohesin B) as the scaffold protein on
the magnetic particles. In addition, by expressing a fusion protein joining a target
protein with dockerin from C. thermocellum or R. flavefaciens (Enzyme A-Dockerin
A/Enzyme B-Dockerin B), respectively, it becomes possible to affix two enzymes to
the magnetic particles in the cells. This technique has been shown to be capable of
localizing two types of target molecule in a 1:1 ratio in proximity to each other.
Furthermore, a hydrolysis experiment of carboxymethylcellulose (CMC) was per-
formed by affixing f-glucosidase (BG) and endoglucanase (EG) derived from C.
cellulolyticum. Thus, magnetic particles to which both EG and BG were affixed
proceeded with the CMC breakdown reaction at approximately double the rate of a
mixture of magnetic particles each affixed with one or the other cellulose (Fig. 4.5b).
The design of enzyme reaction cascades becomes possible by freely controlling such
a magnetic particle interface (Honda et al. 2015b). In addition to these experiments,
there are also attempts to express membrane proteins on magnetic particles, with
high hopes for future application as magnetic carriers in a wide-ranging set of fields
including drug discovery, medical care, food products, and environmental tests.

4.3.3 Improving the Material Properties of Magnetic Particles

The design of the magnetic particle interface allows the display of a variety of func-
tional proteins through methods for expressing proteins localized on the particle
membrane. There have been attempts to improve the material properties of the
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Fig. 4.5 Schematic diagram of enzymatic cascade by endoglucanase (EG) and p-glucosidase
(BG)-immobilized on magnetic particles (a) and time course of reducing sugar contents in the
supernatant of 0.5% CMC with enzyme-magnetic particle complexes (b)

magnetic particle themselves, as well as to challenge the limits of how far genetic
engineering methods can be used to freely design magnetic particles. To date, Mms-
series knockout strains in which there is strong bonding with magnetic particles
have been created, and it has become clear that the morphology of the magnetic
particles can be controlled. In addition, there have been attempts at surface modifi-
cations that can be controlled via responsiveness to stimuli and improvements to
particle dispersibility by controlling the magnetic particle interface.

The non-specific adsorption of cells to magnetic particles can be cited as a bottle-
neck for improving the versatility of magnetic particles in the field of cellular medi-
cine. To date, there have been attempts to limit the non-specific adsorption of cells
to magnetic particles by means of surface modifications using synthetic polymers
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nonspecific binding of magnetic particles with/without NS polypeptides to the cell surfaces (b)

such as polyethylene glycol (PEG). PEG is a hydrophilic uncharged molecule char-
acterized by the indispensable property of avoiding non-specific adsorption between
the material and cells. With this concept in mind, artificial polypeptides were
designed that mimic this property (Takahashi et al. 2010). As a result, it was discov-
ered that non-specific adsorption to cells could be greatly limited by using genetic
engineering methods to place an NS polypeptide {(N,S)}, which is an artificial
polypeptide configured from asparagine (N) and serine (S), onto magnetic particles
(Fig. 4.6). NS polypeptides on magnetic particle surfaces function as a barrier to
block particle aggregation and minimize non-specific adsorption of cells to the par-
ticles; they also add the ability to recognize and bind to target cells by working as a
linker to display protein G on the particles. When the NS polypeptide is used in a
single fusion protein as a linker to display protein G on magnetic particles, the par-
ticle acquires the capacity to specifically bind target cells and to avoid non-specific
adsorption of nontarget cells.

In addition, as an application for functionalizing the surface of magnetic parti-
cles using artificial polypeptides, there has been success in developing magnetic
particles with clumping/dispersion properties that can be controlled by changing the
temperature by introducing a temperature-responsive polypeptide with a lower criti-
cal solution temperature (LCST) onto the particles. The greatest benefit of this
method is that it is possible to design artificial proteins by means of genetic fusion
with any functional protein, since each polypeptide is encoded genetically.

4.4 Developments in the Use of Magnetic Particles
in the Medical Field

Magnetic iron oxide particles are widely used in medical and diagnostic applica-
tions such as magnetic resonance imaging, cell separation, drug delivery, and hyper-
thermia. To use these particles for biotechnological applications, the surface
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modification of the magnetic particle with functional molecules such as proteins,
peptides, or DNA must be considered. Previously, only DNA- or antibody-
immobilized magnetic particles were marketed and used in biotechnology; it was
suggested that the techniques for the immobilization of enzymes or receptors were
more complicated and time-consuming. However, as the methods for assembling
functional proteins onto magnetic particles have become simpler and more efficient,
the applications of magnetic particles have expanded. Here, the applications of pro-
teins such as antibody, enzyme, or receptor and magnetic particle complexes are
prepared by magnetosome-display system.

4.4.1 Magnetic Hyperthermia

One cancer treatment method that has been garnering attention is magnetic hyper-
thermia using magnetic particles. When an alternating magnetic field is imposed on
magnetic particles, the orientation of the magnetic domain flips repeatedly to match
that of the alternating field, resulting in the generation of heat. By accumulating
magnetic particles in tumor cells in the body and applying a magnetic field, the
cancer cells would be locally heated and killed, enabling the treatment of cancer
with few side effects. The effect of magnetic hyperthermia is influenced by the
shape and magnetic coercivity of the magnetic particles.

The magnetic particles produced by magnetotactic bacteria have excellent dis-
persion in aqueous solutions, as stated earlier, and hence are taken into cells with-
out clumping and are efficiently heated. Consequently, they are garnering attention
as magnetic carriers in magnetic hyperthermia (Mannucci et al. 2014). In particu-
lar, the magnetic particles produced by the AMB-1 strain can be extracted in a
chain-like state via gentle cell lysis (Alphandery et al. 2012). These chains of mag-
netic particles reportedly have magnetic properties different from those of the pre-
lysing magnetotactic bacteria or the purified magnetic particles. When an alternating
magnetic field is applied to the culture medium for human mammary cancer cells
to which these chains of magnetic particles have been added, the resulting cancer
cell death has been shown to be more efficient than that using commercially avail-
able superparamagnetic particles (Alphandery et al. 2011). In addition, when cul-
turing the magnetotactic bacteria strain AMB-1, adding Co?* results in doping the
Fe;04 magnetic particle surface with Co, reportedly increasing magnetic coercivity
(Staniland et al. 2008). Furthermore, there has been success in the biosynthesis of
novel rod-shaped magnetic particles by controlling the expression of proteins
associated with control of particle morphology. In this way, it is believed that alter-
ing the morphology and composition of the magnetic particles biosynthesized by
the magnetotactic bacteria will simplify the production of magnetic materials,
leading to high hopes for the development of new applications.
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4.4.2 Cell Separation

As stated above, magnetic particles are used in the medical and biological fields for
purifying target substances from impurities. Magnetic separation permits target
cells to be isolated directly from crude samples such as the blood, bone marrow,
tissue homogenates, or cultivation media. Compared to other more conventional
methods of cell separation, magnetic separation may be considered a sample enrich-
ment step for further chromatographic and electromigratory analysis. In particular,
there have been attempts to isolate rare cells making up less than 1% of the total
contained in the peripheral blood. The magnetic cell separation system using mag-
netic particles has found many uses, as it is quick and simple to use, and causes low
stress to the cells. The authors have developed magnetic particles suited to the isola-
tion of rare cells. We formed an antibody-magnetic particle complex by construct-
ing a complex of magnetic particles and Protein A or Protein G (which can bind to
antibodies) and adding an arbitrary antibody. To enrich for target cells, cell surface
antigens, such as cluster of differentiation (CD) antigens, were used as markers.
CDS-, CD14-, CD19-, CD20-, and CD34-positive cells were efficiently enriched
from peripheral blood. The separated CD34-positive cells retained the capability of
forming colonies as hematopoietic stem cells (Kuhara et al. 2004). Using this com-
plex, it was possible to isolate CD14 cells (precursors of dendritic cells) contained
in the blood at a purity of at least 93% (Takahashi et al. 2009b).

Non-specific adsorption of cells to the carrier surface is a problem with cell iso-
lation using a solid carrier such as magnetic particles. As mentioned above, the
authors newly designed a polypeptide (NS polypeptide) able to suppress non-
specific adsorption. By combining this polypeptide with the magnetosome display
system, magnetic particles with reduced non-specific cell adsorption were devel-
oped. These results were believed to stem from reduced interactions among mag-
netic particles and between magnetic particles and cells caused by the hydrophilic
polypeptide. When cell isolation was performed with an antibody-bound magnetic
particle, 98% cell purity was achieved (Takahashi et al. 2010).

Work has begun not only on cell isolation dependent on surface CD antigens
but also on targeting other useful cells, such as killer T cells (Takahashi et al.
2009a). Recently, the authors’ group has succeeded in the functional expression
on magnetic particles of a complex of an antigen peptide and major histocompat-
ibility complex (MHC) molecule, which is a cell membrane protein that recog-
nizes T cells. The antigen peptide/MHC I molecule complex is used in the isolation
of antigen-specific cytotoxic T lymphocyte (CTL) for cancer immunotherapy;
however, the current method for producing the complex, which involves using an
MHC inclusion body expression and reconstruction using coliform bacteria, is
complicated and costly. Thus, we combined and expressed the gene coding for a
single-chain polypeptide, in which the MHC I molecule heavy chain and an anti-
gen peptide are joined with peptide linkers in the gene for the linker molecule
Mms13 (Fig. 4.7a), thus increasing the complex formation rate. When cells sub-
jected to antigen peptide stimulus from a peripheral blood mononuclear cell frac-
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Fig. 4.7 Schematic diagram of MHC I/HER?2 and magnetic particle complexes (a) and binding
assay of the magnetic particles and HER2-induced cell. The HER263—71-induced (+) or not-
induced cells (-) were stained with PE-labeled anti-CD8 antibody. Subsequently, Alexa 488-labeled
magnetic particle complexes were added to the cells, and magnetic cell separation was performed
(b). (Scale bar =5 pm)

tion were acted upon by fluorescent-labeled MHC I/magnetic particle complexes,
the ability to bond with antigen-specific CTLs was shown to be retained when
using these magnetic particles (Fig. 4.7b). The MHC I molecule was not an inclu-
sion body; thus, this was the first report of its expression in a state maintaining its
functionality in prokaryotes (Honda et al. 2015a).

4.4.3 Receptor Analysis

Membrane receptors that play a role in signaling make up approximately 50% of all
the targeted proteins during drug discovery. These membrane receptors are difficult
to produce and must be immobilized onto a solid carrier to evaluate their function.
Thus, various methods for their production and immobilization are being studied.
The authors are developing bacterial magnetic particles for receptor analysis in the
field of drug discovery. To date, we have succeeded in displaying a dopamine recep-
tor (Yoshino et al. 2004), CD81 (Yoshino et al. 2010), TSHR (Sugamata et al. 2013),
and chemokine receptors (CXCR4, CCRS) (Yoshino et al. 2010) on magnetic par-
ticles. Recently, we have succeeded in the functional expression on magnetic parti-
cles of Tropomyosin receptor kinase A (TrkA), which is associated with a variety of
conditions such as cancer and mental disorders such as Alzheimer’s disease and
depression (Honda et al. 2015c¢). TrkA has a complex structure with a ligand-binding
domain and a kinase activity domain and is a difficult-to-produce protein. The pro-
duction of only the ligand-binding domain of TrkA using E. coli has been reported.
However, compounds exhibiting physiological activity and binding to sites other
than the ligand-binding domain of TrkA have been recently identified, indicating
the need for a compound binding test using the entirety of TrkA. Recently, the
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authors’ group has succeeded in the full-length TrkA in the prokaryotic host by
using a magnetosome display system on magnetic particles, and TrkAs displayed on
magnetic particles have been shown to retain their ligand-binding ability and kinase
activity. These results indicated that detecting compounds and evaluating kinase
activity could be used in a compound bonding/physiological activity evaluation
using full-length TrkA.

The magnetosome display technique not only produces these recombinant pro-
teins but also easily performs purification/refining from impurities using magnetic
separation by immobilizing target molecules onto the magnetic particles. The authors’
group has been creating automatic assay systems using protein-magnetic particle
complexes (Matsunaga et al.. 2007), and hence we believe that it will be possible to
create high-throughput compound bonding tests by combining these automatic assay
systems with the protein-magnetic particle complexes that are produced.

4.5 Conclusion

As discussed above, using magnetotactic bacteria as the locus for synthesizing com-
plexes of proteins and magnetic particles, free molecular design of the surfaces of
the magnetic particles has become possible by strictly controlling the protein local-
ization and expression period as well as the spatial distribution and amino acid
sequence of the proteins. By using a synthetic biology approach to make further
progress in designing and modifying biological membranes that cover the surface of
the magnetic particles, a new strategy can be expected for the functional expression
of these proteins. We expect that combining substance metabolism and energy
metabolism with the magnetosome formation mechanism will deepen our funda-
mental understanding of the biosynthesis of biological magnets and broaden the
utility of magnetotactic bacteria as synthetic biological hosts.
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Chapter 5

Protein and Peptide-Mediated Synthesis
of Magnetic Nanoparticles and Arrays
for Biomedicine and Future Data Storage

Andrea E. Rawlings, Rosie M. Jarrald, Lori A. Somner,
and Sarah S. Staniland

Abstract Fabrication of magnetic materials with a high level of control down to
the nanoscale is a current synthetic challenge. Nature is able to achieve this level of
precision under ambient conditions and in aqueous solutions, by using specific
biomineralisation proteins to produce highly monodisperse magnetic nanoparticles
within the magnetosome organelles of magnetotactic bacteria. This chapter explores
the use of such proteins outside the magnetosome, in synthetic magnetite formation
reactions, where their ability to control and affect the nanoparticle products in terms
of size, morphology and material purity is demonstrated. Understanding how these
proteins function to achieve their activity is of particular interest, and we bring
together the current literature to assess the roles of sequence and self-assembly in
this process. In addition to the magnetosome-derived proteins, researchers are
expanding the biological toolkit of available magnetic material mineralising pro-
teins by using and adapting others. We investigate a number of these proteins includ-
ing ferritin, heat shock protein cages and even small peptides. These can be used
without modification, or they can be engineered to contain artificial binding
sequences, selected via processes such as phage display. Developing new mineralis-
ing sequences allows proteins to be used with materials which are not naturally
occurring, such as the platinum alloys of cobalt and iron, which have industrially
desirable magnetic characteristics. The proteins/peptides covered in this chapter
have the potential to aid future production of precise magnetic nanoparticles for
diverse applications in the biomedical and data storage fields.
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5.1 Introduction

Nanoscale inorganic materials are becoming increasingly important as the use of
nanotechnology grows. More specifically, magnetic nanoparticles (MNPs) have
wide-ranging uses from targeted drug delivery (Muthana et al. 2015) to ultrahigh-
density data storage (Terris and Thomson 2005). Magnetite MNPs are particularly
useful for biomedical applications owing to their high magnetic saturation and low
toxicity, while platinum alloy MNPs such as CoPt and FePt in their L1, phase are
ideal for data storage owing to their very high magnetoanisotropy and their ability
to retain this at very small particle sizes. However, the reliable production of highly
specific monodispersed MNP for such applications is a considerable challenge.
There is therefore a critical need to develop new synthetic routes to precisely tai-
lored MNPs.

Natural organisms carefully control the production of a vast range of inorganic
minerals through biomineralisation, which is detailed in the previous chapters of
this book. MNPs are biomineralised naturally by magnetotactic bacteria (MTB) that
take up soluble iron ions from solution and crystallise magnetite MNPs in lipo-
somes within their cells (called magnetosomes). Magnetosomes’ size and morphol-
ogy varies greatly between strains, but is exactly adhered to within each strain,
demonstrating the precision that biomineralisation proteins have over the process.
The mechanism of biomineralisation in MTB is the subject of chapters X and Y. The
process is controlled by a unique suite of biomineralisation proteins embedded into
the magnetosome membrane. Many of these proteins perform functions that we can
easily replicate in a chemical test tube, such as the action of redox proteins and iron
pumps. In a chemical synthesis, we can simply add iron ions and change the pH at
will. However, some of these proteins are able to control the nucleation, crystallisa-
tion and morphology of the growing mineral with a very high specificity that chem-
ists cannot currently replicate under ambient conditions, and these proteins will be
the focus of this chapter.

In this chapter we explore the prospect of using nature’s MTB biomineralisation
proteins independently of the cell. Here we discuss using such proteins in vitro to
mediate and control a simple synthetic, solution phase, chemical formation of
MNPs. We then explore moving away from natural MTB proteins to synthetic pro-
teins and peptides for the production of magnetite and also other MNPs such as
CoPt & FePt. However, first we must consider the chemical synthesis of MNPs.

There are many different magnetic materials and several synthetic routes for
each type, leading to a vast number of possible syntheses to discuss. For clarity and
relevance to the desired applications, we will only focus on magnetite and CoPt &
FePt. For both of these materials, there is a range of synthetic methods to produce
them. As this chapter is concerned with simulating biological processes outside the
cell, we will only focus on solution-based synthetic methods performed under con-
ditions close to biological/ambient conditions that will be relevant for protein and
peptide addition.
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Magnetite (Fe;0,) is strongly ferrimagnetic, retains its single-domain character
between approximately 30 and 80 nm (depending on the morphology) but is mag-
netically soft (low coercivity), with its dipole easily switched in a changing mag-
netic field. Magnetite is biocompatible, being present naturally in many biological
organisms. It can be synthesised with a range of particle sizes and shapes, offering
different magnetic characteristics. CoPt on the other hand is strongly ferromagnetic.
This alloy has a chemically disordered face-centred cubic structure, also known as
the A1 phase, where there is an equal probability of finding either Co or Pt in any
given site. The CoPt L1, phase (Laughlin et al. 2005) can be obtained through post
synthesis high-temperature (>600 °C) annealing. This is a chemically ordered face-
centred tetragonal structure with alternating planes of Co and Pt resulting in a very
high magnetocrystalline anisotropy energy. This is due to strong structural coupling
of anisotropic atoms, giving a very high coercivity and offering single-domain char-
acter in particles down to a few nm (meaning these particles can retain their magne-
tisation direction in varying fields), making them ideally suited to high-density data
storage (Mayes et al. 2003).

Chemical co-precipitation is the simplest method of producing both of these
MNP materials by oxidising/precipitating Fe salts out of solution via increasing pH
to make magnetite (under N,) or by reducing/precipitating Co and Pt salts out of
solution with LiBEt;H to form CoPt (Sun et al. 2003). This method is quick and
cheap and produces large yields, but the particle quality, size and morphology are
very difficult to control and typically result in a heterogeneous population. Variation
in precursors, conditions and processing results in different MNP profiles. For
example, with magnetite, varying either the type or method of base addition, the
speciation and ratio of the iron ions (ferric/ferrous), the available oxygen in the
atmosphere and the temperature can result in different sizes and shapes of particles
with different iron oxides of varying crystallinity. For example, a co-precipitation of
ferric and ferrous ions at room temperature under N, with KOH used to raise the pH
results in tiny nanoparticles of poor crystallinity over a wide shape and size range
(<5 nm up to micrometre scales), whereas the partial oxidation of ferrous hydroxide
using KOH under N, at 90°C will precipitate octahedral magnetite particles approx-
imately 20-80 nm in size. Interestingly, changing the base used can result in needle-
shaped FeOOH by-products (Regazzoni et al. 1981). Although these methods allow
scope to synthesise a range of materials at various sizes, the overwhelming draw-
back is that it is synthetically demanding to produce a monodisperse and reproduc-
ible product with respect to size and shape distribution. There are a range of
high-temperature methods of producing higher quality MNP of both magnetite and
CoPt with narrower dispersity; however, they require furnaces with high tempera-
tures and pressures and/or organic solvents and toxic precursors (Sun et al. 2004).
Furthermore, these conditions are difficult/dangerous to scale up to industrial manu-
facture and are financially and environmentally expensive.

In this chapter we investigate how we can improve the simple solution phase
precipitation of these MNPs using proteins and peptides as synthesis control agents.
Firstly, we consider two applications to understand and contextualise the require-
ments of MNP, and then we turn to nature to consider how MNPs are produced
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naturally by magnetotactic bacteria. We assess biomineralisation proteins and how
they can be used as additives to control chemical MNP formation and consider how
they achieve their function in vitro. We investigate the development of new material
binding peptides, discovered via the technique of phage display, and how these are
opening up the process of biologically controlled MNP synthesis to new materials
and synthetic scenarios. Finally we show how these proteins/peptides and MNP can
be coupled on planar surfaces to provide a basis for the next generation of data stor-
age technologies.

5.2 Applications

The development of reliable, reproducible nanomaterials is essential to the evolu-
tion of dependable novel technologies, and nanoscale magnetic materials are no
exception. Nanomagnets must respond to an applied field in a known and consistent
manner, which requires them to have a uniform size and shape distribution. However,
their individual specification with respect to size, shape, coating and degree of
homogeneity of the population will vary depending on the final application. The
scope of applications for MNP ranges from environmental applications such as
magnetic bioremediation and contaminant sensors to biomedical diagnostics and
therapies to nanotechnology such as data storage and lab-on-a-chip devices. Due to
the extensive range of applications, in this chapter we will only briefly consider
biomedical and data storage applications as these are directly relevant to the research
described later and will enable the ultimate context and specification to be properly
understood. For further, more in-depth reading on MNP applications, the reader is
directed to excellent reviews describing the various applications (del Puerto et al.
2003; Lu et al. 2007; Terris et al. 2007).

5.2.1 Biomedical (Magnetite)

Magnetic nanoparticles have a wide range of applications associated with them —
one of the most prominent areas of interest lies within the biomedical field.
Biomedical applications of magnetite nanocrystals span the remit of both diagnostic
and therapeutic areas. Diagnostics encompass any technique used to identify a
marker for a certain disease; this could be a specific antigen or an increased level of
a certain element/compound. Identification of biomarkers can indicate the presence
or absence of a disease in the body. Research is currently being conducted into
therapies that are able to treat disease and illness using magnetic nanoparticles.
Examples include hyperthermia-based treatments and novel drug delivery systems.
Theranostics involving magnetic nanoparticles may also prove to be important in
the development of new diagnostic and therapeutic systems. Theranostics refers to
the combination of diagnosis and therapy within a single treatment strategy.
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When the nanoparticles are used in vivo, it is important that they are coated in a
biocompatible layer to ensure it does not lead to an adverse reaction upon addition
to the patient and to aid cellular uptake. Sugar or polymer coatings such as dextran
or polyvinyl alcohol (PVA) may be used to increase biocompatibility, to increase
colloidal stability and to provide a site for binding between the nanoparticle and the
biological complex (Sangregorio et al. 1999). Monodispersity with respect to size
and shape is also critical to predict the interaction within the body as different sized
particles will be directed to different organs of the body. Furthermore, the MNPs
must have good dispersity in solution as large sizes and/or aggregation could lead to
capillary blockage and embolism.

5.2.1.1 Magnetic Separation

Magnetic separation of analytes is one instance of their use. For this example, a
biological complex (such as an antibody) is tagged with a magnetic nanoparticle
(such as magnetite). Following attachment the biological complex is separated from
the remaining solvent or serum using magnetic separation of a fluid phase. Magnetic
separation of these compounds allows the concentration of sample to be increased
and used for further analysis. The magnetically tagged complex is run through a
separating system where a magnetic gradient is present. The magnetic gradient
immobilises the magnetic complex while the remaining fluid flows through. One
disadvantage of this technique is that it is often limited by slow accumulation rates.
Instead areas of high magnetism can be suspended throughout the separation vessel,
immobilising the magnetic nanoparticles as they float in solution. Further optimisa-
tion of the system involves a quadrupolar set-up, where a magnetic moment is pro-
duced radially from the centre of the column (Moore et al. 2001). The labelled
magnetic nanoparticles move towards the sides of the column where they become
immobilised until the magnetic gradient ceases. This technique has been used to
detect and diagnose the existence of parasites in the blood by magnetically tagging
red blood cells (Paul et al. 1981).

5.2.1.2 MRI

Magnetic resonance imaging (MRI) is a useful diagnostic tool that utilises magnetic
nanoparticles. The iron oxide particles act as contrast agents, providing increased
contrast of specific tissues, organs and tumours compared to the rest of the body.
The contrast provided by iron oxide nanoparticles was enhanced using magnetite
nanocubes (Lee et al. 2011). MRI uses the magnetic moment of protons within the
body to produce an image (e.g. of a tumour). Although the magnetic moment of a
proton is extremely small, there are so many protons present that the cumulative
effect allows for a detectable signal. The problem, however, is that human bodies
are mainly composed of water and so protons are indiscriminately ubiquitous, pro-
viding negligible differences in contrast between different tissues. This problem is
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overcome by the addition of a contrast agent. A magnetic contrast agent reduces the
relaxation times T, and T,. T, is the spin-lattice relaxation time, accounting for loss
of heat to the surrounding lattice. T, is the spin-spin relaxation time and is the mea-
sure of the time it takes for the signal to irreversibly decay; this decay occurs as
excited nuclear spins in the xy plane interact with each other. Superparamagnetic
iron oxide nanoparticles are commonly used contrast agents (Pankhurst et al. 2003).
One example of their use is in MRI imaging of the liver. Preferential uptake of the
nanoparticles in the liver is partially due to size, as MNPs with diameters of 37 nm
MNPs collected more readily in the liver (Huang et al. 2010). This illustrates just
how important size control of the MNPs is.

MRI can also be used to assist therapeutic strategies involving magnetic nanopar-
ticles. The external magnetic field applied by the MRI may be used to localise the
magnetic nanoparticles to one specific area of the body by directing the magnetic
field gradient (Muthana et al. 2015). If this is possible, unwanted side effects of
alternative therapeutics may be overcome due to the idea that the doses required for
treatment will be significantly reduced and the drug will not affect the whole body —
only the desired area. Problems with this method arise due to the biocompatibility
of magnetite nanoparticles. Addition of coatings alters the control exhibited over
their size and shape distribution during synthesis. This technique would, in theory,
work alongside other biomedical applications such as hyperthermia and drug
transport.

5.2.1.3 Hyperthermia

Therapeutic devices aid the treatment of a disease. Hyperthermia is one example of
a possible therapeutic application of magnetite nanoparticles. Hyperthermia utilises
an alternating magnetic field, which causes flipping of the electron spins within the
magnetite nanoparticles. The flipping of the electron spins causes heating of the
particles (Pankhurst et al. 2003). If the particles are very small, the alternating field
results in the whole MNP flipping, generating heat through friction with the envi-
ronment. Artificially induced hyperthermia has arisen as a possible therapy due to
the ability to heat and kill tumour cells while not leading to the death of the sur-
rounding healthy cells. Cancer cells have been found to be more susceptible to these
heating effects when compared to healthy cells (Moroz et al. 2001; van der Zee
2002). Magnetic nanoparticles show promise for this application as they can be
localised at the site of the diseased tissue (Hatch and Stelter 2001). The technique
involves the targeting of magnetic nanoparticles to the desired tissue, followed by
the application of an alternating magnetic field. The therapeutic threshold for the
destruction of diseased tissue is 42 °C for 30 min. When applying this technology to
patients, it is important that the alternating magnetic field is not so strong that it
causes undesired effects such as arrhythmia; however, the field must be strong
enough to sufficiently heat the tumour. For magnetite to be used for this application,
it must first be mixed with a carrier fluid, and the size of the particle must be
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uniform and on the nanoscale. A monodisperse nanoparticle suspension is essential
for uniform heating of the tissue.

In summary, there are various biomedical strategies that utilise magnetic nanopar-
ticles, including (but not limited to) MRI and hyperthermia. MNPs appear to be
useful in diagnostic, therapeutic and emerging theranostic applications. It is impor-
tant to emphasise that the optimisation of the physical parameters of the magnetic
nanocrystals is critical for their effective use in these applications.

5.2.2 Nanotechnology: Bit-Patterned Media Data Storage
(CoPt/FePt)

The ideological goal of nanotechnology is to design and synthesise precise nano-
components and assemble them accurately into increasingly complex hierarchies
and designs to form intricate nanoscale devices. If this was achievable, devices such
as sensors, energy accumulators and motors could be vastly miniaturised and inter-
connected. Data storage is an ideal model nanodevice to fulfil this aim.

5.2.2.1 Traditional Magnetic Storage

These devices consist of a thin ferromagnetic granular film, typically a Co-based
alloy, deposited onto a glass or silicon surface by high-temperature sputtering
(Terris and Thomson 2005). Data is recorded and read from these devices by a fly-
ing read/write head. To write, the information is transformed into a magnetic signal
through an electric current, and this varying magnetic field in the write head mag-
netically orientates the grains contained within the magnetic film. This forms mag-
netic patterns in a binary code (0’s and 1’s) that can be read as bits of information
by the read head operating in the reverse process. Since IBM introduced the first
commercial magnetic hard disc in 1956, increased miniaturisation has driven the
storage capacity ever higher, with today’s devices having capacities in excess of
500 Gbit in=2 (more than 20,000,000 times the capacity of IBM’s original device)
(Terris and Thomson 2005). Although there are a number of semiconductor-based
storage technologies such as dynamic random access memory (DRAM), magnetic
devices are the most established technology (Nickolls and Dally 2010) and are sig-
nificantly cheaper to produce (Terris and Thomson 2005). However, scaling the
components of magnetic storage devices to ever smaller dimensions does have its
limitations, and current devices are approaching their physical limits. Reducing the
grain size of the granular recording media leads to domination of thermal fluctua-
tions which induce the loss of magnetic orientation and thus the information, ren-
dering them unsuitable for data storage as the information cannot be retained
(Charap et al. 1997).
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5.2.2.2 Bit-Patterned Media (BPM)

BPM is a new generation of storage media that promises to increase storage densi-
ties. It requires the formation of an array of individual magnetic islands with
nanoscale dimensions onto which a bit of information is written (Terris and Thomson
2005; Terris et al. 2007). BPM has the ability to form devices with Tbit in~2 storage
capacities (Terris et al. 2007). However, there are a number of challenges to over-
come before bit-patterned media is used for ultrahigh-density data storage, includ-
ing the development of a reliable and cost-effective method for the production of a
recording medium containing uniform and stable magnetic islands on the nanoscale
(Terris et al. 2007).

To become commercially viable, the technique used to manufacture bit-patterned
storage media must be cost effective and able to be scaled up for mass production.
There are three elements to this that need to be fabricated with a very tight degree
of tolerance: (1) the MNP material, (2) the particle dimensions and (3) the pattern
dimension.

1. The magnetic material is required to have a high magnetisation to ensure a signal
can be clearly read, but not so high as to reorientate its neighbouring MNPs.
Similarly, the MNP must be magnetically “hard”, i.e. have a high-coercive force
which resists reorientation when a field is reversed. This is important to ensure
the information is retained. However, the force should not be so great (like a
permanent magnet) as to resist information being written onto the MNP. To get
the highest density of data stored in a given area, the MNPs must be as small as
possible to reduce the size of each bit but not so small as to become superpara-
magnetic. The “magnetocrystalline anisotropy” of a material is how easily the
material is to magnetise in one direction (easy axis) when compared to another
(hard axis) and is a key factor in dictating its coercivity. The L1, phase of CoPt
and FePt has received a lot of interest due to being two of the few magnetic mate-
rials that has high enough magnetocrystalline anisotropy to remain magnetically
stable at volumes of a few nanometres in diameter (Weller et al. 2000). L1, phase
4 nm FePt particles and 18 nm CoPt have shown room temperature coercivity of
7.5 kOe (Sun et al. 2003) and 4.4 kOe (Zhang et al. 2011), respectively; however,
the L1, ordered phase is difficult to achieve. Ferromagnetic CoPt alloys formed
from a solid solution usually have a disordered face-centred cubic (fcc) structure,
also known as the Al phase (Aboaf et al. 1983). CoPt alloys that have a 50:50
atomic ratio are known to have distinct ferromagnetic properties and a high mag-
netocrystalline anisotropy energy but only after high-temperature annealing
(>600 °C) (Aboaf et al. 1983) where the fcc disordered structure transforms into
a face-centred tetragonal (fct) ordered L1, phase. In the A1 phase the probability
that each site is occupied by either a Co or Pt atom is the same, whereas in the
L1, phase two faces are occupied by one type of atom while the other face is
occupied by a different atom giving it a multilayer structure that consists of alter-
nating planes of Co and Pt which promotes the strong magnetic anisotropy and
high coercivity (Laughlin et al. 2005). The high magnetocrystalline anisotropy
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energy of the L1, phase means that the magnetic properties remain stable at
dimensions of a few nanometres, which makes L1, CoPt or FePt ideally suited
for bit-patterned media (Weller et al. 2000). However, there are problems with
current methods to generate the L1, phase due to the current requirement of a
high-temperature annealing step, which leads to agglomeration and sintering of
the particles (Wang et al. 2014). Interestingly, however, peptide and protein-
mediated synthesis of L1, CoPt and FePt at ambient temperature (see Sect. 5.4)
have demonstrated the potential of a bottom-up biotemplated route to L1, Pt-
alloy MNPs for data storage.

2. Controlling the dimensions of the MNPs arrayed on the surface is paramount to
obtain the highest density storage. Ideally MNPs of 5.5 nm in diameter should be
spaced 15-20 nm apart (Richter et al. 2006). However, controlling the crystalli-
sation of this size of MNP accurately is a considerable challenge. Within this
chapter we will present new possibilities of how proteins and peptide could con-
trol the size of MNP and further to this could improve this control when com-
bined with biotemplating within a biological compartment such as a protein cage
of the tailored size (see Sect. 5.4).

3. The patterning dimensions can be altered depending upon the technique used.
There are many techniques with the capability to produce nanoscale magnetic
features (Martin et al. 2003). Top-down methods such as optical lithography,
although widely used in the semiconductor industry, are not currently able to
achieve patterning resolutions suitable for the fabrication of bit-patterned media
(Wollhofen et al. 2013). Electron-beam lithography is widely used for the pro-
duction of sub-100 nm patterns but is a high-cost serial writing process that is
unlikely to ever be scaled up for mass production (Driskill-Smith 2004). Low
cost, versatile, soft lithographic printing methods could be financially viable but
suffer from issues with reproducibility and scaling down to the nanometre length
scale. The most promising top-down lithographic route looks to be interferomet-
ric lithography which is discussed in more detail in Sect. 5.5.

5.3 Mms6, MmsF and MamC for Solution Formation
of Magnetite

5.3.1 Effect of Proteins In Vivo

As described in the previous chapter, the magnetosomes found in magnetotactic
bacteria are protein-rich lipid vesicle organelles. The magnetosome membrane is
home to a variety of different proteins which are responsible for controlling all the
aspects of the magnetic nanocrystal formation, from influx of iron ions to nucleation
of the iron oxide mineral and its morphological regulation. Many of these proteins
reside in the lipid bilayer which surrounds the magnetosome and as such have
transmembrane-spanning (TMS) regions in their sequence. Proteins such as Mms6
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Fig. 5.1 Effect of magnetosome-derived biomineralisation proteins upon magnetite nanoparticle
synthesis. (a) Basic reaction set-up for magnetite nanoparticle synthesis. (b) Transmission electron
microscopy images showing the effects on nanoparticle products with and without the presence of
different proteins. Proteins are Mms6 (Amemiya et al. 2007) and MmsF (Rawlings et al. 2014)
from M. magneticum AMB-1 and MamC (Valverde-Tercedor et al. 2015) from Magnetococcus
marinus MC-1. ¢ The topology, number of transmembrane-spanning regions and potential magne-
tite interaction sequences of key morphology affecting proteins in the magnetosome membrane are
shown. Mms6/7/F from M. magneticun AMB-1 and MamC from Magnetococcus marinus MC-1
(Images are reproduced with permissions from the references cited)

which interact with the magnetite nanocrystals directly must do so through the resi-
dues which are exposed to the interior of the magnetosome. Depending on the topol-
ogy of the proteins within the membrane and the number of TMS segments that they
have, these interacting regions could be N- or C-terminal domains or solvent-
exposed loops connecting TMS helices (Fig. 5.1¢). Mms6 and Mms7 both contain
a single TMS region (Arakaki et al. 2003), and their C-terminal domain is displayed
to the magnetosome interior (Fig. 5.1c). Between different strains of MTB, there are
differences in naming nomenclature. Mms13, for instance, from Magnetospirillum
magneticum AMB-1, is designated MamC in many other strains of MTB. Studies of
Mms13/MamC indicate this protein adopts a two TMS structure with both N- and
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C-termini exposed to the cytoplasm (Yoshino and Matsunaga 2006), meaning the
loop connecting TMS helices 1 and 2 is presented to the magnetosome lumen.
MmsF from M. magneticum AMB-1 is a triple TMS protein (Murat et al. 2012;
Rawlings et al. 2014). Topological studies indicate that the N-terminal domain is
located in the cytoplasm, meaning that the loop regions between TMS helices 1 and
2 must be located inside the magnetosome interior. An odd number of TMS seg-
ments can only be accomplished if the protein termini are on different faces of the
membrane. Therefore the C-terminal domain of MmsF will be located in the mag-
netosome interior.

Mms6, Mms7 and Mms13 were all found to be tightly adhered to the magnetite
nanoparticle in vivo (Arakaki et al. 2003). Having a direct binding interaction in this
way suggests that these proteins may have a role in controlling the nanoparticle
nucleation and/or growth. Several gene knockout and mutational studies have high-
lighted the importance of the genes encoding these proteins, along with MmsF, for
the correct formation of the magnetite nanocrystal (Murat et al. 2012; Tanaka et al.
2010; Yamagishi et al. 2016). This makes these proteins prime targets for in vitro
functional analysis.

5.3.2 Effect of Proteins In Vitro

The proteins present in the magnetosome membrane which are responsible for con-
trolling and affecting the morphology of the resulting nanoparticle are also capable
of exerting a similar effect when added to synthetic magnetite formation reactions
(Amemiya et al. 2007; Arakaki et al. 2003, 2010; Galloway et al. 2011; Kashyap
et al. 2014; Prozorov et al. 2007; Rawlings et al. 2014; Valverde-Tercedor et al.
2015; Wang et al. 2012).

The iron oxide magnetite (Fe;O4) comprises both ferric (Fe**) and ferrous (Fe**)
iron in the stoichiometric ratio of 2:1. Many different methods exist for the synthe-
sis of magnetite, but most of them require the presence of mixed valence iron and a
high pH achieved via the addition of base (Laurent et al. 2008). Incorporating puri-
fied magnetosome-derived proteins into these types of reactions allows their effect
on particle size, shape and material purity to be assessed in comparison to particles
produced in their absence. The exact nature of the biological magnetite precipitation
process occurring within the magnetosome has not yet been clearly resolved.
However, it is likely that the current synthetic methods for studying Mms6 activity
in vitro will share some similarities to the processes which take place within the
magnetosome (Table 5.1).

The first recorded in vitro activity of a magnetosome-derived protein was with
purified Mms6. In that example, addition of Mms6 to a simple room temperature
co-precipitation (RTCP) reaction (20 pg/ml Mms6) resulted in nanoparticle prod-
ucts, of the majority magnetite, with a narrow size distribution and cuboidal mor-
phology which is similar to the particle morphology found in Mms6 containing
magnetosomes. Similar results to this have been achieved with reduced amounts of
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Table 5.1 Summary of Mms6 in vitro magnetite synthesis experiments

. Rawlings et al.

MNP MNP Size
Protein synthesis | size distribution
type method (nm)® (nm)® Comments References
Mms6 in | Mms6 RTCP 20-30 |- Tighter size Arakaki et al.
solution (1:1)* (1-100) distribution (2003)
Mms6 RTCP 22.3 Negligible size | Galloway
(1:2)* (23.1) difference etal. (2011)
Mms6 POFHK | 86 (234) Smaller mean Galloway
particle size etal. (2011)
His¢-Mms6 | RTCP 21.9 Negligible size | Galloway
(1:2)* (23.1) difference etal. (2011)
Mms6 POFHK |20 10-30 Smaller mean Arakaki et al.
(27.5) (10-40) particle size, (2010)
narrower size
distribution
Mms6 POFHK 20.2 4.0 (9.1)¢ Narrower size Amemiya
(32.4) distribution, et al. 2007
smaller mean
size, cuboidal
morphology
Mms6 RTCP 21.2 8.3¢ Larger mean size, | Amemiya
(1:1)2 (10) cuboidal et al. (2007)
morphology
Mms6 in | Hise-Mms6 | RTCP 30 —11(1.6) Narrow size Prozorov
pluronic | His6- (2:1) 36 (4.6) distribution, et al. (2007),
gels Mms6 RTCP increased size and Wang
2:1)* etal. (2012)
Mms6 MOA POFHK | 20-25 10-35 Exhibit spherical | Arakaki et al.
peptide in | peptide morphology (2010)
solution  |GLM6A | POFHK |20 10-30 Arakaki et al.
(2010)
Surface Hisg-Mms6 | POFHK | 86 (64) | 21(26)¢ Larger mean Bird et al.
bound particle size, (2016a)
Mms6 Hiss-Mms6 | POFHK | 90 (69) | 15(36)° narrower size Bird et al.
distribution (2015)
Hisg-Mms6 | POFHK | 87 (60) | 19 (21)¢ Bird et al.
(2016b)
Surface Mms6-pep | POFHK | 65 (60) |30 (21)¢ Negligible effect | Bird et al.
bound (2016b)
Mms6
peptide
MmsFin | MmsF- RTCP 56 (45) |- Increased size Rawlings
solution Strepll (1:2) and magnetite etal. (2014)

purity

(continued)
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Table 5.1 (continued)

MNP MNP Size

Protein synthesis | size distribution

type method (nm)® (nm)® Comments References
MamC in | MamC- Free drift | 30-40 20-80 Increased size, Valverde-
solution His6 (20-30) and morphology | Tercedor et al.

MamC- Free drift |30-40 |20-80 control (2015)

truncated- (20-30)

His6

RTCP room temperature co-precipitation, POFHK partial oxidation of ferrous hydroxide with
potassium hydroxide

“Parentheses indicate ratio of ferric to ferrous ions

"Parentheses indicate values for particles synthesised under identical conditions but without pro-
tein additive

°Standard deviation

Mms6 (Amemiya et al. 2007) (Fig. 5.1c), alternative ratios of ferrous to ferric iron
in the starting reagents (Galloway et al. 2011), as well as in POFH reactions
(Amemiya et al. 2007; Galloway et al. 2011), with Mms6 immobilised on planar
surfaces (Bird et al. 2016b), and in pluronic gels (Prozorov et al. 2007; Wang et al.
2012). Collected together these reports indicate that the presence of Mms6 in solu-
tion typically regulates the size of the nanoparticles produced (30-20 nm) while
simultaneously narrowing their size distribution, seemingly irrespective of the
protein-free particle size population or reaction conditions. When used in pluronic
gels, the protein increases the size of the MNP to around 30 nm, a significant
increase compared to protein-free control particles (approximately 10 nm) (Prozorov
et al. 2007; Wang et al. 2012). In contrast, when Mms6 is immobilised on surfaces
and used in a POFH reaction, the particles produced are approximately 90 nm and
much larger than the particles made under protein-free conditions (Bird et al. 2016b;
Galloway et al. 2012a, b). These experiments show that using Mms6 in different
forms (i.e. with fusion tags, as peptides, etc.) and in different types of experiments
(in solution, in gels, on surfaces) a range of effects can be generated, potentially
allowing MNP to be tailored to the particular size requirements of different preci-
sion applications.

A number of other proteins from the magnetosome have been tested using this
kind of in vitro activity assay namely; MmsF, MamF, and MmxF from
Magnetospirillum magneticum AMB-1 (Rawlings et al. 2014), and MamC from
Magnetococcus marinus MC-1 (Valverde-Tercedor et al. 2015). Although these
proteins are normally present within the magnetosome membrane, they are able to
be produced in a water-soluble form (Arakaki et al. 2003; Rawlings 2016; Rawlings
et al. 2014; Valverde-Tercedor et al. 2015). All of these proteins, including Mms6,
show a high degree of self-assembly which results in water-soluble micelle-like
structures (Amemiya et al. 2007; Feng et al. 2013; Kashyap et al. 2014; Rawlings
et al. 2014; Wang et al. 2012). In these structures the hydrophobic regions of the
proteins are believed to be buried within the core of the structure, and the hydro-
philic, magnetite interaction regions are exposed to the surrounding aqueous
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environment. When purified these proteins display secondary structure, suggesting
that rather than an amorphous aggregate these proteins actually adopt a specific
folding architecture.

When purified, MmsF was added to synthetic RTCP reactions in amounts consis-
tent with previous Mms6 studies. The nanoparticle products consisted of a high
degree of magnetite with very little alternative iron oxide. In contrast, the addition
of MamF or MmxF (both with highly similar primary and secondary structure to
MmsF) shifted the balance of the nanoparticle products in favour of alternative iron
oxides and away from the desired magnetite species (Rawlings et al. 2014). This
suggests that potentially small residue changes can have significant effects over the
type of reaction products which form.

MamC (Mms13), and a truncated form of MamC with a single transmembrane
region missing, was also found to produce effects on magnetite nanoparticle synthe-
sis (Valverde-Tercedor et al. 2015). This protein, like Mms6, has the ability to bind
ferric ions in solution. When introduced into synthetic magnetite precipitation
experiments performed under anaerobic “free drift” conditions over 30 days, the
resulting MNP had an increased average size of 30—40 nm compared to the 20-30 nm
typically obtained under control conditions. Magnetic measurements of the prod-
ucts confirmed the size increase.

5.3.3 Understanding the In Vitro Activity

It is evident that Mms6, MmsF and MamC are able to control, to varying degrees,
the formation of magnetite MNPs when added to a chemical precipitation. It is clear
that an understanding of how these proteins function is now required. The majority
of the work has been conducted on Mms6 (which is the subject of a recent review
(Staniland and Rawlings 2016)) as this was the first protein to be isolated and used
for in vitro mediated synthesis and is also the easier (of Mms5, Mms6, Mms7 and
Mms|3 initially identified) to purify and work with (Arakaki et al. 2003). However,
more recently, MmsF has been shown to be much easier to purify, and thus we pre-
dict more analysis will be conducted on this protein in the coming years (Rawlings
et al. 2014).

To date Mms7 has yet to be purified and assessed for activity in vitro. Interestingly
all four proteins, Mms6, Mms7, MmsF and MamC, have two distinct commonali-
ties, which alludes to their function. Firstly, they all self-assemble, forming micelles
or proteinosomes when purified in aqueous solution. This self-assembly is most
likely due to the favourable packing of the membrane-spanning regions of the mem-
brane proteins MamC (Valverde-Tercedor et al. 2015) and MmsF (Rawlings et al.
2014). It is believed that both the amphiphilic nature and a specific assembly
sequence are responsible for organised self-assembly in the single transmembrane
protein Mms6. The second common feature is the presence of multiple acidic amino
acids that have been shown to bind to iron ions in the cases of Mms6 and MamC
(Arakaki et al. 2003; Feng et al. 2013; Valverde-Tercedor et al. 2015; Wang et al.
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2012). Here we can consider both features of self-assembly and iron ion by evaluat-
ing the work performed on Mms6 predominately and extrapolating these findings to
inform suggestions about the functions of all four proteins.

5.3.3.1 Self-Assembly
Single Transmembrane Region Proteins (Mms6 and Mms7)

The amphiphilic nature of the single transmembrane proteins Mms6 and Mms7
implies they will form micelles in aqueous solution with the C-termini exposed on
the surface shielding the hydrophobic N-termini within the core (Fig. 5.1c). This
structure was first quantitatively investigated for Mms6 by Wang et al. who found
that the micelle was between 200 and 400 kDa made up of 20-40 proteins (Wang
et al. 2012). DLS measurements found Mms6 micelles were 10.2 + 3 nm across
(Wang et al. 2012), in agreement with later small-angle X-ray scattering (SAXS)
experiments, which found the data fit well to a hydrophobic core of 3.9 + 0.4 nm
radius and hydrophilic corona radius of 1.1 £ 0.2 nm (at pH 3) (Zhang et al. 2015)
equating to approximately 200 kDa, in agreement with the initial finding. Mms6
micelles at pH 7.5 have a slightly smaller and tighter dispersity than those at pH 3,
as shown by DLS (Wang et al. 2012) and SAXS (Zhang et al. 2015), showing that
varying the pH across the pI value of the protein (pI = 4.1) alters the protonation
state of the acidic groups displayed on the surface, thereby affecting the structure of
the micelle assembly. Interestingly, the SAXS experiment found that addition of
iron caused the micelles to form higher-order structures such as discs of micelles,
presumably through iron cross-linking (Zhang et al. 2015). Most recently, larger
proteinous assemblies of Mms6 (approximately 10x larger) have been visualised in
situ in a fluid cell TEM (Kashyap et al. 2014). It is significant that Mms6 is able to
control magnetite MNP formation in vitro as in vivo, which leads to the inference
that there must be self-assembly in the membrane environment in vivo similar to the
aggregation seen in vitro, to retain this characteristic. We have thus suggested that
Mms6 (and, due to their similarities, Mms7 also) is not monomeric in the magneto-
some membrane but self-assembles to form protein rafts on the interior of the mem-
brane, displaying a charged C-terminal surface akin to the surface of in vitro micelles
(albeit of the opposite curvature). We tested this theory by enabling Mms6 to self-
assemble on a surface, mimicking the membrane environment. The biomimetic
Mms6 surface nucleated and controlled magnetite formation, whereas the C-terminal
peptide (C20Mms6) alone could not control magnetite nanoparticle synthesis (Bird
et al. 2016b). C20Mms6 is missing the N-terminal region but is still able to assem-
ble on the surface. Thus we deduce that the nature of self-assembly in Mms6 is more
specific than generic hydrophobic interactions. A GLGLGLGLG repeating amino
acid sequence is notably present and conserved in both of the single transmembrane
Mms protein Mms6 and Mms7 (but absent from C20Mms6). Such repeating
glycine-leucine motifs are common in self-assembling scaffold proteins such as silk
fibroin (Zhou et al. 2001). The large then small repeating side-chain motif lends
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itself to a repeating knob and holes interaction that we propose interlock with adja-
cent Mms6 (or even Mms7) to form a regularly packed ordered raft and thus regu-
larly space the iron binding C-terminal sites across the magnetosome’s
interior membrane surface (or micelle surface in vitro). We suggest this order is
critical as iron ions have been shown to bind to Mms6 (see next section), but we
propose that binding in an ordered manner on the protein’s surface initiates nucle-
ation of specifically magnetite, and without this the magnetite nucleation ability is
lost, as the C20Mms6 on surfaces demonstrate (Bird et al. 2016b). Supporting this
hypothesis, a peptide constructed of a C6Mms6-GL repeat peptide shows much bet-
ter control over particle formation than the C20Mms6, further demonstrating the
importance of this region (Arakaki et al. 2010).

Multiple Transmembrane-Spanning Region Proteins (MamC and MmsF)

MamC and MmsF have two and three transmembrane-spanning regions (TMS),
respectively, and therefore the sequence exposed to the interior of the magnetosome
(and thus the forming magnetite crystal) is constrained in a loop configuration
(Fig. 5.1c). The presence of multiple TMS dictates a dominant hydrophobicity lead-
ing to the propensity to form inclusion bodies which can be refolded to form water-
soluble micelle structures similar to Mms6. This was found to be the case for MamC
when it was expressed, refolded and purified (Valverde-Tercedor et al. 2015).
However, unexpectedly this was not true for MmsF, with three transmembrane
regions. MmsF was found to be extremely soluble (Rawlings et al. 2014). MmsF
characterisation revealed it to have self-assembled into soluble “proteinosome”
structures (Rawlings et al. 2014). Interestingly, MamF and MmxF (both homo-
logues of MmsF) that are not able to control the formation of magnetite formed
differently sized and more polydispersed proteinosomes (Rawlings et al. 2014), per-
haps suggesting the packing within the self-assembly to again be precise and critical
to magnetite formation.

5.3.3.2 Iron Binding and Proposed Magnetite Nucleation Function

To date iron binding assays have only been performed on Mms6 and MamC. The
data obtained for Mms6 clearly shows the iron binding activity is dominated by
interactions with the acidic aspartate and glutamate residues. Mms6 has seven
acidic residues within the magnetosome lumen-exposed C-terminus, while Mms7
has five, and the loop regions on MamC and MmsF have five and four, respectively
(Fig. 5.1). In addition, MamC, Mms7 and MmsF have an acidic and a basic region
in their magnetosome-exposed sequences, perhaps indicating a region for iron ion
binding (acidic) and a region for magnetite binding (basic). Mms6 binding studies
have typically been performed on ferric (Fe*) ions, the first being demonstrated by
Arakaki et al. that reported the discovery and in vitro function of Mms6 in 2003
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(Arakaki et al. 2003). This paper reported a competitive radioactive ion binding
assay which showed purified recombinant Mms6 binds Fe*, as well as Ca** and
Mg?*. Further, more quantitative ferric binding assays have been performed show-
ing both high- and low-affinity ferric iron binding modes at low pH (Wang et al.
2012). Experiments carried out at pH 7.5 with citrate chelators to solubilise the fer-
ric ions showed a ferric ion binding affinity of k, = 107! M, while mutants (with
scrambled C-termini) showed no significant binding, demonstrating the importance
of amino acid sequence in this area (Wang et al. 2012). Although there is a high
affinity for ferric ion binding to Mms6 at a pH that mixed valance iron oxides such
as magnetite are formed, there is no structural conformational change between the
ferric binding and metal free Mms6 peptide, shown in recent 2D NMR studies, sug-
gesting that the highly charged ferric ion could be interacting due to non-specific
electrostatic interactions with the acidic residues on Mms6 (Rawlings et al. 2016).
The findings from this works points to a need to assess the activity of Mms6 in situ,
suggesting that tracking the chemistry quantitatively throughout the magnetite for-
mation process is crucial to understanding the effect of the Mms6 in vitro. Delicate
pH titrations were used to assess the often subtle effect of Mms6 during the magne-
tite precipitation process (Rawlings et al. 2016). There is no significant difference
between the protein-free and Mms6-mediated precipitation at low pH (<pH 4) for a
range of different ferric/ferrous ratios. This is the stage in the reaction where more
insoluble ferric ions precipitate out as a ferric oxide (such as schwertmannite, hema-
tite, or ferrihydrite depending on the conditions). This is in agreement with Wang
et al. ferric binding assay which shows ferric ion binding affinities to be consider-
ably less at pH 3 compared to pH 7 (Wang et al. 2012). It is thus clear that binding
at low pH is not the main action of Mms6, being negligible when compared to the
bulk precipitation. It is only after the ferric oxides have precipitated out of solution
and the mixed valance iron oxides start to precipitate that a difference is seen in the
Mms6-mediated titrations, showing its marked effect at this stage (Rawlings et al.
2016). This supports the hypothesis that Mms6 is most active at higher pH when the
acidic groups are de-protonated and accessible for iron binding.

Interestingly Mms6 has the most marked effect in ferrous-rich ferric/ferrous ion
ratios, favouring increased magnetite production (20%) with Mms6 compared to
negligible amounts without protein (Rawlings et al. 2016). This suggests Mms6
directs mineralisation towards magnetite synthesis more markedly at ferrous-
dominant conditions that are further from the ideal conditions for magnetite forma-
tion, effectively “pulling” minerals formed towards magnetite in preference to
forming other iron oxides. Mms6 could therefore be acting as a “mineral/ferrous
ion buffer” (Rawlings et al. 2016). Furthermore, this study shows that Mms6’s
interaction with ferrous ions is of great importance. Binding assays showed a
change in structure of the Mms6 peptide (C20Mms6) with and without ferrous ions
by 2D NMR (Rawlings et al. 2016). Ferrous iron produced five fold greater side-
chain shifts in all the acidic groups of the DEEVE (49th-53rd amino acid)
motif compared to ferric iron, signify a stronger, more specific binding of ferrous
ions than ferric. Molecular modelling revealed multisite binding, suggesting Mms6
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is a multi-dentate ligand for ferrous ions with the most favourable interactions
between the glutamate 50 site and the adjacent carbonyl oxygen on the backbone
(Rawlings et al. 2016).

The research performed to date shows Mms6, MmsF and MamC all self-assemble
in aqueous solution. Furthermore, iron binding studies of Mms6 show strong spe-
cific ferrous and strong but less specific ferric binding above pH 4 at the stage in the
reaction that mixed valance iron oxides nucleate, especially magnetite. We see that
Mms6 binds both ferrous and ferric ions, but for a crystal of magnetite to grow,
increased quantities of iron ions need to be bound, and thus there is a need to have
a negatively charged iron ion binding surface that could be achieved through the
protein’s self-assembly. Therefore the evidence suggests that Mms6 is a magnetite
nucleating protein. This has clearly been visualised by Kashyap et al., showing iron
oxide nucleation on the surface of the Mms6 micelles in situ in a fluid TEM experi-
ment (Kashyap et al. 2014). Remarkably, iron ion association with Mms6 can
clearly be seen, and as the pH rises, small iron oxide particles visibly form across
the micelle surface (Kashyap et al. 2014).

In vitro Mms6 forms into 10—12 nm-sized Mms6 micelles and at pH 5 and above
(when the acidic groups are deprotonated) displays negatively charged surfaces for
iron binding. Both ferrous and ferric ions bind, through seemingly specific (ferrous)
or indiscriminately and abundantly (ferric), presumably in a 1:2 ratio, respectively.
For both, the DEEVE motif is the key binding region, concentrating mixed valence
iron on the surface to nucleate magnetite. It is interesting to compare this acidic
motif to the other proteins. Most comparable is MmsF which has a similar four
acidic residues in the form XXXZX (X = E/D, Z = V/R), albeit with the sequence
reversed to Mms6. Mms7 has two double acid residue sites, which could be pre-
dicted to be iron ion binding sites. Interestingly the acidic residues on the MamC
loop are well separated and appear quite different to the Mms6 binding motif, and
thus more research on this specific protein to identify binding motifs involved in the
iron binding mechanism is required. The spacing of bound ferric and ferrous ions is
critical to nucleate magnetite, and we suggest the GL repeat sequence in Mms6
provides this by interlocking packing, precisely spacing each protein. Evidence for
this hypothesis is shown in the fact that the C20Mms6 peptide surfaces (with no GL
repeat) cannot nucleate magnetite as effectively (Bird et al. 2016b). Furthermore, in
this same study, Mms6 and the C20Mms6 peptide only showed negligible interac-
tion with pre-formed magnetite, showing Mms6 has no specific affinity for a mag-
netite surface and thus must be active in the formation process before the magnetite
surface forms (Bird et al. 2016b). Again, it is indicative to see that the GL repeat
motif is common to all the single transmembrane proteins (Mms5, Mms6 and
Mms7) suggesting a common purpose.

We propose the action of Mms6 and the other Mms proteins (Mms7, Mms13 and
MmsF) in vivo is similar to in vitro. However, instead of self-assembling into
micelles or proteinosomes, within the magnetosome membrane, they would assem-
ble as protein rafts at the membrane interior. The protein rafts could be composed of
purely one type of protein or be a mixture (in the case of Mms5, Mms6 and Mms7
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as they have the common GL repeat). This could be very interesting to investigate
further. It is clear that Mms6 and Mms13 regulate the size of particles in vitro, while
there is clear evidence Mms6 and MmsF control the iron oxide formation to be
specifically magnetite. For Mms6 this size regulation is seen across a range of meth-
ods (approx. 21 nm), when nucleated on Mms6 micelles (Table 5.1). Interestingly,
Mms6 assembled on planar surfaces nucleates particles approximately 90 nm in
size, while MNPs within magnetosomes are 40-50 nm. The key difference between
all these systems is surface curvature, moving from convex to flat to concave,
respectively. We suggest this difference in degree and angle of contact between the
assembled protein surface and the mineral (along with nucleation physics) is another
important nucleation parameter that could be responsible for the different particle
sizes (Bird et al. 2016b).

It is thought that iron is transported into magnetosomes as Fe** with subsequent
partial oxidation to Fe* by specific oxidase enzymes. Interestingly Mms6 is the
most influential in ferrous-rich conditions, where magnetite is more chemically
challenging to achieve, but is expected to be dominant in magnetosomes. While the
pH inside magnetosomes has not been determined, it must be high enough to enable
magnetite to precipitate and thus the Mms proteins to be deprotonated and func-
tional. We propose raft assemblies of Mms6 that specifically bind ferrous and ferric
ions to specifically nucleate magnetite formation. Whether or not Mms6 (and by
inference the other Mms proteins discussed) is a nucleating or shape controlling
protein is debated in the literature. We have presented a nucleation argument for
Mms6 specifically, supported by the research discussed above. However, in vivo
mms6, mms7 and mmsF knockout mutant studies show poorly formed elongated
magnetite crystals, supporting morphological controlling activity. We believe mor-
phology and nucleation activities are coupled; if a particle is not nucleated properly,
it cannot form to the correct morphology. Equally nucleation from a specific crystal
plane will guide the final morphology.

5.4 Selected/Engineered Biomineralisation Proteins
for Solution Formation of MNP

Naturally occurring proteins and peptides are capable of both interacting with, and
affecting the formation of, different inorganic materials at the nanoscale. This makes
them ideally placed to play an important role in precision control of nanomaterial
fabrication in the future. However, these proteins are not without certain limitations.
Firstly, many, particularly magnetosome proteins, are water insoluble (require elab-
orate refolding strategies) or difficult to produce in large quantities. Secondly, the
magnetic materials required for future applications, such as magnetic data storage,
require magnetic properties that are not available from nature, so no naturally occur-
ring biomineralisation proteins for such materials can be exploited. Helpfully, there
are emerging strategies which allow biomolecules to be developed to overcome



114 A. E. Rawlings et al.

B Scaffold Proteins
i i Insertion Loops

Wash

Magnetotactic bacterium

Fig. 5.2 The link between magnetotactic bacteria, phage display and scaffold proteins. (a) A mag-
nified cartoon of the magnetosomes of magnetic bacteria including the transmembrane MamC
biomineralisation protein. (b) Examples of protein scaffold additives used for magnetite synthesis
in vitro. Left: MBP-MamC (PDB: 5E7U) (Nudelman et al. 2016). Top right: Adhiron protein scaf-
fold (PDB: 4N6T) (Tiede et al. 2014). Bottom right: apoferritin (PDB: SERK) (Pontillo et al.
2016). ¢ The biopanning cycles implemented during phage display; used in the production of
MIAs and modified ferritin cages

these challenges. These include (i) modification of existing biomineralisation pro-
teins to enhance stability, “expressibility”” and solubility, (ii) repurposing of existing
proteins to new mineralisation scenarios and (iii) development of entirely new pep-
tide sequences (Fig. 5.2).

5.4.1 Engineering of Magnetosome-Associated Proteins

Many proteins can be modified and adapted to make them more amenable to certain
characterisation or applications, and the biomineralisation proteins from magneto-
tactic bacteria are no exception. Mms6 has been modified with the addition of a
single cysteine residue at the N-terminal region (Bird et al. 2016a, b). The incorpo-
ration of this non-native thiol group to the Mms6 protein enables direct immobilisa-
tion on a gold substrate for QCMD measurements and nano-patterning techniques
(see Sect. 5.5.1). It is also possible to produce Mms6 as a C-terminal fusion to the
highly soluble maltose binding protein (MBP). By engineering a linker sequence
between the two proteins that is cleavable by tobacco etch virus protease, Mms6 can
be easily released from the fusion after expression and purification without the need
for lengthy refolding strategies (Galloway et al. 2012b).

Another example is where the maltose binding protein (MBP) has been used as
a protein scaffold to display peptide loops from magnetotactic bacteria. Nudelman
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et al. have demonstrated this by fusing the magnetite binding loop of the
biomineralisation protein MamC to the C-terminus of MBP (Fig. 5.2a & bi). Two
constructs were produced: one short peptide consisting of 17 amino acids (R-61 to
G77) and one longer peptide containing 21 amino acid residues (L57-G77). These
constructs were made to analyse the relationship between the structure of the MamC
loop and its binding capability to magnetite nanoparticles. For this investigation the
constructs were added to in vitro magnetite synthesis reactions. The use of the MBP
display scaffold aided the discovery of two important amino acid residues for
MamC binding to magnetite: Glu66 and Asp70 (Nudelman et al. 2016).

5.4.2 Peptide and Protein Biopanning Against MNP
5.4.2.1 Principles of Biopanning

Biopanning is a way of finding novel biomolecules (usually proteins or peptides)
which interact with specific substrates (Jijakli et al. 2016; Smith 1985). In this
approach, a diverse library of random peptides or proteins are created which have
variable amino acid sequences. This library is engineered so that an individual
sequence is expressed as a fusion to an endogenous protein exposed to the outer
surface of either a cell (cell display) or bacteriophage (phage display). Using a cell
or phage in this way is the crux of the biopanning technique, as both the protein and
the DNA, which encodes it, are physically linked together. This pool of proteins,
each displayed on a cell or virus, is then applied to the desired substrate material.
Some of the library members will contain a sequence which has a natural binding
affinity to the material and the others will not. By washing the substrate to remove
the non-binding sequences, the positive binders are effectively purified from the
pool and can be selectively eluted using, for instance, pH switching of the surround-
ing buffer. The cells or viruses collected in this way can then be amplified, and the
sequences of the binding proteins determined via sequencing of the encoding
DNA. In each successive round of binding, washing, elution and sequence amplifi-
cation, the positive binders which show strong affinity to the desired substrate are
selectively enriched. This results in a population of high-affinity binders to carry
forward for further analysis (Fig. 5.2c).

Biopanning in this way has uncovered a number of sequences which are able to
interact with a range of specific materials for either simple binding or for directed
material synthesis.

5.4.2.2 Magnetite Interacting Sequences

One such example of a system used for both magnetite binding and synthesis is the
Adhiron protein (Fig. 5.2bii). This is a monomeric protein scaffold that is stable
against a large pH range and high temperatures. This protein scaffold expresses well
in E. coli, and the X-ray crystal structure has been resolved to 1.75 A (Tiede et al.
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2014). The protein contains up to two loop regions. These loop regions were altered
so that they contained nine randomised amino acids which enabled a phage display
libraries to be constructed (Tiede et al. 2014). The Adhiron library, containing the
randomised loops, was screened against magnetite nanoparticle and, more specifi-
cally, magnetite cubes (Rawlings et al. 2015). This library was used to determine
whether any peptide sequences preferentially bound to the specific surface of the
iron oxide. These hits were named magnetite interacting Adhirons (MIAs) (Fig.
5.2bii). The library produced was found to be enriched with basic, lysine residues
(Rawlings et al. 2015). Adhiron proteins containing both a single loop and two
loops showed molecular recognition towards magnetite. Furthermore, these pro-
teins appeared to encourage the formation of cubic nanoparticles in room tempera-
ture co-precipitation (RTCP) reactions — indicating the protein holds the ability to
exhibit a degree of shape control on the forming magnetite nanoparticles (Rawlings
etal. 2015). It is expected that the Adhiron has a major role during the growth of the
crystal. It is likely that the MIA interacts with the magnetite crystal early, during the
crystal growth phase. This interaction may inhibit further growth at this face, there-
fore promoting growth of the other crystal faces, resulting in a cubic shape. Artificial
scaffolds, such as this one, have a number of benefits over naturally occurring pro-
teins (e.g. proteins that have been repurposed). The artificial scaffolds tend to have
increased solubility, expression levels and yields of production, especially when
compared to proteins such as transmembrane proteins.

In a different approach, short peptides in a phage display library were screened
for binding to magnetite (Baumgartner et al. 2014). For this application, phage dis-
play was not used for the direct assessment of peptide sequences, but it was used to
identify similar sequences in MTB that were likely to have magnetite biomineralisa-
tion capabilities (Baumgartner et al. 2014). This removes the need for extensive
mutagenesis experiments and subsequent in vivo analysis.

5.4.2.3 CoPt/FePt Interacting Sequences

Biopanning carried out by Reiss et al. in 2004 identified four peptide sequences that
show specificity for L1, FePt. These peptide sequences are HNKHLPSTQPLA,
SVSVGMKPSPRP, VISNHRESSRPL and KSLSRHDHIHHH (Reiss et al. 2004).
Similarly, an L1, CoPt specific peptide was identified by phage display by Klem
et al in 2005 with the sequence KTHEIHSPLLHK (Klem et al. 2005). All these
peptide sequences contain a large number of basic amine residues, such as lysine,
which is an excellent ligand to bind to Pt. Lysine is believed to be essential in the
mechanism for binding of high mobility group domain proteins to the Pt/DNA com-
plex that is formed in cisplatin-based therapies (Mikata et al. 2001). Therefore it is
likely lysine will bind to platinum during the synthesis of FePt and CoPt NPs. For
FePt HNKHLPSTQPLA was identified through biopanning against FePt NPs and a
thin film of L1, phase FePt; therefore this was the only peptide used in subsequent
experiments. In that study FePt NPs were produced by mixing FeCl,, H,PtCls and
NaBH, in a 1:1:1 molar ratio under ambient conditions, with 1 ml of engineered
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phage present. NPs with a diameter of 4 nm were produced, and selected area dif-
fraction patterns showed rings corresponding to (001), (110), (111) and (200). The
presence of the (001) and (110) planes indicates that a proportion of the NPs are in
the L1, phase (Reiss et al. 2004).

Magnetic measurements performed at 5 and 300 K showed coercivities of 1350
and 200 Oe, respectively (Reiss et al. 2004). The coercivity measured at room tem-
perature is lower than that expected for a sample containing L1, NPs. This could be
because the particles produced in the reaction are close to the SPM limit of L1, FePt
or the NPs have less L1, character than predicted. As a control experiment, FePt
particles were synthesised in the presence of a peptide that is not specific to FePt
(SPPRNYYSSMSS) (Reiss et al. 2004). From the SAED of these particles, only
one band can be seen, and this relates to the (111) plane of FePt; this plane is not
indicative of L1, and therefore suggests that very little chemical ordering occurs
when a non-specific peptide is used (Reiss et al. 2004).

5.4.3 Repurposing Protein Cages for MNP Synthesis

Protein cages can be used as a biotemplate in the synthesis of magnetic nanoparti-
cles. Due to the multiple subunit nature of protein cages, modification of a single
subunit will result in modification of the fully assembled cage. There are three sur-
faces that can be modified in a protein cage: the internal and external surfaces and
the interface between the subunits. Modification of a protein cage can result in the
formation of a biological template that has a high affinity for a specific material.

5.4.3.1 Unmodified Protein Cages
Ferritin

Ferritin is a naturally occurring, cage protein used for the storage and biomineralisa-
tion of inorganic minerals. The mammalian ferritin precursor, apoferritin, consists
of a 24-subunit assembly with a four-helix bundle forming a dodecameric cage. The
interior compartment of the protein is between 7 and 8 nm in diameter and can act
as a nanoreactor, promoting the synthesis of monodisperse nanomaterials in the
protein core. These nanomaterials can be used for a wide range of applications (Jutz
et al. 2015). The outer shell of ferritin can also be utilised. It can be functionalised
chemically or genetically. This functionalisation enables the ferritin protein shell to
act as a multivalent scaffold. For example, functionalisation of the protein shell can
render ferritin particles soluble in organic solvents, which can be advantageous for
many applications. This has been shown by Wong et al. (1999) and Sengonul et al.
(2007). Functionalisation of the outer surface of ferritin, combined with a controlled
inorganic core, gives technologically useful, biocompatible complexes. The core
acts as a template for the formation of monodisperse nanocrystals, with inorganic
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material becoming incorporated into the core through the internal channels or
through reversible disassembly and reassembly of the cage. Nucleation can occur
on the surface of the ferritin internal cavity; this occurrence depends on the metal
ion binding capability of the exposed charged amino acids on the protein.
Alternatively inorganic cores can form by directed mineralisation within the ferritin
cage; this is thought to occur by forming favourable electrostatic interactions with
the metal to induce crystal nuclei formation. The first mineral cores to be synthe-
sised within ferritin were iron sulphide and magnesium oxide (Meldrum et al.
1991). Later studies showed the formation of nanoparticles which possess proper-
ties that make them useful for various applications, such as magnetic nanoparticles
(i.e. magnetite). The magnetic properties of the MNP core can be altered without
changing the size of the crystal. This is because the size is tightly controlled by the
size of the channels and the rigidity of the protein template. Doping with other tran-
sition metal elements such as cobalt and manganese can increase the magnetic hard-
ness of the complex. The development of clinically applicable systems was enhanced
further upon the synthesis of gadolinium (III) oxide hydroxide by incubating a
gadolinium nitrate solution with ferritin (Sanchez et al. 2009).

As mentioned previously, phage display libraries have been designed to identify
peptide sequences that bind strongly and specifically to certain inorganic surfaces.
These sequences can be used to link inorganic particles to biomolecules fused to the
peptide. These peptides often exhibit stronger, more specific binding when attached
to a rigid scaffold. In phage display, the phage can occupy this role; however, once
the peptide has been released from the phage, it often requires attachment to another
display protein — such as ferritin. A specific binding sequence for titanium was
inserted into ferritin (via a DNA cassette encoding the peptide) between the first and
second codons of the L-chain gene. The horse L-chain that was used consists of 174
amino acids, arranged into four long helices. The adapted ferritin cages still main-
tain the capability to biomineralise iron but are also capable of selectively binding
other inorganic material, such as titanium, with a higher affinity than the titanium-
binding peptide in the absence of the ferritin scaffold (Sano et al. 2005).

MjHsp

A well-studied example of a protein cage is the small heat shock protein cage from
Methanococcus jannaschii (MjHsp). MjHsp assembles into an empty 24-subunit
cage with exterior and interior diameters of 12 nm and 6 nm, respectively. Large
3 nm pores at the threefold axes allow exchange between the interior of the cage and
the bulk solution (Kim et al. 1998). The protein cage is stable up to 70 °C and in a
pH range of 5-11. MjHsp has been used to encapsulate ferrihydrite through air oxi-
dation of Fe(I) in the presence of the protein cage; this is analogous to the ferritin
reaction (Flenniken et al. 2003). These particles were imaged using TEM, and an
average diameter of 9.0 nm was observed; the presence of iron was confirmed by
electron energy loss spectroscopy (EELS). As a control Fe(II) was oxidised in the
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absence of MjHsp, resulting in a rapid precipitation of bulk ferric oxide due to
unconstrained particle growth. Electron diffraction data suggested that the bulk
solution was consistent with lepidocrocite and the particles synthesised in the pres-
ence of MjHsp were consistent with ferrihydrite (Flenniken et al. 2003), suggesting
that the MjHsp protein cage acts as a constrained reaction vessel for the mineralisa-
tion of Fe(O)OH.

PepA

PepA is protein shell from Streptococcus pneumoniae that has a hollow tetrahedral
structure with a 6 nm interior cavity and a 12 nm exterior diameter. The cavity at the
centre has four wide channels at the faces of the tetrahedron and four narrow chan-
nels at the edges (San et al. 2013). The wide and narrow channels have a diameter
of 4 nm and 1 nm, respectively. PepA has been used to mediate the growth of CoPt
NPs inside the protein cavity under ambient reaction conditions (San et al. 2013).
The mechanism of how the protein shell mediates NP growth is unclear (Douglas
et al. 2002). However, it has been suggested that it occurs via a complementary
electrostatic mechanism. In this proposed method, it is thought that Co** and Pt*
diffuse in and accumulate in PepA through the channels. The positively charged
precursor metals interact with the negatively charged interior of the cage resulting
in the formation of nucleating intermediates. CoPt NPs then grow by further deposi-
tion at the NP seeds (Douglas et al. 2002).

CoPt NPs synthesised using this method have a size range of 1.1-2.8 nm. The
1.1 nm particles exhibit superparamagnetic behaviour, while NPs greater than
2.1 nm exhibit ferromagnetic behaviour but only at 5 K. XRD data shows diffraction
peaks at (111), (200), (220) and (311) all of which are typical for CoPt. Coercivities
of 775 and 800 Oe were observed for particles of 2.1 nm and 2.8 nm, respectively,
and a general trend of decreased magnetisation was observed as particle size
decreased (San et al. 2013).

Dps

Dps is a ferritin-like protein from the bacteria Listeria innocua that forms a
12-subunit cage structure with 3:2 tetrahedral symmetry (Bozzi et al. 1997). The
Dps protein has some motifs that are structurally similar to ferritin and also contain
a ferroxidase centre. The cage has an exterior and interior diameter of 9 and 6 nm,
respectively. Ferrimagnetic Fe;O, nanoparticles have been synthesised by the con-
trolled oxidation of iron at an elevated temperature (65 °C) and pH (8.5). The sam-
ples were characterised via TEM, and a narrow size distribution of 4.5-6.0 nm was
identified with an average of 500 Fe atoms per cage (Allen et al. 2002; Bozzi et al.
1997). It is also possible to synthesise Co;O,4 nanoparticles in the Dps protein cage
by substitution of Co (II) for Fe(II) (Allen et al. 2003).
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5.4.3.2 Modified Protein Cages

By combining sequences obtained from phage display with protein cage architec-
tures, magnetic nanoparticles can be synthesised inside the protein cavity, resulting
in a high level of control (Fig. 5.2biii).

MjHsp

MjHsp has external and internal surfaces that can be chemically or genetically mod-
ified. The sequence for the L1, phase of CoPt peptide (KTHEIHSPLLHK) was
incorporated at the N-terminus of the protein cage, which expressed on the inte-
rior (Klem et al. 2005). Reaction of Co(II) and Pt(II) salts under reducing conditions
led to the formation of CoPt NPs inside the protein cages. Nanoparticles synthesised
in this reaction were analysed by TEM and have a mean diameter of 6.5 nm, which
corresponds to the interior diameter of the protein cage (Klem et al. 2005).

Magnetic measurements of MNPs produced in the presence of the modified pro-
tein cage showed a coercivity of 150 Oe at room temperature. No hysteresis was
observed at room temperature for NPs mineralised in the presence of the wild-type
protein cage; instead a superparamagnetic component was identified, and this is
consistent with the absence of L1, structure (Klem et al. 2005). High-temperature
annealing (650 °C) leads to a coercivity of 650 Oe for NPs mineralised with the
modified protein cage. This high-temperature annealing step leads to the alignment
of the c-axis and therefore increased magnetism (Klem et al. 2005). However, high-
temperature annealing can cause agglomeration of adjacent particles, which
increases particle size and size distributions, therefore removing the advantages of
the biotemplating process.

CPMV

The cowpea mosaic virus (CPMYV) is an example of a virus that has been used for
the formation of MNPs. CPMYV is 28 nm in diameter, and the surface of the virus
particle has exposed amino acids suitable for the attachment of proteins (Love et al.
2014). For example, there are exposed amines (lysine), carboxylates (aspartic acid
and glutamic acid) and hydroxyl (tyrosine) groups. Exposed functional groups have
been used to conjugate surface amines to a peptide that directs specific mineralisa-
tion processes. Peptides specific for the mineralisation of FePt (HNKHLPSTQPLA)
and CoPt (CNAGDHANC) were bound to CPMV through chemical coupling of
exposed surface amine groups (Aljabali et al. 2011a, b). The peptide that has been
used in this study for the mineralisation of CoPt is different from that in previous
studies (KTHEIHSPLLHK); this is because it is not specific for the L1, phase of
CoPt but just to the mineralisation of CoPt (Klem et al. 2005). By attaching these
peptides to the surface of CPMYV, CoPt- and FePt-coated nanospheres with a diam-
eter of 32 nm could be formed at room temperature (Aljabali et al. 2011b).
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5.5 Patterned Surface Arrays of MNP Using Proteins
and Peptides

In the previous section of this chapter, we have clearly identified active peptide
regions of both Mms proteins and biopanned selected MIA (magnetite) proteins and
explained how they may control nucleation and crystal growth/morphology. These
proteins and “easier to produce” mimics have been used extensively and reliably as
additives to control magnetite MNP formation in “green” chemical precipitation.
Additionally, this has been expanded into the synthesis of other MNP materials such
as CoPt using active peptide regions, and these can be displayed on cage protein
scaffolds. Furthermore, we have explored the potential of such a route for nanotech-
nological applications, namely, high-density data storage. In this section we expand
on this in vitro methodology to develop more complex architectures, producing
MNPs attached to surfaces and the patterning of these surfaces to make defined
arrays of MNPs on surfaces (Fig. 5.3). In doing so, we are expanding the function

Interferometric Lithography Microcontact printing

\
1
[}
]
[}
[}
I # Addition of protein/peptide
1
1
1
[}
[}
[}
I,

\!

l
1
1
1
|
1
l
1
1
1
1
i
|
|
7

-

Fig. 5.3 Schematic outlining the two methods of patterning discussed, micro-contact printing and
interferometric lithography. Scanning electron micrograph images show patterns produced using
these two methods: (a—¢) Mms6 biotemplated MNP arrays patterned by IL (Bird et al. 2016a), (d,
e) cys-CoPt peptide biotemplated MNP arrays patterned by IL (Galloway et al. 2016) and (f-h)
HCP cobalt-doped magnetite arrays (Bird et al. 2015) and (i, j) pCP patterned arrays of CoPt
(Galloway et al. 2016). Scale bars represent: (a) 2 pm, (b) 1 pm, (¢) 500 nm, (d) 20 pm, (e)
200 nm, (f) 100 pm, (g) and (h) 25 pm, (i) 20 pm and (j) 2 pm (Images are reproduced with permis-
sion from The Royal Society of Chemistry)
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of the protein, giving it a dual purpose. This is because the protein precisely controls
the particles’ composition, size and/or morphology while also locating and immo-
bilising the particle on the surface to facilitate patterning.

The first benefit of mineralising MNPs on proteins displayed on surfaces is that
this 2D arrangement more closely mimics the 2D native lipid membrane environ-
ment of the protein in vivo. This has been used as a model to understand how the
protein functions. However, the key motivation behind producing protein-templated
MNPs in arrays on surfaces is the potential to develop a “green” biosynthetic
method to produce precise and tailored nanodevices, specifically high-density data
storage media (see Sect. 5.4.2). To this end, bio-additives to control the formation
L1, Pt-alloy MNPs are particularly relevant as ideal information storage nanoparti-
cles. Magnetite and L1, CoPt MNPs biotemplated on surfaces are therefore dis-
cussed in this section.

The methodology can be broken down into three distinct components:

1. The type of MNP to be patterned and thus the choice of protein or peptide. In this
section we will review the formation of magnetite MNPs on surfaces using
Mmsb6, ferritin cages, CoPt in ferritin cages and the CoPt-binding peptide
KTHEIHSPLLHK previously discussed.

2. The method of attachment to the surface. Patterning a self-assembled monolayer
(SAM) with contrasting functional groups is a well-established field of surface
chemistry. Briefly, a thin film composed of long-chain organic molecules with a
head group that bonds directly to the surface and a functional tail self assembles
into a monolayer in a dense brush-like configuration. SAMs were first discov-
ered in the 1940s (Bigelow et al. 1946), but the field of surface science using
SAMs developed rapidly from the 1980s onwards with the crucial development
of thiol-SAMs where a sulphur head group binds to gold surfaces (Nuzzo and
Allara 1983) and trichlorosilane-SAM using silane’s affinity to silica (Maoz and
Sagiv 1984). SAMs offer tight control over the surface characteristics. For
example, a terminal carboxylic group will give a hydrophilic SAM surface,
whereas an alkane tail group will give a hydrophobic SAM surface. This level of
control and flexibility of SAM surface chemistry, along with the advent of
nanoscale analytical instrumentation over this time, leads to a revolution in sur-
face science over the last few decades led by researchers such as Whitesides (Qin
et al. 2010). Generally, the physisorption of a hydrophobic protein or fraction of
a protein onto a hydrophobic SAM can be used as a non-specific form of pattern-
ing, demonstrated in later sections (Arakaki et al. 2009; Martinez et al. 2011).
For a more specific attachment, polyethylene-terminated alkanethiol (PEG)
SAM molecules are used. These are hydrophobic and create a SAM surface on
gold that resists biofouling by the protein. These can be patterned with hydro-
philic carboxylic acid-terminated PEG-alkanethiols (PEG-COOH) where the
COOH group can be activated to form a peptide bond with a primary amine of
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the protein to attach it (Lahiri et al. 1999; Rusmini et al. 2007). This creates a
surface with distinct regions of protein-attached and protein-repellent areas.
However, this multistep process is not trivial, and more simple routes have been
explored using the direct attachment of a protein to the substrate by modifying
the protein with a cysteine amino acid or “silica affinity peptide” end group to
strongly and specifically bind directly to the gold or silica surface, respectively.
In this method a PEG SAM surface is patterned by particle attachment to an
alternative SAM on the surface in the chosen pattern or removing some PEG
leaving exposed a pattern of underlying substrate so the protein can bind directly
to it (Bird et al. 2015, 2016a; b; Galloway et al. 2015, 2016).

. The method of patterning the surface. In this section we discuss two patterning
methods. The first is the soft lithographic technique of micro-contact printing
(pCP)/nanocontact printing (nCP) which is a cheap and versatile stamping
method. Here a PDMS elastomer stamp is “inked” with the chosen SAM mole-
cule and printed onto the substrate surface. Once the master stamp is made, the
method is easy to use and can accommodate a range of patterned designs.
However, as it is a manual process, there are issues with reproducibility and
quality of the pattern, limiting the patterning feature size to about 1 pm (below
this more complex PDMS materials are required). To pattern reliably below this
size, we consider a second patterning method: interferometric lithography (IL).
IL uses the interference pattern of a split laser beam (using a Lloyds mirror
arrangement) to etch a pattern in the SAM down to 20 nm scale features (Fig.
5.3).

The literature is summarised by these categories in table below (Table 5.2).

Table 5.2 Summary of protein and peptide directed magnetic nanoparticle arrays

Patterning method
Micro-contact printing IL
Attachment to
Material | protein SAM Substrate Substrate
Fe;O, | Mms6 Au-SAM (Galloway | Au-Cys (Birdetal. | Au-Cys (Bird et al.
et al. 2012a, b) 2015, 2016b) 2016a)
Si0,-SAM (Arakaki
et al. 2009)
Ferritin Si0,-SAM (Martinez
etal. 2011)
CoPt Ferritin No patterning, self-assembled on surface (Mayes et al. 2003)
Peptide Si0,-DAP (Galloway | Au-Cys (Galloway
et al. 2015) etal. 2016)
Au-Cys (Galloway
etal. 2016)
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5.5.1 Mms6-Mediated Magnetite Patterned Surfaces

The first report of protein-mediated synthesis of magnetite on a surface was in 2009
where Mms6 was used to direct the location of magnetite MNP synthesis (Arakaki
et al. 2009). An octadecyltrimethoxysilane (OTS) SAM molecule was used to form
a hydrophobic SAM on a silica surface. A macroscale pattern was formed by simply
pipetting Mms6 onto the surface. Mms6 is thought to physisorb to the hydrophobic
surface via its N-terminal region, presumably exposing the more hydrophilic iron
ion binding region to the mineralisation process. Contact angle measurements
showed the hydrophobic surface became hydrophilic after protein addition. Iron
oxide was mineralised on the Mms6 areas, but not on the hydrophobic areas of the
surface. Mineralisation was not seen on areas covered in a control protein, BSA
(Arakaki et al. 2009).

In 2012 this idea was advanced by Galloway et al. who improved this protocol by
attaching Mmsb6 to the surface specifically by the N-terminal amine, ensuring the
protein is in the correct orientation (with the C-termini active and exposed) to con-
trol magnetite MNP synthesis (Galloway et al. 2012a). This method was the first to
demonstrate pm patterning using a pCP method to form 20 pm squares. Here a
hydrophobic PEG SAM was patterned on a gold surface, and a 10% PEG-COOH
SAM was backfilled into the non-SAM patterned regions. Proteins can be bound to
COOH groups via their N-termini through a covalent peptide bond.

Ethyl(dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) form an activated ester on a carboxylic acid surface, which preferentially
bind to the N-terminal amine of a protein, when the protein is buffered to ~1 pH
point below its isoelectric point (pI) (Lahiri et al. 1999; Rusmini et al. 2007). This
protocol was subjected to extensive optimisation for different mineralisation condi-
tions and analysis (Galloway et al. 2012a, b) and showed that the magnetite MNPs
formed on the surface have a very narrow size distribution but are much larger than
MNPs formed in an Mms6-mediated in vitro synthesis and bigger than those grown
in the native magnetosome. Although this method clearly demonstrates the activity
of Mms6 and its ability to pattern MNP on surfaces, the EDC/NHS attachment adds
an additional synthetic step. Therefore the attachment method was altered by modi-
fying the Mms6 protein to bind directly to the substrate. A cysteine residue was
added to the N-terminal region of Mms6. The sulphur atom of the cysteine binds
directly to the gold surface. The SAM patterning protocol was unchanged, but now
instead of backfilling with a PEG-COOH SAM to bind the protein, the Cys-Mms6
protein backfills directly onto the exposed gold areas. This was successfully
achieved by Bird et al. in 2015, and importantly the patterning was much cleaner
(Fig. 5.3f-h) (Bird et al. 2015). Furthermore, this meant that the size of the pattern
could be reduced to the pCP limit of 1 pm wide lines that showed excellent defini-
tion between the MNPs and the SAM (Bird et al. 2015). Importantly the MNPs
formed on these surfaces were smaller than the SAM bound Mms6 surface MNP. At
90 = 15 nm they are closer in size to native magnetosomes and have tighter popula-
tion distribution.
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The patterning methods so far have gone from the macro- to the microscale, but
are not yet on the nanoscale. Therefore, the cysteine-modified Mms6 protocol was
advanced in 2016 by Bird et al. with the patterning method of IL (Fig. 5.3a-c) (Bird
etal. 2016a). A PEG SAM surface was prepared and 350 nm wide lines were etched
to expose the underlying gold, and the Cys-Mms6 protein was deposited into these
areas. Mineralisation on these surfaces occurs with high pattern definition and
yields well-defined magnetite MNPs of a size and distribution in agreement with the
previous study (86 + 21 nm). The size increase of MNP on surfaces compared to the
solution phase and the native magnetosome may be a result of the curvature on the
environment the Mms6 protein is displayed in (see Sect. 5.2) (Bird et al. 2016b).
Work with Mms6 demonstrates the potential of this methodology to pattern arrays
on MNPs on surfaces down to the nanoscale for potential nanodevice fabrication.
However, although magnetite has many uses, it is not the ideal material for data
storage, and Mms6 restricts the size of the MNPs to dimensions which are too large
for many applications.

5.5.2 Ferritin-Mediated MNP Patterned Surfaces

Ferritin has been successfully electrostatically absorbed on pCP patterned surfaces,
reported by Martinez et al. in 2011 (Martinez et al. 2011). Approximately 360 nm
wide OTS SAMs were stamped on a silica surface, and this was backfilled with
3-aminopropyltriethoxysilane (APTES). The negatively charged ferritin adsorbed
onto the positively charged amino-terminated APTES, giving strips approximately
400 nm wide. Interestingly, by varying the pressure on the stamp, only the edges of
the strips can be printed leading to a different pattern of alternating 400 nm and
90 nm ferritin strips. The iron mineral inside the ferritin is ~7 nm ferrihydrite and
thus poorly magnetic. In this study they heat their surfaces to 500 °C in O, to remove
the ferritin protein cage. Further plasma etching in O, causes the size of the iron
oxide particles to decrease to 2 nm. While this demonstrates good patterning of
biotemplated iron oxides on surfaces within a ferritin cage, the heating step should
perhaps be avoided as the effect this has on the iron oxide core has not been assessed
and the magnetism of the particle cores are low. Interestingly, the ferritin cage has
been used as a template to mineralise other MNPs (see Sect. 5.3). However, we have
only found one example of these immobilised on a surface reported by Mayes et al.
in 2003 (Mayes et al. 2003). CoPt was deposited within apoferritin to form 7 nm
CoPt particles. These were predominately the semicrystalline fcc disordered phase.
They were assembled on a silica substrate surface which was then subjected to high-
temperature (500-650 °C) annealing to obtain the L1, phase. Mayes argues that the
ferritin not only defines the MNPs size but also provides a shell to prevent sintering
and agglomeration during the annealing step. Although the ferritin protein is
removed during annealing, and the particles are seen to cluster somewhat after this
step. This highlights the clear advantage in being able to remove all high-temperature
processes related to fabrication. Most interestingly, the authors performed a contact
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drag test to assess information recording and reading. Although the surfaces need
optimisation, there is a promise to this method as a clear read-back signal is
demonstrated.

5.5.3 Peptide-Mediated CoPt Patterned Surfaces
5.5.3.1 Dual Affinity Peptide

Previous biopanning experiments carried out by Klem et al. in 2005 identified one
key peptide sequence (KTHEIHSPLLHK) that binds to the L1, phase of CoPt
(Klem et al. 2005). This CoPt-binding peptide has been used to create a dual affinity
peptide (DAP) that is able to bind to a silica surface (Galloway et al. 2015). The
DAP contains a peptide sequence known to bind to silica (HPPMNASHPHMH)
connected to the CoPt-binding peptide by a flexible linker (GSG) so the DAP has
the sequence HPPMNASHPHMH-GSG-KTHEIHSPLLHK (Eteshola et al. 2005;
Klem et al. 2005). In this study surfaces were prepared via p.CP. A PDMS stamp was
inked with 1 mg/ml CoPt-DAP solution, and after 1 min excess solution was
removed and the stamp dried. The inking and drying procedure was repeated at least
ten times before the stamp was placed into conformal contact with a silicon surface.
The surface was then placed into a reaction of Co(II) and Pt(II) salts under reducing
conditions, at room temperature. This led to the formation of CoPt NPs attached to
a silica surface via the DAP. X-ray diffraction data suggests that the DAP is able to
biotemplate the L1, phase of CoPt (Galloway et al. 2015). This is due to the pres-
ence of (001) and (100) planes that are expected for CoPt L1, reflections. It is
thought that the DAP is able to lower the activation energy for the formation of L1,
phase in the aqueous phase. This is because the DAP is more closely packed when
on a silica surface and therefore may enhance crystallographic alignment and
improve the templating abilities of the peptide. Another possibility is that the pep-
tide may organise particles into the tetragonal phase and aid in the reduction to
metallic CoPt when bound to the surface (Galloway et al. 2015).

However, magnetisation data shows that the coercivity is very low and this could
be because the biotemplated L1, MNPs are not aligned in the same way as sputtered
L1, films. When hysteresis measurements have been carried out for sputtered films
that have misaligned grains loops with reduced or no coercivity were observed.
Therefore, it is possible that the magnetic orientations of the MNPs are not aligned
correctly to achieve maximum coercivity.

5.5.3.2 Cys-CoPt Peptide
The peptide (KTHEIHSPLLHK) previously identified from biopanning as being

specific to the L1, phase of CoPt has been further modified for attachment onto
surfaces. The modification involved incorporation of a cysteine amino acid residue
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connected to the original peptide via a flexible linker (GSG), C-GSG-
KTHEIHSPLLHK (Galloway et al. 2016).

In this study IL and pCP were used to pattern gold surfaces allowing nano- and
microscale lines to be produced. In IL PEG SAMs were first formed on the surface
and then exposed to the interferometer. Regions that were exposed to the interfer-
ometer resulted in removal of the SAM to reveal bare gold. For pCP the PEG SAM
was applied to the surface using a PDMS stamp, and bare regions on both IL and
pCP surfaces were then backfilled with cys-CoPt peptide before mineralisation of
CoPt. SEM images of the biotemplated surfaces show that regions functionalised
with cys-CoPt were covered in a densely packed thin film of MNPs, whereas PEG
SAM regions remained free of any NPs. An average line width of 226 nm and
6.1 pm was observed for lines of CoPt NPs generated by IL (Fig. 5.3d-e) and
pCP (Fig. 5.31,j), respectively (Galloway et al. 2016). Grain size analysis was per-
formed on these SEM images, and NPs mineralised using cys-CoPt had an average
diameter of 12 nm (Galloway et al. 2016). A previous study that uses a dual affinity
peptide to mineralise NPs had an average diameter of 17 nm (Galloway et al. 2015).
Therefore this suggest that immobilisation of the cys-CoPt peptide onto a substrate
enhances its ability to control the formation of uniform MNPs. As the cys-CoPt is
shorter than the DAP, this could result in closer packing of the peptide onto the
surface and enhance templating of smaller more uniform particles. EDX data for the
biotemplated surfaces shows that CoPt has been formed in a 1:1 stoichiometric ratio
by using the cys-CoPt peptide. This is typical for L1, CoPt. From XRD and SAED
data, peaks that correspond to the (001), (101) and (110) planes of L1, CoPt were
observed for the biotemplated surfaces. CoPt; peaks were also present, but values
for these were not as close to literature values. Therefore, due to the EDX data, the
peaks on the XRD were tentatively assigned as L1, CoPt. No L1, structure was
observed for bulk particles, therefore suggesting that immobilisation of the cys-
CoPt peptide to a surface shows control over the particles formed (Galloway et al.
2016).

Magnetic data indicated that the nanoparticles formed on the surface were fer-
romagnetic at room temperature with coercivities of 20-30 Oe. This is lower than
expected for L1, CoPt. To achieve high coercivity of the L1, phase, the c-axis needs
to be aligned perpendicular to the surface (Galloway et al. 2016). Therefore, as the
biotemplated surfaces in this study have a low coercivity, it suggests that they lack
this c-axis alignment. Mineralisation was also carried out in the presence of a 0.2 T
magnetic field; these surfaces did not show any increase in coercivity and had a lack
of long-range ordering.

5.6 Conclusion

This chapter has shown that specific proteins can act as powerful tools in controlling
the synthesis of magnetic nanoparticles. Proteins derived from the magnetosome,
such as Mms6, MmsF and MamC, display remarkable self-assembly properties
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when studied in vitro and retain the ability to reduce the heterogeneity of nanopar-
ticle products in synthetic MNP precipitation reactions. Not only can these proteins
be used synthetically, but they provide a valuable model system for understanding
protein-mediated biomineralisation. They also provide a proof of concept for the
successful utilisation of proteins in magnetic material synthesis, and the field has
now widened to encompass designed proteins such as the MIA and the re-engineering
of naturally occurring proteins such as the heat shock protein MjHsp.

One important element of the magnetosome, which is often overlooked, is the
presence of the lipid vesicle. Constraining the synthesis of magnetite within the
lumen of the magnetosome offers a level of size control of the magnetite nanopar-
ticle which is hard to achieve any other way. Studying biomineralisation proteins
such as Mms6 in a water-soluble micelle may be quite different compared to when
the protein is embedded in the magnetosome membrane. An important future direc-
tion for this field will be the incorporation of such proteins into vesicle structures to
create artificial magnetosomes. This approach would provide two distinct advan-
tages over solution phase synthesis: (i) it offers a close to native environment in
which to study the mechanism of each protein, and (ii) it can provide a further level
of control over MNP synthesis and may result in particles with a higher degree of
homogeneity than can be achieved with the protein alone. Steps towards this goal
have already been made, with the successful precipitation of iron oxides within lipid
and polymer vesicles (Bain et al. 2015a, b; Bakhshi et al. 2016). Introducing pro-
teins into this type of system could lead to new advances and insights.

In addition to the benefits on particle formation, if used on surfaces, these pro-
teins have a dual role of forming and binding the particles while simultaneously
anchoring them to the surface. This has been demonstrated successfully with Mms6
on gold surfaces patterned with both IL and micro-contact printing. A similar
approach has been used with CoPt nanoparticles using a dual affinity peptide which
has binding interactions with both the CoPt NP and the silica surface. These
approaches demonstrate the flexibility available to the protein engineer, as a single
protein can be designed to fulfil two key roles.

We are entering a critical era for protein-mediated nanomaterial synthesis. The
understanding gleaned from the wealth of previous studies, some of which are high-
lighted in this chapter, coupled with advances in material synthesis, protein engi-
neering and new patterning technologies, will lead to new innovations in this
fast-moving field. A future with cleaner, cheaper and more precise magnetic
nanoparticles is moving a step closer to reality.
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Chapter 6

Fabrication of Nanodevices Using
Nanoparticles Synthesized in Cage-Shaped
Proteins

Ichiro Yamashita

Abstract Fabrication of nanostructures by biomolecules, termed the “bio nano
process (BNP),” has been proposed, and the process utilizes the biotemplated
biomineralization of inorganic materials and self-assembly. NP synthesis by geneti-
cally modified cage-shaped proteins, ferritin, and DNA-binding protein from
starved cells, Dps, is the most basic part of the BNP. The BNP can produce homog-
enous NPs inside cage-shaped protein. NP growth is limited by the protein shell and
the same size NP can be produced. The surrounding protein shells deliver/array the
accommodated NPs at designated positions through the interaction of the protein
and inorganic material surface. Even a single NP placement to a nanodisk on a sub-
strate is possible. In such placement and arraying, aptamer and electrostatic interac-
tions play the important roles. Obtained NP arrays are proved to be able to fabricate
key components of nanoelectronic devices through the integration of top-down and
bottom-up technology. The BNP can also produce three-dimensional bioconjugate
of cage-shaped proteins and CNTs. This new material has a quantum effect and high
thermal insulation by the protein shell. The measurement of thermoelectric proper-
ties confirmed that this bioconjugate is a new type of thermoelectric materials.

6.1 Introduction

Nanoparticle (NP) is one of the most fundamental nanotechnology components.
The nanoparticles (NPs) have intriguing functions originated from their small sizes,
such as quantum effects, high catalytic activities, superparamagnetism, and
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Fig. 6.1 Schematic drawing of the key components of nanoelectronic devices which the bio nano
process is proposed to produce

enhanced surface plasmon, which cannot be realized by bulk materials. When the
NPs are arrayed or constructed in two-dimensional/three-dimensional (2D/3D)
structures, new functions emerge, which we cannot imagine by simply summing up
NP’s properties. Emerging new functions are deriving from the spatial distribution
and nanometoric size itself. NPs have the potential for revolutionizing material
design and producing completely new functional nanostructured material. These
properties have fascinated researchers these several tens of years. A wide range of
NP applications, such as magnetic recording media, biomedical magnetic beads,
catalysts, fluorescent markers, sensors, ink, drug delivery systems, and quantum
electronics, are being studied intensely.

Lots of methods have been studied, including physical, chemical, and biological
methods for NP synthesis. Each method has its own specificities to satisfy applica-
tion demands. Among those demands, homogenous size and dispersity in solution
are commonly important. Since the NP properties are strongly connected to their
sizes, nonuniformity directly leads to the fluctuation of their properties. NPs which
are easy to aggregate and/or form collective clumps are cumbersome to handle, and
such NP clumps lose their splendid properties. For the construction of 2D/3D func-
tional nanostructures, homogenous and dispersive NPs are indispensable.

About 15 years ago, we proposed a biological process which produces nanoelec-
tronic key components utilizing biomineralization and self-assembly of biomole-
cules, which was named bio nano process (BNP) (Yamashita 2000). Figure 6.1
shows schematic drawing of some examples of the functional nanostructures pro-
posed to be produced by the BNP. The BNP utilizes a wide range of biotemplates to
produce NP, nano-wire, nanotube, and other nanomaterials.

Biological NP synthesis is one of the most intensely studied fields of the
BNP. NPs are synthesized in the cavity of cage-shaped protein (biotemplate). The
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methods have essential merits. Firstly, the cage-shaped proteins have atomically the
same structure. Although many kinds of proteins alternate their tertiary structures
depending on the circumstances, there are many structural proteins which have the
same structure. Cage-shaped proteins are such examples including many kinds of
virus protein shells. The X-ray crystallography technique clearly shows their shell
structures in atomic resolution, which indicates their structure is atomically the
same. When NPs are synthesized in the cavity, the size of the NPs should be the
same, if the NP developed fully inside the cavity. Secondly, NPs are covered by the
protein shell. The NPs are protected by the protein shell which makes the NP-protein
bioconjugate dispersive. The protein surface is able to be modified genetically and
control the interaction with other proteins, biomolecules, and inorganic materials.
This provides tremendous merits. The bioconjugate can make 2D/3D structure
spontaneously or in a self-assembly manner. The bioconjugates could be aligned on
some area of the substrate by its specific interaction between protein shell and pat-
tered layer on a substrate. Furthermore, bioconjugate can make 2D/3D nanostruc-
tures through their interactions. The fabrication of a functional nanostructure far
smaller than the micro-objects is made much easier by using NPs produced with
cage-shaped protein template.

6.2 Biotemplate for Nanoparticle Synthesis, Ferritin,
and Dps

There are many cage-shaped proteins applicable for NP synthesis. The BNP has
been focusing on ferritin and Dps (DNA-binding protein from starved cells). Ferritin
is a ubiquitous iron storage protein among wide variety of lives (Fig. 6.2). Since
excessive iron ions are toxic under oxidative conditions, the iron ions beyond the
normal limits are stored in a ferritin as a ferrihydrite core, and the iron ions are sup-
plied back as ferrous ion when required. The horse spleen apoferritin (HsAFr) struc-
ture was solved by X-ray crystallography, and the structure and function have been

(@)
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Fig. 6.2 Schematic drawing of ferritin assembly where 24 subunits self-assemble into a cage-
shaped protein shell (a). Iron ions go through the threefold channel and are condensed around
nucleation site to produce ferrihydrite core (b). A ferritin with NP core with four subunits is elimi-
nated (b)
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well studied (Clegg et al. 1980; Levi et al. 1988; Harrison et al. 1991; Lawson et al.
1991; Massover 1993; Gallois et al. 1997). Other kinds of ferritins were also solved
by X-ray crystallography, and their structures are surprisingly the same. The sub-
units are 4-alpha-helix bundles, and 24 subunits form a spherical cage-shaped pro-
tein. Its outer and inner diameters are 12 nm and 7 nm, respectively. Native protein
supramolecule shell is composed of 24 heterogamous subunits and H- and L-chains.
Their molecular weights are 21 kDa and 18 kDa, respectively, and the ratio of the
H- and L-chains varies depending on species and tissues. In the case of horse spleen
ferritin, the constituent ratio is 90% L-chains and 10% H-chain. Fifty-five percent
of their sequences are identical, and they form a bundle of four antiparallel helices
(A-D) and a C-terminal short helix (E) and a long loop connecting helices B and
C. The H-chain has a metal-binding site which has ferroxidase activity, and L-chain
has Cd-binding sites which can make salt bridge with other L-chains. The subunits
are preferentially organized in dimeric building blocks and ideally suited to the
generation of a molecular assembly, protein shell, with 432 symmetry. There are
eight small inter-subunit channels connecting the outside and inner cavity along
threefold axis (threefold channel) which is adopted as the passage of iron ions. The
cage-shaped protein without core is called apoferritin and with iron core is called
ferritin. The iron core formed by the apoferritin contains about 4500 iron atoms.
We produced recombinant H- and L-apoferritins (rHF and rLF), which are
homopolymers composed of H- and L-chain subunits from horse spleen apoferritin.
Figure 6.3 shows the thermal stabilities of native ferritin, rHF, and rLF. Fer-8 is a
rLF derivative which lacks the first eight residues from N-terminus, and FerO is the
rLF. In the case of native ferritin, the heat capacity increased around 60 °C which
indicates dissociation of the subunits starts as low as 60 °C. Compared to the native
ferritin, recombinant ferritins’ denaturation starts at higher temperatures. The lower
subunit-dissociation temperature of the native ferritin may come from the situation
that their subunits are heterogeneous and slight structural differences make the
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native ferritin less stable than homopolymer apoferritins. It was clearly indicated
that the recombinant rLF has greater stability than rHF. The mutational studies indi-
cated that both intra- and interchain contacts are important for ferritin stability
(Yoshizawa et al. 2007). Based on thermal stabilities, we employed L-apoferritin
(rLF) as a biotemplate to synthesize artificial cores, NPs.

We also used Listeria innocua Dps (DNA-binding protein from starved cells) as
a biotemplate to synthesize smaller NPs. The protein shell is composed of 12 sub-
units, and the structure of the subunit was a 4-alpha-helix bundle and quite similar
with ferritin subunit except the absence of helix E. Its outer and inner diameters are
9.5 nm and 4.5 nm, respectively (Bozzi et al. 1997; Su et al. 2005; Kornelius 2012).
Like apoferritin, Dps has small channels connecting its cavity and outsides through
which irons can be introduced. Dps can accumulate about 500 iron atoms within its
cavity through a process facilitated by a ferroxidase center (Yoshizawa et al. 2007).
By surveying appropriate solution conditions, NP can be synthesized artificially in
the Dps cavity (Iwahori et al. 2007; Okuda et al. 2010).

6.3 Nanoparticle Synthesis Inside Ferritin and Dps Cavities

In preceding ferritin works, native apoferritins purified from tissues were com-
monly used (Harrison and Arosio 1996; Meldrum et al. 1991, 1992, 1995; Mann
1993; Douglas et al. 1995; Douglas and Stark 2000; Allen et al. 2003). We employed
more stable recombinant apoferritins as a biotemplate, as well as native ferritin,
horse spleen ferritin (HsAFr). We adopted a one-pot synthesis method, because the
method is suitable for mass production due to its simplicity.

We first studied metal oxide/hydroxide NP biomineralization (Tsukamoto et al.
2005; Okuda et al. 2003). Apoferritin inner surface has areas of collective negatively
charged amino acids which are putative nucleation sites. Since the electrostatic
inner potential is lower than outsides (Takahashi et. al. 2003), positively charged
ions, metal ions are easy to be introduced inside through the threefold channel, and
ion concentration in the cavity is much higher than outside. As a result, metal oxide/
hydroxide nuclei would be formed at the putative nucleation sites much faster than
outside. Once the core is formed, the surface could work as self-catalytic way, and
the metal ions would form selectively inside the cavity. Based on such assumption,
we tried biomineralization of several kinds of metals and succeeded to synthesize
metal complex cores, such as Fe, Cr, Co, and In oxide and Ni hydroxide.

One example of metal oxide NP synthesis is cobalt oxide (Co;0,). Cobalt oxide
(Co3;04) NP was synthesized in HsAFr, rLF, and Fer8 (Tsukamoto et al. 2005). A
throughout survey of optimum conditions for the Co;O, core synthesis was carried
out. 3 mM Co(II) ion, 0.5 mg/mL apoferritin, and 100 mM HEPES pH 8.3 buffer
solution were added to hydrogen peroxide (H,0,) and kept at 50 °C. Upon H,0,
introduction, Co (II) ion started oxidization. After overnight incubation, Co;0,
cores were formed in over 90% of apoferritin cavities. The synthesized core analy-
sis by X-ray photoemission spectroscopy (XPS) and electron energy-loss
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spectroscopy (EELS) proved that they contained cobalt atoms, and the X-ray pow-
der diffraction (XRD) structure analysis confirmed the core structure as Co;0,. The
elevated temperature was important to synthesize Co;0,.

Metal hydroxide NP is also successfully synthesized. Nickel hydroxide NPs
were fabricated by mixing ammonium nickel sulfate solution with 0.3 mg/mL
HsAFr and 5 mM ammonium nickel sulfate containing dissolved carbon dioxide
(Okuda et al. 2003). The pH was kept at 8.65 by a mixture of 150 mM HEPES (pH
7.5) and 195 mM CAPSO (pH 9.5) with 20mM ammonium. Ammonium ions made
nickel ions stable and suppress bulk precipitation. It was shown that the carbonate
ions are indispensable for Ni hydroxide core formation. The core formation ratio
was nearly 100%. The synthesized NPs were characterized by energy dispersive
X-ray spectrometry (EDS), and nickel-specific peaks (7.5 KeV and 0.9 KeV) were
observed. The synthesized core was Ni hydroxide.

After successful synthesis of metal complexes, we tried compound semiconduc-
tor NP synthesis. Wong et al. applied incremental addition of source ions and syn-
thesized CdS NP in the cavity with diameters of 2.5 nm and 4.5 nm (Wong and
Mann 1996). We newly designed a slow chemical reaction system (SCRY) for one-
pot synthesis method and succeeded to synthesize compound semiconductors
(Yamashita et al. 2004).

In the case of CdSe NP, synthesis by the SCRY was carried out as follows.
Chemical reaction between Cd** and Se’~ is very fast in aqueous solution and pro-
duces CdSe aggregation very quickly. Cd** was first stabilized by excess ammonia.
Four ammonias coordinate Cd** ion and form stable tetraaminecadmium ions
(Cd(NH,),**). Se?~ ions are supplied by selenourea which degrades very slowly and
releases Se*~ for several hours. Even when Se?™ ions are supplied into the solution,
tetraaminecadmium ions are so stable that CdSe synthesis is very slow in the bulk
solution. On the other hand, when tetraaminecadmium releases positively charge
Cd* ion near the threefold channel, Cd** ion had a chance to enter the cavity and
was condensed at nucleation sites. When Se?~ ions enter the cavity by chance under
such conditions, CdSe nuclei are instantaneously formed. Once the nuclei are made,
the CdSe surface works as a self-catalyst, and homogeneous CdSe semiconductor
NPs are synthesized in the cavity. The consumption of Cd** and Se*~ by the crystal
growth in the cavity further lowers the nucleation rates in the bulk solution. As a
result, chemical reaction speed difference between outside and cavity was so large
that CdSe NP is only produced in the cavity.

An optimized reaction solution was 0.3 mg/ml HsAFr, | mM cadmium acetate,
1 mM selenourea, 7.5 mM ammonia water, and 40 mM ammonia acetate which
produced homogeneous CdSe NP in the HsAFr cavity (Yamashita et al. 2004). XPS
data confirmed that the NPs are composed of Cd and Se. After removal of the pro-
tein shell by 500° C heat treatment, a set of fairly sharp XRD peaks was observed,
and the core structure was determined to be a cubic phase (zinc blend) CdSe with a
little hexagonal phase (wurtzite). The average diameter of the obtained CdSe cores
using TEM images was 7 nm, which is the same as that of the apoferritin cavity. The
dispersion of diameters was small, and the standard deviation of the diameter was
less than 10% of the average diameter. The SCRY can be applied in various
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Ferritin

CdSe cds InS Fe;04
Fig. 6.4 TEM images of artificially synthesized NPs inside cage-shaped proteins. Images were

negatively stained by 1% aurothioglucose which is too big to go through the channels and cannot
stain the cavity

Dps

semiconductor NP syntheses. Homogenous ZnSe, CdS, ZnS, and NPs are success-
fully synthesized in the HsAFr and rLF. (Iwahori et al. 2005, 2009; Iwahori and
Yamashita 2007, 2008)

We succeeded to mineralize lots of other materials inside cage-shaped protein.
Among them were CdSe, Au,S, Co;0,, Ta,0s, ZnO, Cu(OH)x, Ni(OH)x, InOx,
ZnSe, CdS, ZnS, CuS, AgS, and PtS inside ferritin and Fe;0,, Fe-Oxide, ZnO,
Cu(OH)x,Ni(OH)x, InOx, ZnS, CuS, and PtS inside Dps (Fig. 6.4).

6.4 Nanoparticle Arraying and Placement

For making nanoelectronics key-component as shown in Fig. 6.1, the synthesized
NPs should be arrayed or placed on the designated area or positions. The protein
shell of the cage-shaped protein plays an important role in this process. We employ
two kinds of interactions. One is specific binding by peptide aptamer, and the other
is controlled electrostatic interaction.

Aptamer is a target-specific binding peptide. We obtained aptamers by bio-
panning utilizing M 13 phage display. M13 phage display combinatorial library of
random 12 amino acid peptides, more than billions of different peptides at its end,
were used. The phages were reacted with target inorganic materials. After washing
by buffer solution, the M13 phages strongly bound to target material are eluted from
the target surface and amplified by E. coli. This procedure was repeated several
times to select the phage with the target-specific binding peptides. The genetic
information for the 12 amino acids was analyzed, and its sequences were determined.
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Fig. 6.5 SEM image of
Au NPs selectively
delivered to Ti oxide
surface by the porter
protein TFG. Ti oxide
layer was formed left half
by sputtering

In some cases, alanine scan was carried out, and unnecessary amino acids were
eliminated from the sequences. We mainly used titanium (Ti)-binding peptide, car-
bonaceous material-binding peptide, and gold-binding peptides (Sano et al. 2005a;
Kase et al. 2004; Brown 1997).

Fer-8 subunit was modified by a titanium (Ti)-binding peptide (TBP, MRKLPDA)
at N-termini and gold-binding peptides (GBP) at the C-termini, named TFG. The
subunits can make stable dimmers, and these dimers were mixed with 15-20 nm Au
NP and incubated. Negatively stained TEM observation showed that Au NPs were
dispersive and surrounded by the dimers. After purification, solution of Au
NP-protein conjugates (TFG-Au) in 50 mM Tris-HCI pH 8 and 150 mM NaCl with
0.1-0.2% Tween 20 was put onto the substrate with Ti oxide pattern. The substrate
was washed with pure water and dried. Figure 6.5 shows the SEM image of the
TFG-Au conjugates on the substrate. The Au NPs were only distributed on the Ti
oxide layer. TFG-Au NPs were closely packed, but NPs were dispersive because of
the surrounding porter proteins. Plasmonic properties of Au NP were the same with
original Au NPs, and AU NPs should be plasmonically insulated by the outer shell.
This result clearly shows it is possible that protein with aptamers can catch specific
nanomaterial and deliver them at the designated position or areas without aggrega-
tion (Zheng et al. 2010, 2011).

Another aptamer method was realized by mutant ferritins which displayed
Ti-binding peptides on its outer surface. The mutant was proved to be able to
biomineralize several kinds of nanomaterials as a core. The mutant ferritin showed
strong affinity to the Ti oxide surface (Sano et al. 2005b; Yamashita et al. 2006), and
naturally, core NP inside the cavity was delivered onto the Ti oxide patterns. A hex-
agonal 1.5-nm-thick Ti pattern with a diagonal length of 130 nm was made on a sili-
con substrate. A drop of solution of the mutant ferritin with NP was put on the
substrate and, after 1 h, intensely washed by buffer and pure water. SEM observation
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Fig. 6.6 AFM image of Ti hexagonal pattern (left). SEM image of mutant ferritin adsorption on
the Ti pattern at pH 6.7 and pH 7.4 and fast Fourier transform of the corresponding SEM image
(right). White dots represent the accommodated NPs

clearly showed that the mutant ferritins were bound only on the Ti pattern. Moreover
fast Fourier analysis indicated that ferritins are hexagonally close-packed (Fig. 6.6)
(Matsukawa et al. 2009). This simple delivery and array method is a promising
method to make new functions such as mini-band NP structures.

We also modified the ferritin subunit to have carbonaceous material-binding pep-
tide which binds to carbon nano-horn materials (Kase et al. 2004). Aptamer against
carbonaceous materials (NHBP-1) was genetically attached at the N-termini of the
subunit, and the mutant ferritin could bind to carbon nanotubes. Judging from its
sequence, they are hydrophobic; even the mutant ferritins are well-soluble in the
aqueous solution. The well-dispersive characteristic could be due to the electrostatic
repulsive force among mutant ferritins which are net negatively charged around
neutral pH. It was expected that the mutant ferritins would have attractive forces
among them when they are enforced to be close enough for aptamers to interact
each another. Based on this assumption, we prepared Si substrate covered by poly-
ethylene glycol (PEG, MW 2000 or 4000) with the spin-coat technique. PEG layer
is soft and allows mutant ferritins to move slightly in lateral direction after adsorp-
tion, which will lead to rearrangement of the ferritins and formation of 2D crystal-
line array (Tsukamoto et al. 2012).

Mutant ferritin solution was put on the PEG-coated substrate, and excessive
solution was spun out. Figure 6.7 shows a SEM image of ferritin adsorption on
PEG-coated SiO,. White dots represent the accommodated NPs. Several hexagonal
closely packed ferritin array domains with diameters of larger than 200 nm were
assembled. The FFT result from 200 x 200 nm? area showed six peaks correspond-
ing to a hexagonally close-packed NP array. The mutant ferritins were pushed down
to the PEG-coated substrate during the spin-dry and condensed. During being two-
dimensionally confined on the substrate, short-range hydrophobic attractive force
might have made them form 2D crystalline array (Tsukamoto et al. 2012).
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Fig. 6.7 SEM image of ferritin adsorption on PEG-coated SiO, substrate (a), the schematic draw-
ing of apoferritin with flappy carbonaceous material-binding peptides without four foreground
subunits (b), and the fast Fourier transfer (FFT) result from 200 x 200 nm? area (c)

Repulsive field
by 15*ferritin

XL
Z 5
== -

1% ferritin at the center of APTES disk

Fig. 6.8 Schematic for single ferritin adsorption onto APTES disk. The negative charge-enhanced
ferritin adsorbs onto the APTES disk center, and the second approaching ferritin will be repelled

The controlled electrostatic interaction is another method to handle the NPs.
Precise control of electrostatic interaction between net negatively charged cage-
shaped protein and nanometric positively charged pattern on the Si substrate can
deliver cage-shaped protein with NP in a one-by-one manner (Fig. 6.8) (Yoshii et al.
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APTES Disk

Fig. 6.9 SEM image of a single mutant ferritin on a 45 nm APTES disk. Iron oxide NPs in ferritins
are observed as bright white dots, where APTES disks are observed as dark areas. Each APTES
disk has single ferritin molecule. Red marks on a ferritin show amino acid replacement points
(inset)

2009; Sano et al. 2005c¢). Ferritin outer surface has negatively and positively charged
amino acids, and its net charge is negative around neutral pH. We enhanced the
surface more negative by genetically replacing lysine residues to glutamic acids. We
produced positive circular 3-aminopropyl-triethoxysilane (APTES) patterns with
45 nm of diameter on Si substrate surface which was oxidized and highly negative.
Numerical Poisson-Boltzmann equation calculations were carried out under a vari-
ety of conditions to generate a three-dimensional electrostatic potential showing a
funnel-shaped path for ferritin to reach the positive nanodisk center. Under such
conditions, it was expected that the first adsorbed ferritin cancels APTES-positive
potential and another ferritin cannot approach the APTES disk.

The simulation indicated that under appropriate ionic strength, i.e., Debye length,
single mutant ferritin with NP can be adsorbed on an APTES disk. Following the
simulation, adsorption experiment was carried out, and Fig. 6.9 is the result. The
SEM image clearly showed that the ferritin with NP is positioned at the APTES disk
with 200 nm intervals, one by one. It was confirmed that precisely controlled elec-
trostatic interaction could place a single ferritin on an APTES disk. The delivered
independent NPs were used as catalysts for carbon nanotube growth and metal-
induced lateral crystallization (MILC). There are also many other applications of
the independent NP array.



146 I. Yamashita

.......... 1
10-5 1
—
S, i
g |
5 0
-8
= 10 r J Vgsweep
3 i
< | -AV/+4V
© —0—
= 410-11 - -10V/+10V
(m]
1

8 6 -4 20 2 4 6 8 10
Gate voltage (V)

20 nm

Fig. 6.10 Schematic drawing of floating nanodot gate memory (FNGM) and the cross-sectional
TEM image (left). Ip-Vg characteristics of FNGM with Co-NPs synthesized and arrayed by ferritin
(right)

6.5 Some Applications

6.5.1 Floating Nanodot Gate Memory Applications of NPs
Produced and Arrayed by Ferritin Molecules

The introduction of the BNP into the Si process was a big challenge. It was out of
question to introduce biomaterials into the semiconductor process and bring them
into clean rooms. We first applied the BNP to produce the charge storage nodes of
floating nanodot gate memory (Miura et al. 2006). Floating nanodot gate memory
(FNGM) is a MOS-FET equipped with NP array or charge storage nodes in the
control oxide layer above the MOS channel. Ferrihydrite and Co;O4 NPs were syn-
thesized in apoferritin or Dps. The obtained samples were put on a size exclusion
chromatography with salt-free buffer, which produced the salt-free ferritin/Dps
solution. This solution contained less than 50 ppm sodium and could be introduced
in Si process. Using interaction of the outer protein shells and substrate, they are
two-dimensionally arrayed on a thin tunnel SiO, layer above the channel. After
protein elimination by heat treatment at 500 °C for 10 min in oxygen gas or UV/
ozone treatment, which was confirmed by AFM, FTIR, and XPS measurements, the
NPs were buried in the control thick oxide layer. In the case of a two-dimensional
array, the density was around 5-8 x 10!!/cm? for ferritin and up to 1.8 x 10'*/cm? for
Dps. After electrodes had been deposited, post-metal annealing under forming gas
(Hy/N,, 10%/90%) was carried out at 450 °C for 1 h. TEM observation clearly
showed that NP retained spherical shape and dispersed. No aggregation was
observed. Each NP was embedded completely surrounded by SiO, (Fig. 6.10).
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The Ip-Vg curves of the fabricated FNGM showed that a narrow gate voltage
sweep produced the typical Ip-Vg curve of a normal n-channel MOS-FET. When the
gate voltage swept from —10 V and +10 V, the I,-V curves showed a hysteresis and
threshold voltage (V) at which I shuts off, depending on the sweep direction
(Miura et al. 2006). When positive gate voltage was high enough, the electrons in
the n-channel tunneled into the NP array and shut off the drain current at the higher
gate voltage. On the other hand, when the negative gate voltage was low enough,
holes were stored in the NP array and worked in reverse. This hysteresis demon-
strated that the FNMG with NPs produced and arrayed by apoferritin can work as a
good memory. The endurance test of the FNGM confirmed that degradation was
negligible up to 10° cycles of program/erase operation. The retention time or charge
confinement time was measured up to 10,000 s. It was confirmed that the charge can
be stored for practical lengths of time (Miura et al. 2006).

This is the first legitimate introduction of proteins into the Si process. The BNP
can also produce one-dimensional array of NPs by modifying the adsorption condi-
tions. This one-dimensional NP array was applied to ultrashort junctionless transis-
tor. The produced transistor showed ultra-large hysteresis and good memory effect
(Ban et al. 2015). The BNP for FGNM is further developing using ferritin and Dps
and has been improving (Yamada et al. 2007; Ban et al. 2015; Miura et al. 2008;
Kamitake et al. 2015).

6.5.2 Carbon Nanotube (CNT) Synthesis Using Cage-Shaped
Protein

Since NPs synthesized in ferritin and Dps are nanometric and homogeneous, the
NPs are suitable catalysts after protein elimination (Kim et al. 2001; Kramer et al.
2005; Jeong et al. 2005; Takagi et al. 2007; Kumagai et al. 2010; Sugano et al.
2016). Dai et al. synthesized CNTs using ferritin (Kim et al. 2001). Naik et al. used
Dps to produce CNTs (Kramer et al. 2005). In addition to the homogeneity, Kumagai
et al. used the position-controlled ferritin placement technique to grow CNTs.
Periodically placed single ferritin, utilizing the same process shown above, made
NP array with 50 nm interval after protein elimination. The NPs worked as cata-
lysts, and CNT grew vertically to have made a CNT forest (Kumagai et al. 2010).
Isono et al. used CNT forest grown from ferritin iron oxide core array to fabricate
micromechanical resonator-type gas analyzer. They selectively placed ferritins with
iron oxide cores on the resonator, and after protein elimination, they produced CNT
forest using the iron oxide cores as catalysts. The density and location of CNT forest
were well-controlled. The produced analyzer with CNT forest as gas adsorber
showed clear sensitivity (Fig. 6.11) (Sugano et al. 2016).
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Fig. 6.11 SEM image of micromechanical resonator-type gas analyzer. CNTs were selectively
grown on the central resonator which worked as gas absorber. Inset is the schematic drawing of the
resonator and CNTs

6.5.2.1 Bioconjugate of CNT and Dps

The BNP can construct not only two-dimensional (2D) functional structures on
semiconductor substrate but also three-dimensional (3D) structures. One of the 3D
structures by BNP is a bioconjugate of carbon nanotubes (CNTs) and Dps protein
with inner NP. We genetically modified the Dps by attaching carbonaceous material-
binding peptides (NHBP-1) to the N-terminus of the Dps subunit. Mutant proteins
expressed in E. coli were found to self-assembled into cage-shaped protein, named
NHBP-Dps. NHBP-Dps could form NPs of iron oxide, compound semiconductors,
Co30,, and so on in its cavity. Mixing the NHBP-Dps with NP and CNTs produced
a nanostructure where CNTs were surrounded by NHBP-Dps and the NHBP-Dps
caught other CNTs (Kobayashi et al. 2011). A NHBP-Dps with NP was sandwiched
by two CNTs. The NP inside could be a quantum dot, and protein shell could form
tunnel junctions. Soft attachment by the aptamers realized that intact CNT proper-
ties were preserved.

Electronic properties of the single-wall carbon nanotubes (SWNTSs) conjugated
with NHBP-Dps with Co;O0, NP were characterized (Kumagai et al. 2012). The
NHBP-Dps (Co;0,) was mixed with the SWNTs in 20 mM HEPES-NaOH (pH 7.5)
in a final concentration of 0.3 mg/mL each. Ultrasonication was applied for 5 min,
and the solution was centrifuged at 15,000 rpm for 10 min at 4 °C. TEM observation
of the supernatant showed SWNTs were covered by the NHBP-Dps (Co;0,). The
same nanostructures could be produced using ferritin molecules. Solution of
SWNTs conjugated with NHBP-Dps (Co;0,) was dropped onto a pair of Au/Cr
electrodes with 1-2.5 pm gap. 1 MHz 6V for 5-10 s was applied to align the SWNT
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Fig. 6.12 SEM imaged of the conjugate material at electrode gap (left). Current-voltage charac-
teristics of the obtained conjugate (right). Inset is a schematic drawing of tunnel junction formed
in SWNTs conjugated with NHBP-Dps (Co;0,)

parallel to the electric field with dielectrophoresis effect. The sample was baked at
110 °C for 5 min and dried. Figure 6.12 shows the current-voltage characteristics of
the buffer-free bioconjugate network. The coulomb blockade suppressed current at
low bias voltage. It was suggested that the formation of conductive paths as a result
of Co oxide reduction within NPs caused the hysteresis. The results indicated that
the bioconjugates can be a new type of 3D hetero-material and novel properties
generated by the conjugation were expected.

6.5.3 Bioconjugate of CNT and Dps for Thermoelectric Device
Application

Nakamura et al. applied the bioconjugate of CNT and Dps to thermoelectric device
(Fig. 6.13) (Ito et al. 2014). CNTs have mechanically high strength, lightness, and
high electric conductivity and are expected to produce flexible thermoelectric devices.
The CNTs, however, have a large thermal conductivity and fairly low Seebeck coef-
ficient. CNT-Dps bioconjugates could overcome these weak points. CNTs were
mixed with NHBP-Dps with semiconductor core in solution under appropriate condi-
tions, and CNTs were covered partially by NHBP-Dps. The obtained conjugates were
condensed and observed by TEM. The condensed black material had many CNT/
NHBP-Dps/CNT junctions. It was predicted that phonon is scattered at the CNT/soft-
shell interface which suppresses heat flow of the conjugates and reduces the thermal
conductivity significantly. This leads to generate a stepwise temperature difference
across the junction. The large temperature difference generates an asymmetric Fermi-
Dirac distribution of electrons/holes in the both side CNTs. This asymmetry cause
unidirectional electrons/holes flow through the conduction/valence band of the core.
This phenomenon is a new type of Seebeck effect.
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Table 6.1 Thermoelectric properties of pristine CNT, CNT/Dps(Fe), and CNT/Dps(CdSe)

Thermal

conductivity Seebeck Electrical Relative ZT

(m/WKk) coefficient (V/K) | conductivity (S/cm) | (at 300 K)
CNT(pristine) | 17.2 +£0.47 33.1 0.30 1
CNT/Dps(Fe) |2.0+0.03 563+ 11.5 0.84 +0.07 1071
CNT/ - 28054 0.21 +£0.11 (66)
Dps(CdSe)

The conjugate films of NHBP-Dps with iron oxide NP and CNTs were produced,
and their thermal and electrical properties were measured. Thermal conductivity
was markedly suppressed and Seebeck coefficient increased. As a result, the figure
of merit, ZT = «>cT/k (a,6,x and T are the Seebeck coefficient, electrical conductiv-
ity, thermal conductivity, and absolute temperature, respectively), is increased over
1000-fold. They also made the conjugates with NHBP-Dps with CdSe core, and the
ZT was calculated to be increased around 66-fold (see Table 6.1) (Ito et al. 2014).
The results demonstrated that the BNP can produce nanostructures for new-type
thermoelectric materials easily under ecofriendly conditions.

6.6 Conclusion

It was demonstrated that the proposed bio nano process (BNP) can produce several
kinds of homogenous NPs inside cage-shaped protein. Under the biotemplated
biomineralization, the same size NP can be produced, and the surrounding protein
shell can deliver the accommodated NPs at designated positions and locations. Site-
specific binding peptides anchor the NPs at designed areas/positions. Precise
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control of electrostatic interaction can place a single NP onto an APTES nanodisk
formed on substrate. The BNP can produce and place a variety of NPs. These NPs
realize a variety of functions such as charge storage nodes for floating nanodot gate
memory, catalysts for carbon nanotube growth, a quantum well in heterogeneous
junctions, and nanoetching masks. It is proved that the obtained NP array is able to
fabricate key components of nanoelectronic devices through the integration of top-
down and bottom-up technology. As shown in this paper, the BNP is capable of
producing functional nanostructures otherwise impossible by other methods.

The BNP is now proving the usefulness of biomolecules’ bottom-up nanotech-
nology in the nanoelectronic device fabrication and that the integration of top-down
and bottom-up technology is a powerful tool. The BNP is expanding its applica-
tions. This biological approach producing and handling NPs is now opening up a
new path toward the fabrication of functional nanostructures realizing new devices
which operate on completely new mechanisms.
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Chapter 7

Biogenic and Bio-inspired Syntheses
of Hierarchically Structured Iron
Compounds for Lithium-Ion Batteries

Hiroaki Imai

Abstract This chapter shows biogenic and bio-inspired syntheses of hierarchically
structured iron compounds for lithium-ion batteries. Iron-reducing bacteria produce
spherical microparticles consisting of iron(Il) phosphate nanosheets. Lithium iron
phosphate (LiFePO,) with a hierarchical morphology including a high specific sur-
face area is obtained from biogenic iron(II) phosphate via a hydrothermal reaction.
The biogenic iron(Il) phosphate and microbially derived LiFePO, show reversible
charge-discharge performance as anodes and cathodes of lithium-ion batteries,
respectively. The precursors of y- and a-FeOOH with a high specific surface area
are prepared through a microbial-mineralization-inspired approach in aqueous solu-
tions. Subsequent thermal treatment under tuned conditions facilitates the syntheses
of y- and a-Fe,O; without the collapse of the hierarchical structures and the high
specific surface area. The resultant iron compounds are applicable for the electrodes
of lithium-ion batteries, adsorbents, and catalysts.

7.1 Introduction

Biominerals produced by organisms possess hierarchical architectures composed of
inorganic-organic composite materials (Gao et al. 2003; Young et al. 1999; Hamm
et al. 2003). Their sophisticated architectures are valuable for practical usage as
various functional materials. Several microorganisms produce transition metals or
metal compounds by the oxidation or reduction of metal ions (Klaus et al. 1999;
Konishi et al. 2006; Labrenz et al. 2000; Banfield et al. 2000; Hashimoto et al. 2007;
Gorby et al. 1988; Arakaki et al. 2003; Villalobos et al. 2003). Specifically, biogenic
iron compounds are produced by iron-oxidation bacteria including magnetotactic
bacteria (Banfield et al. 2000; Hashimoto et al. 2007; Gorby et al. 1988; Arakaki
et al. 2003). The biogenic iron oxides are known to provide good performance as
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Scheme 7.1 Experimental procedure for the production of biogenic iron(II) phosphate and micro-
bially derived lithium iron phosphate (Reproduced from Kageyama et al. 2015 with permission
(Copyright 2015 The Royal Society of Chemistry))

functional materials. The application of the biogenic iron compounds has been
studied for polymerization catalysis (Kanazawa et al. 2012) and enzyme carriers
(Ema et al. 2011). Moreover, amorphous iron-based oxide nanoparticles produced
by aquatic bacteria show potential as an anode material for lithium-ion batteries
(Hashimoto et al. 2014).

Many metal compounds have been applied as anode and cathode materials for
lithium-ion batteries (Reddy et al. 2013). Iron oxide (Thackeray et al. 1982; Larcher
et al. 2003; Armand and Tarascon 2008; Cherian et al. 2012; Taberna et al. 2006;
Reddy et al. 2007; Das et al. 2013; Petnikota et al. 2015), iron nickel oxide (Cherian
et al. 2013), sulfide (Wu et al. 2011; Bernardi and Newman 1987) and phosphate
(Son et al. 2004) were studied as anode materials owing to the electrochemical
conversion reaction to lithium ions. As cathode materials of iron(Il) compounds for
lithium-ion batteries, lithium iron phosphate (LiFePO,) has a high theoretical capac-
ity and high thermal stability (Padhi et al. 1997; Yuan et al. 2011). Morphological
control of the cathode materials is very important to enhance the interdiffusion of
the lithium ion and electron transfer. A variety of hierarchical structures in anode
and cathode materials including LiFePO, were synthesized by bio-templating
methods (Nam et al. 2006; Xia et al. 2011, 2012, 2013; He et al. 2013; Chang et al.
2014; Shim et al. 2015; Tao et al. 2014a, b, 2015).

In the first part of this chapter, biogenic minerals produced by a microorganism
are described as useful practical anode and cathode materials with a particular nano-
structure (Kageyama et al. 2015). As shown in Scheme 7.1, biogenic iron(II) phos-
phate was produced by the iron-reducing bacteria Shewanella algae, and microbially
derived LiFePO, was prepared from the biogenic iron(II) phosphate using a hydrother-
mal and a calcination process. The two iron compounds had a specific morphology
assembled from nanometric sheets. The biogenic iron(II) phosphate and the micro-
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bially derived LiFePO, showed electrochemical charge-discharge reactions as an
anode and a cathode, respectively. The biogenic products were investigated for their
potential as anode and cathode materials for lithium-ion batteries.

The mineralization processes of biogenic metal oxides have attracted much inter-
est in terms of biology, crystal growth, and application (Ghiorse 1984; Konhauser
1998; Fortin and Langley 2005; Tebo et al. 2005; Banfield et al. 2000; Arakaki et al.
2008; Weber et al. 2006). Iron-oxidizing bacteria produce trivalent iron oxides, such
as lepidocrocite (y-FeOOH), goethite (a-FeOOH), and ferrihydrite (5Fe,05-9H,0)
in aqueous media (Ghiorse 1984; Cornell and Schwertmann 2003). The specific
surface area of biogenic ferrihydrite was estimated to be over 90 m? g=! (Nishina
etal. 2012; Langley et al. 2009; Jambor and Dutrizac 1998). Generally, it is not easy
to synthesize iron oxides with such a high specific surface area (Tuutijdrvi et al.
2009; Hu et al. 2006; Jiao et al. 2006; Huang et al. 2011; Tang et al. 2011; Brezesinski
et al. 2006; Tartaj et al. 2011; Zhong et al. 2007). In the second part of this chapter,
one of the structural characteristics is focused: biogenic metal oxides have a high
specific surface area over of 100 m> g=! (Nishina et al. 2012; Langley et al. 2009;
Jambor and Dutrizac 1998; Nelson et al. 1999; Villalobos et al. 2005). The synthe-
ses in aqueous media at a low temperature may involve the formation of such nano-
structures of biogenic iron oxides.

Recently, a microbial-mineralization-inspired approach has been shown for the
syntheses of iron and manganese oxides with controlled oxidation states, crystal
phases, and morphologies in aqueous solution (Oaki et al. 2012; Oaki and Imai 2007a,
b; Oba et al. 2010). The selective syntheses of y-FeOOH, a-FeOOH, and ferrihydrite
were achieved in aqueous solution (Oaki et al. 2012). Since the syntheses through a
microbial-mineralization-inspired approach proceed in an aqueous solution at a low
temperature, the resultant oxyhydroxides could have nanostructures with a high spe-
cific surface area comparable to that of the biogenic ones. If iron oxyhydroxides with
a high specific surface area are obtained as the precursors, an appropriate thermal
treatment directs the formation of trivalent iron oxide (Fe,0;) without a decrease in
the surface area. y-FeOOH and a-FeOOH are precursors for the preparation of y-Fe,O5
and a-Fe,0; m? g7/, respectively. The tuned conditions for the thermal treatment led
to the formation of y-Fe,O; and a-Fe,O; with a high specific surface area of over
100 m? g=!. The resultant y-Fe,O; was applied to a cathode material of a lithium-ion
battery and an adsorbent of an organic dye molecule (Yagita et al. 2013).

7.2 Biogenic Iron Compounds

7.2.1 Biogenic Production of Iron(II) Phosphate
(Kageyama et al. 2015)

Scheme 7.1 shows the experimental procedure for the production of biogenic
iron(II) phosphate and microbially derived lithium iron phosphate. The iron-
reducing bacteria, Shewanella algae strain BrY, were obtained from the American
Type Culture Collection (ATCC no. 51181). Detailed procedures for the production
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Fig. 7.1 X-ray diffraction (XRD) pattern (a and b), SEM (c and d), and TEM (e and f) images of
the biogenic products cultured for 5 days. Sharp signals assignable to Fe;(PO,), were observed for
the products after aging in water for 20 months (b). The TEM image (f) was focused on the yellow
dashed square in (e) (Reproduced from Kageyama et al. 2015 with permission (Copyright 2015
The Royal Society of Chemistry))

of biogenic iron(Il) phosphate and subsequent reactions were described in a previous
article (Kageyama et al. 2015). The microbial iron(IT) phosphate sample was obtained
with the reduction of iron(IIl) ions by a culture of the iron-reducing bacteria at
30 °C. The biogenic products were reacted with an aqueous solution dissolving
LiOH-H,0 and L-(+)-ascorbic acid under a hydrothermal condition at 200 °C. The
carbonization of the organic additives in the resultant products was conducted at
450 °C under an argon flow condition.

7.2.2 Characterization of Biogenic Iron(II) Phosphate

A yellow-green colored powder was obtained from the microbial medium after the
culture for 5 days. The presence of a broadband around 26 = 6° suggests that the prod-
ucts have a layered structure (Fig. 7.la). Scanning electron microscopy (SEM)
(Fig. 7.1c, d) and transmission electron microscopy (TEM) (Fig. 7.1e, f) images
showed that spherical particles 0.5—1.2 pm in diameter were composed of thin sheets
ca. 50 nm in thickness. The thin nanosheets were clearly observed from the magnified
TEM image (Fig. 7.1f). The specific surface area was 33.1 m? g~!. The Fe/P molar
ratio was estimated to be 1.75 using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES). The products with low crystallinity changed into well-crys-
talline Fe;(PO,),-xH,O through the aging process in water for 20 months (Fig. 7.1b).
According to the weight loss in the thermogravimetry (TG) analysis, the biogenic
spherical microparticles were found to be composed of Fe;(PO,),-xH,0 (x = 4.5) thin
plates and to be accompanied by a small amount of amorphous iron compounds.

In previous works (Kashefi et al. 2001; Lovley et al. 2004; Azam and Finneran
2014), iron-reducing bacteria were reported to produce minerals on their cell
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Fig. 7.2 High-angle annular dark-field scanning TEM images of biogenic iron(Il) phosphate in
the same batch (a—c). A schematic illustration of biogenic iron(II) phosphate on the iron-reducing
bacteria (d) (Reproduced from Kageyama et al. 2015 with permission (Copyright 2015 The Royal
Society of Chemistry))

surfaces. As shown in high-angle annular dark-field scanning TEM images (Fig. 7.2),
the nanosheets forming a dumbbell-like structure were supposed to grow radially
from the center of a spherical particle of the biogenic iron(II) phosphate on the outer
membrane of the iron-reducing bacteria.

7.2.3 Microbially Derived Lithium Iron Phosphate

As shown in XRD patterns (Fig. 7.3a, b), the as-prepared particles after hydrothermal
treatment of the biogenic products were identified as LiFePO,. The crystal phase of
the products was not changed by the calcination at 450 °C for the carbonization of
organic additives. According to SEM and TEM observations (Fig. 7.3c-h), the mor-
phology of the as-prepared and calcined particles was inherited from the original
biogenic iron(IT) phosphate. The specific surface area (33.2 m? g=') of the calcined
particles was almost the same as that of the original structure. According to the TG
measurement under an air atmosphere, the calcined products contained 11.4 wt%
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Fig. 7.3 XRD patterns (a and b) and SEM (c—f) and TEM (g and h) images of the microbially
derived products after hydrothermal treatment (a, ¢ and d) and calcined particles (b, e-h)
(Reproduced from Kageyama et al. 2015 with permission (Copyright 2015 The Royal Society of
Chemistry))

carbon. According to the presence of the G line at 1600 cm~' in Raman spectra
(Salah et al. 2006) and a layer on the surface of LiFePO, shown in the TEM image
(Fig. 7.3h), the calcined products were covered with graphite-like carbon. The
atomic ratio of the calcined products was estimated to be Li, 0.44; Fe, 1.60; and P,
1.00, via ICP-AES. This indicates the deficiency of lithium and the excess of iron
for the stoichiometric composition of LiFePO,. The excess iron existed as amor-
phous iron compounds.

7.2.4 Electrochemical Performance as an Anode Material

Amorphous Fe**-based oxide nanoparticles produced by Leptothrix ochracea,
aquatic bacteria living worldwide, show potential as an Fe*/Fe® conversion anode
material for lithium-ion batteries (Hashimoto et al. 2014). The tubular particles have
a fixed bore diameter of ~1 pm, a variable length of up to several centimeters, and
a surface area of 280 m%g. A capacity of ~600 mAh/g was maintained over at least
50 cycles. The presence of minor components, Si and P, in the original nanoparticles
leads to a specific electrode architecture with Fe-based electrochemical centers
embedded in a Si- and P-based amorphous matrix.
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Fig. 7.4 Charge-discharge curves at 50 mM g~' (a) and CV curves at a scan rate of 0.1 mVs~' (b)
of biogenic iron(Il) phosphate (Reproduced from Kageyama et al. 2015 with permission (Copyright
2015 The Royal Society of Chemistry))

Here, the electrochemical performance of the biogenic iron phosphate is evaluated
as an anode material for lithium-ion batteries. Figure 7.4a shows the charge-
discharge curves with metal lithium as a counter electrode at 50 mA g=!. The cyclic
voltammetry (CV) curves of biogenic iron phosphate were operated at a scan rate of
0.1 mV s7! (Fig. 7.4b). The open-circuit voltage was 3.4 V, and the first anodic
sweep was started from 3.0 V. The first discharge capacity, 1177 mA h g~!, was due
to three electrochemical reactions at 2.4-3.0, 1.0-1.1, and 0.5-0.9 V. The irrevers-
ible anodic current was observed over 2.4 V and at ~0.7 V in the first anodic CV
curve. The significant large capacity at the first discharge was affected by the formation
of a solid electrolyte interphase (SEI) and a polymeric layer deposit (Taberna et al.
2006; Reddy et al. 2007; Das et al. 2013; Petnikota et al. 2015), the decomposition
of impurities, and the reactions of polytetrafluoroethylene (PTFE) and acetylene
black. The discharge capacities included 253 mA h g=! (the first discharge) and
~50 mA h g~! (cycles 2-20) owing to the capacities of acetylene black and PTFE. In
the second discharge curve, the electrochemical reactions occurred at ~1.6 and 0.5—
0.9 V. The reversible electrochemical reactions were observed at 1.45 and 0.5 V in
anodic CV curves and at 1.1-1.5 and 2.2 V in cathodic CV curves. Because iron(I1I)
did not exist in the biogenic iron(II) phosphate and the anodic current at 1.45 V was
not observed in the first CV sweep, all of the initial iron(II) was considered to be
oxidized to iron(III) after the first charge-discharge cycle. Thus, the electrochemical
reactions at 1.45 V in the anodic curve and 2.2 V in the cathodic curve are due to the
Fe**/Fe?* redox couple. The reactions at 0.5 V in the anodic curve and 1.1-1.5 V in
the cathodic curves are ascribed to the Fe?*/Fe® redox couple (Larcher et al. 2003;
Cherian et al. 2012, 2013; Taberna et al. 2006; Reddy et al. 2007; Das et al. 2013;
Petnikota et al. 2015). The reversible capacities in cycles 2-20 were 720-350 mA h
g~L. These results indicated that the electrochemical oxidation and reduction of iron
were observed in the biogenic iron phosphate. The total electrochemical reaction in
the first discharge was deduced as follows:

Fe, (PO, ), +6Li" +6e” — 3Fe +2Li,PO,
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Fig. 7.5 Charge-discharge curves at 50 mM g~' (a) and CV curves at a scan rate of 0.1 mVs~' (b)
of the calcined LiFePO, particles. The active material, acetylene black, and PTFE were mixed at a
weight ratio of 50:45: 5 (Reproduced from Kageyama et al. 2015 with permission (Copyright 2015
The Royal Society of Chemistry))

The observed reversible capacities in a few cycles were larger than the theoreti-
cal capacity for the above equation (450 mA h g='). Other redox reactions are sup-
posed to occur, owing to the amorphous iron compounds.

7.2.5 Electrochemical Performance as a Cathode Material

Figure 7.5a shows the electrochemical performance of the microbially derived
LiFePO,. Reversible charge and discharge reactions were clearly observed for the
microbially derived electrodes. The insertion and extraction of lithium ions were
observed at 3.4 and 3.5 V, respectively (Padhi et al. 1997; Yuan et al. 2011; Wang
et al. 2008), as shown in the CV curves (Fig. 7.5b). Although the specific capacity
of the initial charge was a very low value, the initial discharge capacity was drasti-
cally improved. Charge and discharge capacities were 40-50 mA h g~! after the first
cycle. The recovery of capacity suggests the electrochemical insertion of lithium
ions into the lithium-deficient LiFePO, which contained iron(III). The morphology
of the LiFePO, particles with a nanostructure is also deduced to be effective for the
electrochemical performance. These results indicate that a practically useful cath-
ode material can be produced from the biogenic mineral. However, the value of
observed specific capacities was smaller than the theoretical specific capacity of
LiFePO,, 170 mA h g~!. Moreover, the plateau at 3.4 V, which corresponds to the
electrochemical reaction potential of LiFePO,, was hardly observed in charge-
discharge curves. The degradation of performance is not ascribed to low electron
conductivity because the active material was covered with the graphite-like carbon
coating and a high amount of acetylene black. The short plateau in charge-discharge
curves is attributed to the low crystallinity of the microbially derived product and
lithium defects in the LiFePO, crystals. The small capacity was due to the existence
of impurities such as amorphous iron compounds.
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Scheme 7.2 Synthetic routes based on a microbial-mineralization-inspired approach (A;) and the
subsequent thermal treatment (A,). Routes A and B are the syntheses with and without EDTA,
respectively (Reproduced from Yagita et al. 2013 with permission (Copyright 2013 Wiley-VCH))

7.3 Bio-inspired Production of Iron Compounds

7.3.1 Syntheses of Iron Compounds (Yagita et al. 2013)

Scheme 7.2 shows the synthetic routes of iron oxides based on a microbial-
mineralization-inspired approach (Yagita et al. 2013). The precursors y-FeOOH and
a-FeOOH were synthesized in an aqueous solution at a low temperature. An aque-
ous solution containing divalent iron(II) ions (Fe**) and disodium dihydrogen ethyl-
enediaminetetraacetate (EDTA) as a ligand was prepared using purified water. After
adjustment of the pH, the precursor solutions were maintained at 25 °C for 1 day.
While magnetite (Fe;0,) nanocrystals were formed in the absence of EDTA through
route B, the trivalent iron oxides were obtained in the presence of EDTA through
route A (Scheme 7.2). Changes in EDTA concentration, pH, and temperature led to
control of the crystal phases, such as a-FeOOH, y-FeOOH, and ferrihydrite, at low
temperature (Oaki et al. 2012). The resultant y-FeOOH and a-FeOOH as precursors
were treated at 400 °C for 2 and 3 min in air, respectively.

7.3.2 Characterization of Bio-inspired Iron Compounds

The precursor and the resultant materials were assigned to y-FeOOH and y-Fe,0;
on the XRD patterns, respectively (Fig. 7.6a). Based on the Scherrer equation,
the size of the crystallites was estimated to be 3.5 nm for y-FeOOH and 4.7 nm for
v-Fe,0s. The Fourier transform infrared (FT-IR) spectra also supported the forma-
tion of the precursor y-FeOOH and the conversion to y-Fe,O; without any impurity
phases. The resultant brown powder suggested that the crystal phase was not Fe;O,
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Fig. 7.6 XRD patterns (a) and SEM (b and e) and TEM (c, d, f and g) images with SAED
patterns. (b—d) The precursor y-FeOOH and (e—g the resultant y-Fe,O; (Reproduced from Yagita
et al. 2013 with permission (Copyright 2013 Wiley-VCH))

but y-Fe,O;. Based on the TG analysis, the phase transition from y-FeOOH to
v-Fe,0; was completed by the thermal treatment at 400 °C in air. Aggregates of the
y-FeOOH sheets (100-200 nm in size) were observed on the images obtained from
SEM and TEM (Fig. 7.6b, c). The y-FeOOH sheets consisted of nanocrystals less
than 5 nm in size (Fig. 7.6d). The selected area electron diffraction (SAED) pattern
showed Debye-Scherrer rings corresponding to the (hOL) planes of y-FeOOH with
irradiation of an electron beam in the [010] direction (Fig. 7.6c). The lattice fringes
of the (301) plane were observed on the high-resolution TEM (HRTEM) image
of the nanocrystals. The results suggest that the sheet-like morphology is mainly
surrounded by the (010) face. However, the interior nanocrystals were not oriented
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in the planar direction of the (010) face. After thermal treatment at 400 °C for 2 min,
the resultant y-Fe,O; showed the same hierarchical architectures as those of the
precursor y-FeOOH (Fig. 7.6e—g). Although the crystallographic orientation was
not retained from the precursor y-FeOOH (Fig. 7.6f), the lattice fringes of y-Fe,O;
were clearly observed on the HRTEM image.

The BET surface areas of the precursors y-FeOOH and y-Fe,O; were calculated
tobe 221 and 253 m? g7!, respectively, via nitrogen adsorption isotherm. The shapes
of the isotherms and the pore size distributions were not changed in either the pre-
cursor or the resultant y-Fe,O;. Pores smaller than 5 nm in diameter are ascribed to
the interspace of the nanocrystals. Pores ranging from 5 to 100 nm in diameter cor-
respond to the interspace of the sheets (Fig. 7.6e, f). Based on our calculation,
y-Fe,O; particles 4.9 nm in diameter are required to achieve the BET surface area of
253 m? g7'. The size of the nanocrystals estimated from the BET surface area is
consistent with that analyzed via TEM observations and the XRD pattern. When the
time for the thermal treatment was shortened to 1 min, the precursor y-FeOOH did
not change to y-Fe,O;. In contrast, the BET surface area of y-Fe,O; decreased as the
time for the thermal treatment was increased to longer than 3 min. Based on the
same approaches, y-Fe,0; with a BET specific surface area of 130 m? g~! was
obtained from the precursor a-FeOOH (142 m* g7!).

These results suggest that combination of the microbial-mineralization-inspired
approach and subsequent thermal treatment has potential for the syntheses of
metal oxides with a high specific surface area. A microbial-mineralization-inspired
approach facilitated formation of the precursors y-FeOOH and a-FeOOH with high
specific surface area in an aqueous solution. Appropriate thermal treatment induced
the phase transitions to y-Fe,O; and a-Fe,O; without the collapse of the hierarchical
architectures and the specific surface area. As shown in Scheme 7.2, EDTA plays an
important role in the formation of trivalent iron oxyhydroxides (Oaki et al. 2012;
Oaki and Imai 2007a). The complexation between EDTA and iron(Il) inhibits the
formation of divalent iron precipitates and the subsequent conversion to Fe;O,. The
trivalent iron oxyhydroxides are directly obtained after the oxidation of iron(II) by
oxygen dissolved in the precursor solution. Changes in the initial pH and EDTA
concentration facilitate control of the crystal phases (Oaki et al. 2012). Changes in
pH influence the solubility of each crystal phase and the chemical structures of the
dissolved iron species. The EDTA concentration influences the activity of iron(II)
related to the degree of the supersaturation of the oxyhydroxides. Therefore,
v-FeOOH and a-FeOOH were selectively synthesized through the same aqueous
solution processes. The nanostructures were generated through crystal growth with
the interaction of EDTA. It has been reported that y- and a-FeOOH can be changed
to y- and a-Fe,O;, respectively, through topotactic conversion with dehydration
reactions (Jiao et al. 2006; Huang et al. 2011; Tang et al. 2011; Brezesinski et al.
2006; Tartaj et al. 2011; Zhong et al. 2007; Cudennec and Lecerf 2005). The tuned
conditions of temperature and time for the thermal treatment direct the conversion
from FeOOH to Fe,O; and the inhibition of grain growth by sintering. Therefore,
nanostructures with a high specific surface area were obtained in the present work.
Furthermore, we previously synthesized the mesocrystals of a-Fe,O; through the
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formation of ferrihydrite in an aqueous solution at 90 °C (Scheme 7.1) (Oaki et al.
2012). Since the thermal treatment leading to grain growth was not performed in
that case, the BET specific surface area of 148 m? g~! was achieved on the a-Fe,05
mesocrystal.

7.3.3 Electrochemical Performance of Bio-inspired Iron
Compounds as an Anode Material

The resultant y-Fe,O5 with a high specific surface area was used as a cathode mate-
rial of a lithium-ion battery and an adsorbent of an organic dye. The resultant
v-Fe,O; showed a higher specific capacity than that of commercial y-Fe,O; nano-
crystals (Fig. 7.7). Figure 7.7a shows the charge-discharge curves of the first cycle
at the current density of 0.1 C (0.024 Ag~!) between the cutoff voltages of 2.0 and
4.3 V versus Li/Li*. The resultant y-Fe,O; shows the typical charge-discharge curves
of y-Fe,O; with the intercalation reaction (Hibino et al. 2007). Figure 7.7b shows
the relationship between the specific capacity and the cycle number with changes in
the current density. The resultant y-Fe,O; showed improved performance, such as
better capacity and cycle stability, over that of a commercial y-Fe,O; nanocrystal.
The resultant y-Fe,O5 has a high specific surface area with broad pore size distribu-
tion of more than 5 nm. The porosity contributes to the smooth diffusion of lithium
ions and an increase in the interface of the electrochemical reaction.

a) b)  [oicTozcT05¢  T0CT0.1C
L 4T < 0 r e
a o 80[a ! Resultant y-Fe,0,
= | < ) (253 m2g-)
6 [ E 60F el ey
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Fig. 7.7 Charge-discharge curves at the first cycle (a) and the relationship between the cycle
number and the capacity with changes in the current density (1C = 0.024 Ag™") of the resultant
y-Fe,O; (b) (Reproduced from Yagita et al. 2013 with permission (Copyright 2013 Wiley-VCH))
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Fig. 7.8 Time-dependent adsorption behavior with the initial concentration of orange II (a) and
v-Fe,O; adsorbed with orange II before (left) and after (right) collection with a magnet (b)
(Reproduced from Yagita et al. 2013 with permission (Copyright 2013 Wiley-VCH))

7.3.4  Performance of Bio-inspired Iron Compounds
as an Adsorbent

The resultant y-Fe,O; acted as an adsorbent for organic dye molecules (Fig. 7.8).
The resultant and commercial y-Fe,O; powders were dispersed in an aqueous
solution containing 0.4 mmol dm= orange II, an anionic dye, at pH 2. After adsorp-
tion for 2 h, more than 40 mol% of orange II was removed from the solution
phase by the resultant y-Fe,O; powder (Fig. 7.8a). The amount of adsorbed orange
IT was calculated to be 0.234 g to 1.0 g of adsorbent powder. The commercial
v-Fe,0; nanocrystals (50 nm in size) with a BET surface area of 34 m? g~! adsorbed
0.07 g of orange II to 1.0 g of adsorbent powder. When the initial orange II con-
centration was decreased to 0.1 mmol dm=, most of the dissolved dye molecules
were removed by the resultant y-Fe,O; adsorbent. After adsorption, the y-Fe,O; was
easily collected by using a magnet (Fig. 7.8b). As an application of a-Fe,O; with a
high specific surface area, we have proposed heterogeneous catalysis of the cationic
polymerization of a vinyl ether (Kanazawa et al. 2012). If the resultant a-Fe,O;
with the higher specific surface area is used as the catalyst, the catalytic activities
will be improved.

7.4 Conclusions

We show biogenic and bio-inspired syntheses of hierarchically structured iron com-
pounds for lithium-ion batteries. Iron-reducing bacteria produce the biogenic
Fe;(PO,)-xH,O(x = 4.5) which is applicable as an anode material for lithium-ion
batteries. A cathode material for lithium-ion batteries, the microbially derived



170 H. Imai

LiFePO, was produced from the biogenic iron(II) phosphate. The biogenic iron(II)
phosphate and the microbially derived LiFePO, have a unique morphology consist-
ing of nanosheets and a high specific surface area. The two iron phosphate com-
pounds exhibited a reversible charge-discharge reaction with lithium ions in the
electrochemical system.

The precursors y- and a-FeOOH with a high specific surface area were obtained
through a microbial-mineralization-inspired approach in an aqueous solution.
Subsequent thermal treatment under tuned conditions facilitated the syntheses of
v- and a-Fe,0; without the collapse of the hierarchical structures and the high spe-
cific surface area. The combined methods of the microbial-mineralization-inspired
approach and subsequent treatments can be applied to the synthesis of other func-
tional transition metal oxides.
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Chapter 8
Biopolymer-Directed Magnetic Composites

Christian Debus, Maria Siglreitmeier, and Helmut Colfen

Abstract The question investigated in this chapter is: Can a material obtain the
advantageous material properties of multiple biominerals, when the structural ele-
ments in each model biomineral, which are responsible for these properties, are
combined into one new bioinspired material? Drawing inspiration from the natural
biominerals nacre, chiton teeth, and bacterial magnetosomes, a model material, con-
taining a magnetite-gelatin composite, filling a layered scaffold extracted from
natural nacre, can be synthesized.

The biopolymer gelatin has a distinct influence on the size and shape of magne-
tite mineralized at ambient conditions. In the gel state, gelatin can be mineralized to
form superpara- and ferrimagnetic gels with tunable particle size. The ferrogel syn-
thesis can also be transferred into demineralized nacre scaffolds, yielding layered
hybrid composites.

Besides more common analytical methods, SANS is used to investigate the
structure of organic and inorganic phases individually, and molecular simulations
following the Kawska-Zahn approach are employed to gain insight into the earliest
stages of nucleation.

8.1 Introduction

Biominerals are archetypes for advanced synthetic materials because they show
complex hierarchical organic-inorganic hybrid structures with improved properties.
Therefore, to copy the structural principles of biominerals in the synthesis of syn-
thetic materials (bioinspired and biomimetic mineralization) is intensively investi-
gated (Xu et al. 2007). The biomineral, which is probably mimicked most often, is
nacre because of its extraordinary fracture toughness, which is higher than that of its
main constituent aragonite (95 wt.-%) by a factor of 3000 (Currey 1977). Many
layered organic-inorganic composite materials with a nacre-like structure were
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Fig. 8.1 Concept to combine the advantageous properties of nacre, chiton teeth, and magnetotac-
tic bacteria. A demineralized nacre matrix as template with nanoholes in the chitin layers is filled
with a gelatin solution, and a gelatin gel is formed upon cooling to room temperature. The gel can
be infiltrated with iron ions, and subsequently magnetite is precipitated in the gel

synthesized using a variety of polymers and ceramics. Some examples like an A1,O,/
PMMA composite material even outperformed natural nacre (Munch et al. 2008).
However, irrespective of such success stories, biomimetic minerals only mimic the
advantageous properties of a single biomineral. Since different biominerals have
different desirable properties, it is an intriguing question if it is possible to combine
the advantageous properties of several biominerals in one and the same material.
Besides nacre, chiton teeth are another amazing biomineral. Chitons scratch algae
from rocks, and therefore their teeth, which consist of mineralized magnetite in a
protein-polysaccharide matrix, are the hardest known biomineral (Weaver et al.
2010). A third fascinating biomineral is the magnetite in magnetotactic bacteria.
The magnetite nanoparticles within magnetosome vesicles are arranged along a
long protein chain with their magnetic dipoles precisely aligned into a magnetically
highly anisotropic structure so that they can act as a magnetic antenna for the geo-
magnetic field of the earth (Faivre and Schiiler 2008). The magnetic field lines of the
chain can nicely be visualized by electron holography to be those of a single bar
magnet (Simpson et al. 2005). If the structural features of nacre, chiton teeth, and
magnetotactic bacteria could be combined into a single material, the question is if
such material would be simultaneously fracture resistant, extremely hard, and wear
resistant and also exhibit the high magnetic anisotropy of magnetotactic bacteria. To
potentially achieve these properties, demineralized nacre matrix mainly composed
of chitin in a layered structure as shown in Fig. 8.1 is filled with a gelatin sol at
40 °C which yields a gelatin gel upon cooling to room temperature. This gel can
then be infiltrated with iron ions in an iron solution, and subsequently, magnetite
can be formed by the coprecipitation method or the partial oxidation method
(Helminger et al. 2014). This mimics the aragonite formation inside a silk hydrogel
in nacre or the magnetite formation in a protein-polysaccharide gel in chiton teeth.
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Due to the nacre-chitin matrix, the resulting hybrid material has the structure of
nacre with the magnetite gel moieties mimicking the magnetite in chiton teeth. If
the magnetite nanoparticles can be aligned during the synthesis, a coupling of the
magnetic dipoles can potentially be achieved to mimic the chain of aligned mag-
netic dipoles in magnetotactic bacteria. This book chapter describes synthesis path-
ways to such material.

8.2 Synthesis of Magnetite Nanoparticles in Aqueous
Solution at Ambient Conditions

Magnetite nanoparticles can easily be synthesized free of additives and at ambient
conditions by coprecipitation of stoichiometric amounts of iron (II) and iron (III)
salts (Kang et al. 1996) or by partial oxidation of iron (II) salts (Sugimoto and
Matijevi¢ 1980), yielding particles in two distinct size ranges. The particle size,
shape, and composition depend strongly on the reaction conditions but can also be
influenced by the presence of soluble biopolymers, as shall be elucidated later.

8.2.1 Coprecipitation

Injecting a solution of iron (IIT) and (II) salts in a ratio of 2:1 into a basic solution
yields magnetite nanoparticles in a typical size range of 5-20 nm. In previous stud-
ies, it was shown how factors like pH, ionic strength, counterions, and reaction
temperature have a distinct influence on particle morphology and composition
(Vayssieres et al. 1998; Jolivet et al. 1996; Taylor et al. 1987). The particles are
crystalline with a typical saturation magnetization of about 30-50 emu/g (Sun et al.
2007). In this size regime, superparamagnetic behavior is observed at room
temperature.

These particles can be prepared by injection of an aqueous FeCl,; solution into
a strongly basic NaOH solution. A black precipitate is formed that can be magneti-
cally attracted and is washed with Millipore water to yield the pure magnetite
nanoparticles. As magnetite has its point of zero charge at pH = 6.5 (Tewari and
McLean 1972), the particles are highly aggregated. Particle aggregation can be
avoided by the interaction of biopolymer additives and highly charged magnetite
nanoparticles. Therefore, this will not pose a problem for the synthesis of ferrogels,
as in these gels, the particles are attached to the organic gel.

The average particle size for the approach presented here was determined by
TEM measurement to be 12 nm (Fig. 8.2a). While it is difficult to differentiate mag-
netite and maghemite with diffraction methods such as SAED and XRD, both
phases can easily be differentiated by their different IR spectra (Fig. 8.2b) (Cornell
and Schwertmann 2003). Thus, it could be shown that the iron oxide phase of the
particles was in fact mainly magnetite.
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Fig. 8.2 (a) TEM image and SAED inset of the magnetite nanoparticles prepared by the copre-
cipitation method, (b) IR spectrum of a representative particle sample indicating the presence of
magnetite

8.2.2 Partial Oxidation

Magnetite particles with a size of 50-90 nm can be synthesized by addition of an
iron (II) sulfate solution to a solution of potassium hydroxide and potassium nitrate.
First, a fluffy, gray-green iron (II) hydroxide gel is formed that is then gradually
oxidized to magnetite in the presence of nitrate (Sugimoto and Matijevi¢ 1980).
With an excess of Fe?*, big spherical particles with sizes up to more than a microm-
eter can be formed (Vereda et al. 2013). The formation mechanism of these particles
is discussed to include the formation of nanometer-sized precursor particles. The
Fe?* excess keeps the pH close to the point of zero charge of magnetite, so that these
particles aggregate and recrystallize, forming spheres. With a controlled excess of
OH™, well-defined, octahedrally shaped particles can be formed. At alkaline pH, the
primary particles are stabilized by their surface charge and can grow instead of
aggregating. While many studies on the aging of iron (II) hydroxide gels were car-
ried out at elevated temperatures (Vereda et al. 2008, 2013), the work of Siglreitmeier
et al. underlined the possibility to carry out the reaction at room temperature, yield-
ing octahedral particles with an average size of approx. 70 nm (Siglreitmeier 2015).
These particles show ferrimagnetic behavior at room temperature.

8.3 Influence of Soluble Biopolymers

Biopolymers can have a distinct influence on the nucleation and morphology of
nanoparticles.
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One cheap and easily obtainable biopolymer with well-explored properties is
gelatin, which is a partial hydrolysate of the collagen found in connective tissues
from, e.g., the skin, bone, and tendons. At room temperature, gelatin is completely
soluble below a concentration of approx. 1 wt-% (depending on gelatin type and
quality). It does reversibly form hydrogels at temperatures around 35-40 °C
(Wandrey et al. 2010).

Gelatin is widely used in food and medical applications for its ability to form
hydrogels (Reinhard Schrieber 2007). Collagen, the natural structural protein from
which gelatin is derived, has a rather complex, hierarchical structure. Its basic build-
ing blocks are a-helical chains consisting of a (Gly-X-Y), repetition pattern, where
X is mostly proline and Y is mostly hydroxyproline (Brodsky and Werkmeister
2004). These left-handed a-chains form a right-handed triple helix, also called tro-
pocollagen. Most forms of collagen form fibrils that consist of aligned triple helices.
These structures are stabilized by hydrogen bonds and covalent cross-linking, e.g.,
via oxidative cross-linking of lysine.

Gelatin as a partial hydrolysate of collagen consists of polydisperse peptide frag-
ments that can partially re-naturate into triple helical structures. These short triple helical
segments act as cross-linking points to form a three-dimensional meshed network.

Simulation studies on the interaction between iron ions and collagen give an
important impression on the earliest stages of iron (hydr)oxide nucleation in gelatin
hydrogels. These molecular simulations were based on work on the more well-
known collagen — calcium phosphate system and system parameters were chosen
accordingly to allow for good comparability (Tlatlik et al. 2006). Iron species can
be complexed by the hydroxyl and carboxy functionalities of the collagen (see
Figs. 8.3 and 8.12). A notable disturbance of the collagen structure could not be

Fig. 8.3 Representative structures for the coordination of (a) Fe** and (b) Fe** to the collagen
triple helix. Both ions are coordinated by multiple carbonyl and hydroxyl functional groups of the
collagen (The figure was reproduced from Helminger et al. 2014)
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observed. The iron (III) ion is octahedrally surrounded by oxygen atoms from the
collagen functional groups and additional hydroxide ions from the solution. These
observations lead to the conclusion that collagen and gelatin may be suitable nucle-
ation sites for magnetite and lead to a very early attachment of the growing particles
to the gelatin hydrogel as well as incorporation of gelatin into the particles.
Interestingly, particle orientation along the gelatin fibers was in fact observed exper-
imentally (Helminger et al. 2014). Simulation work in this direction is still ongoing,
now also investigating later stages in nucleation like the formation of magnetite
motifs and interface formation/ripening processes.

To understand the formation process of both ferrogels and the more complex
layered materials based on them, which will be presented later in the chapter, the
influence of gelatin on the particle formation and morphology shall first be explained.
Gelatin degrades notably at elevated temperatures above room temperature
(Pouradier and Venet 1952); thus, the influence of gelatin was examined at room
temperature. Concentrations below the gelation concentration of around 1 wt-% at
room temperature (Wandrey et al. 2010) were chosen.

With particles created by the coprecipitation method, a distinct influence of the
biopolymer concentration on the particle size is observable. To observe this influ-
ence, the preparation method was modified from Baumgartner et al. (Fig. 8.4)
(Baumgartner et al. 2013a). In an inert atmosphere, a solution of gelatin was set to
the desired pH, and the pH was kept constant to only observe the influence of the
biopolymer. Then, a solution containing stoichiometric amounts of iron (II) and
(ITI) chloride was added at a defined flow rate while monitoring the pH and keeping
it constant by injection of additional base.

At pH =9, the influence of gelatin inhibiting the nucleation of magnetite is rather
obvious. If the flow rate is low enough,' no crystalline magnetite is observed at all.
Amorphous clusters with sizes averaging around 3—4 nm can be observed for the
examined gelatin concentrations between 0.1 and 1 mg/mL, compared to the aver-
age particle size of 19 nm (Fig. 8.5a) that is reported for the additive-free system
(Baumgartner et al. 2013a). At a higher flow rate,”> compared to the additive-free
system, the lowest gelatin concentration examined (0.1 mg/mL) leads to a decrease
of the average particle size to 12 nm. These particles are still crystalline magnetite
as observed by SAED and synchrotron XRD. Gelatin concentrations up to 10 mg/
mL lead to a consecutive decrease of the particle size. At this gelatin concentration,
the particle size is lowered to an average size of around 3 nm, which no longer
shows a crystalline SAED pattern (see Fig. 8.5¢) and shows very broad XRD pat-
terns indicating the possible presence of ferrihydrite, which is discussed as a precur-
sor phase in magnetite formation (Baumgartner et al. 2013b). At an increased pH of
11, the inhibitory effect of the gelatin seems to be attenuated, as results comparable
to the experiments at pH =9 are already found at lower flow rates. Again, a decrease
in particle size is observed for increased gelatin concentrations. The particles with

'1 pL/min of 1 M FeCl,; solution into 10 mL gelatin solution with set pH.
210 mL/min of 1 M FeCl,; solution into 10 mL gelatin solution with set pH.
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Fig. 8.4 Schematic mechanical stirrer
titration setup

1 M Fe**/Fe*
1 pl min! / 10 pl min-!

| NaOH 0.1 M + Gelatin |

sizes around 3—4 nm are no longer showing crystalline diffraction patterns. In gen-
eral, only minor impurities besides the desired magnetite were observed. It is nota-
ble that at this pH, in all samples with a high flow rate or low gelatin concentration,
the particles possess a rather rough surface profile and there is a second, smaller
particle subspecies which might again indicate the presence of a poorly ordered
precursor species, able to agglomerate, fuse, and crystallize into magnetite
(Baumgartner et al. 2013b).

Magnetite particles created by partial oxidation of FeSO, show a more complex
change in size and morphology with increasing gelatin concentration. At a suffi-
ciently low gelatin concentration of 0.1 mg/mL, octahedral particles are formed that
still look very much like the particles synthesized without gelatin, albeit with more
rounded edges and inhomogeneities in particle density, as suggested by TEM. Again,
the particle size decreases when compared to an additive-free synthesis.

At a higher gelatin concentration of 1 mg/mL, the particles develop a more flow-
erlike spherical structure (Fig. 8.5d). Surprisingly, the average particle size increases
compared to the additive-free particles. The presence of particles in the 5 nm size
range as a by-product suggests that the flowerlike particles may be formed by
agglomeration of these nanoparticle subunits, following a nonclassical crystalliza-
tion pathway (Niederberger and Colfen 2006). Detailed TEM images and the rough,
granular surface observed in SEM support this suggestion (Fig. 8.6). SAED of sin-
gle particles showed single-crystalline diffraction patterns. The particle shape might
suggest a formation mechanism by aggregation of sub-particles as it is also observed
for other iron oxide systems (Penn and Banfield 1998; Penn and Soltis 2014).

While thermogravimetric analysis of the particles did not show a measurable
amount of an included organic phase inside the magnetite nanoparticles, small
organic inclusions are often found in the similar calcium carbonate and phosphate-
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100 nm

Fig. 8.5 TEM images of particles synthesized by the coprecipitation method (a, ¢) and the partial
oxidation method (b, d); upper row without additives, lower row with gelatin concentrations of
1 mg/mL

gelatin systems (Li et al. 2009; Asenath-Smith et al. 2012; Kniep and Simon 2007)
and cannot be completely excluded here either.

Examples for further peptides aiding in the nucleation and manipulating the parti-
cle morphology of magnetite in analogy to the magnetite nucleator proteins are seen
during bacterial magnetosome formation (Arakaki et al. 2003). The influence of the
C-terminal segment of the bacterial peptide mms6 as well as other short peptide seg-
ments, which showed magnetite-binding properties in phage displays, was investi-
gated. The peptides have a merely marginal influence on the particles synthesized by
the coprecipitation method. Looking at the partial oxidation method, under the chosen
conditions, the mms6 segment also does not influence the particle formation. Short
peptides chosen in phage displays for their magnetite-binding capacity led to a dis-
tinct increase in particle size while not further influencing the particle morphology.
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Fig. 8.6 SEM images of particles synthesized by the partial oxidation method with a gelatin con-
centration of 1 mg/mL showing the rough, granular particle surface

8.3.1 Magnetic Properties

Bulk magnetite is a ferrimagnetic material. When decreasing the grain size of mag-
netite, finite-size- and surface effects become obvious (Teja and Koh 2009). While
a macroscopic grain contains multiple magnetic domains, below a certain particle
size, the formation of domain walls is energetically unfavorable, and stable single
domain (SSD) particles are observed. Since magnetization reversal can no longer
take place by displacing domain walls, particles with sizes at the upper end of the
single domain regime show the highest coercivity. Decreasing the particle size
below a value of approx. 20 nm leads to vanishing of the coercivity and of hysteresis
in M(H) curves at room temperature. Due to thermal fluctuations, the particles can
no longer hold a magnetic moment. Lowering the temperature below the blocking
temperature Ty decreases these fluctuations far enough that the particle is “blocked,”
again showing coercivity and hysteresis.

SQUID measurements allow for measuring both the field and temperature depen-
dence of a sample’s magnetic moment. For the particles synthesized by the copre-
cipitation method, saturation magnetization of My = 40 emu/g can be measured
(Fig. 8.7a), which is lower than the value for bulk magnetite due to the drastically
increased surface area and the effect of spin disorder on the particle surface (Goya
etal. 2003). The M(H) curve at room temperature shows no hysteresis. Furthermore,
the zero-field-cooled M(T) measurement shows a peak indicating the blocking tem-
perature at Ty = 140 K (Fig. 8.7b). Thus, the particles show superparamagnetic
behavior as would be expected for their average size of 12 nm.

The particles synthesized by the partial oxidation method show ferrimagnetic
behavior. Hysteresis is observed at room temperature, and saturation magnetiza-
tions of 74 emu/g at room temperature and 83 emu/g at 2 K are reached (Fig. 8.7c).
This is comparable to similar synthetic approaches in literature (Vereda et al. 2008;
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Fig. 8.7 M(H) curves and M(T) curves recorded of sample prepared by the coprecipitation method
free of additives (a, b) and by the partial oxidation method with 1 mg/mL gelatin (c, d)

Vergés et al. 2008). No blocking temperature can be observed, but a bend in the
zero-field-cooled M(T) curve indicates the Verwey transition temperature
(Fig. 8.7d).> While observed at 110-120 K in bulk magnetite, it is known that this
value can be pushed to lower values by small particle sizes and deviations in stoi-
chiometry (Ozdemir et al. 1993).

The flowerlike particles synthesized in the presence of 1 mg/mL of gelatin do
also show ferrimagnetic behavior with only very minor changes in saturation mag-
netization and Verwey transition temperature. These deviations can be attributed to
the slight changes in average particle size and the overall different morphology.

8.3.2 Conclusion

Aqueous syntheses for both superparamagnetic and ferrimagnetic magnetite
nanoparticles under ambient conditions were presented. By changing the synthesis
method and iron concentration, particle size spanning almost an order of magnitude,

3The Verwey transition is a crystallographic transition observed in magnetite, associated with
changes in remanence, coercivity, and susceptibility (Walz 2002).
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ranging from approx. 12 to 90 nm, can be realized. Their magnetic properties vary
depending on their size from superparamagnetic to ferrimagnetic. Depending on
reaction conditions and concentrations, gelatin as a freely available polymer can
have a distinct influence on the particle size and morphology when added as a solu-
ble additive. Molecular simulations show how collagen can pose as a possible
nucleation site for both presented synthetic approaches. An increase in gelatin con-
centration leads to a decrease in particle size for particles prepared by the coprecipi-
tation method. For the partial oxidation method, a change in particle morphology is
also observed for increased gelatin concentrations. Particles possess an inhomoge-
neous, flowerlike appearance, suggesting growth by agglomeration of subunits, but
still show single-crystalline behavior.

8.4 Magnetic Hydrogels

There are two main ways of commercial gelatin extraction. Gelatin is either extracted
after acidic pretreatment (type A gelatin) of bovine hide or after basic pretreatment
(type B gelatin) from the cattle hide and bone. One of the many differences between
these two gelatin types is their stability in acidic and basic conditions. While type A
gelatin is more stable in acidic conditions, type B is less prone to hydrolysis in basic
conditions (Ames 1947). Since the precipitation reaction to mineralize the ferrogels
takes place at pH = 13, type B gelatin is preferably used.

Gelatin dissolves/melts around 40-50 °C and will settle into a gel after cooling
at concentrations above approx. 3 wt-%, depending on the gelatin grade. This makes
it easy to cast gelatin gels into any desired shape.

8.4.1 Superparamagnetic Ferrogels

The synthesis protocols for ferrogels are adapted from the synthesis of magnetite
nanoparticles in solutions presented before (Fig. 8.8) (Helminger et al. 2014). To
synthesize superparamagnetic ferrogels, a gelatin gel is loaded with iron salts by
placement into a stoichiometric FeCl,; solution with a ratio of Fe (II)/Fe (III) of 1:2,
turning the gel from slightly yellow to an intense orange color. The strong interac-
tion between iron ions and gelatin that is suggested by molecular simulations is also
observed when gelatin gels are impregnated with iron ions, whereas iron (III) will
act as a cross-linker, reinforcing the gel, while iron (II) will have a substantially
weaker influence on the hydrogel’s mechanical properties.

Magnetite nanoparticles can then be precipitated within the gel via placement
into a sodium hydroxide solution. This yields ferrogels with an inorganic content of
approx. 20-30 wt-%. Repetitions of this mineralization cycle allow for an inorganic
content of up to 70 wt-% in the dried state.
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Fig. 8.8 Schematic representation of the ferrogel synthesis. (a) Plain gelatin hydrogel, (b) hydro-
gel loaded with ferrous and ferric chloride, (¢) ferrogel with homogeneously distributed magnetite
nanoparticles after in situ coprecipitation (The figure was reproduced from Helminger et al. 2014)

After the first mineralization cycle, the ferrogels can still be heated up and
molded into a different shape, resettling into a solid gel upon cooling. Two pieces of
ferrogels can also be attached to each other at slightly elevated temperatures (30 °C),
thus showing self-healing properties.

Microtome cuts of these ferrogels show average particle sizes of approx. 10 nm
irrespective of the gelatin concentration of the original gel (Fig. 8.9a). It shall be
noted here that this matches well with the nanograin size of 11 nm which was
observed for the aragonite platelets in nacre via scattering experiments (Siglreitmeier
et al. 2015). The particles are spherical and thus identical in appearance to the par-
ticles synthesized in water. EDX shows a homogeneous distribution of magnetite on
the micrometer scale in the gels. In swollen, embedded ferrogels, an orientation
along the gelatin fibers can be observed, showing the strong protein interaction
(Fig. 8.9a). This also expresses itself in the very low degree of aggregation, espe-
cially when compared to the synthesis in solution. Furthermore, the swelling ability
of the ferrogel is decreasing with increasing mineral load, suggesting that the par-
ticles may act as cross-linkers between gelatin strains.

Using small-angle neutron scattering (SANS) and ultrasmall-angle neutron scat-
tering (USANS), the organic/inorganic hybrid structure of biological and biomi-
metic materials can be investigated in situ in a nondestructive way.

The investigation of the gelatin hydrogels using SANS and USANS revealed the
existence of two level structures in the hydrogels: one is the colloid-like large clus-
ters filled mainly with densely packed gelatin triple helices; and the other is a 3D
cage-like gel network composed of gelatin triple helices and random coils. In the
case of 18 wt.-% gelatin gels, SANS/USANS results (Q <0.2 nm~") suggest that the
large clusters/inhomogeneities have a size of around 400 nm (assuming a diameter
for spherical shape, Roe 2000) and take up large-scale mass fractal networks. These
are colloidal structures inside the gelatin that consist of renatured collagen fractions
(Wu 2015). In the Q regime between 0.2 and 1.5 nm™, a power law exponent of 1.2
supposedly originates from the rodlike bundles formed by gelatin triple helices. The
average 3D cage size of the gelatin hydrogel can be estimated from the transition
between the two different regimes of Q® (Q, ~0.24 nm~") with an estimated 3D cage
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Fig. 8.9 (a) TEM image of an ultramicrotome cut of an embedded ferrogel after six mineraliza-
tion cycles (The figure was reproduced from Helminger et al. 2014). (b) SANS measurements of a
ferrogel with either the organic or the inorganic components hidden by contrast matching

size of approx. 26 nm. The investigation of different gel concentrations shows an
increase of triple helical bundle structures with increasing gel concentration but
only a minor influence on the hydrogel 3D cage size.

Contrast variation is a valuable tool to investigate multicomponent systems via
SANS, which allowed to independently explore the inorganic mineral structure as
well as the organic component in biominerals and biomimetic materials (Heiss et al.
2007; Pipich et al. 2008). The scattering length density of the solvent can be adjusted
through contrast variation using a varying ratio of H,O/D,O to highlight various
parts of the hybrid structure. Thus, it allows for hiding selective components of a
multicomponent material by repetition of the SANS measurement with differing
H,0/D,0 ratios. In the case of the magnetite/gelatin system, this method allows for
the investigation of only the gelatin component when measuring in pure D,0O and of
the magnetite component in 28% D,0. In a typical SANS contrast variation mea-
surement (Fig. 8.9b), SANS scattering of the gelatin in ferrogels (D,O) shows
hardly any change in the gel structure (3D cage-like) besides an increase in triple
helical content which probably originates from interaction with the Fe*** ions. In
28 Vol% of D,0, the measurement which matches the gelatin scattering and visual-
izes the magnetite nanoparticles, the magnetite particle size distribution obtained by
a Monte Carlo simulation on the scattering curve appears consistent with the TEM
measurements (larger particle sizes of ~10.7 nm coexist with smaller particles of
~4.1 nm). The magnetite scattering also reveals slight correlation between the mag-
netite particles which is even more pronounced in small-angle X-ray scattering
experiments.

The SAXS results suggest that the gelatin concentration of the ferrogels has little
influence on the magnetite particle size. In the dried samples, a correlation peak is
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visible, showing an average distance of the particles that is close to the particle size,
thus suggesting tight packing of the magnetite particles in the dried state.

As is to be expected for this particle size, the ferrogels show typical superpara-
magnetic behavior when analyzed by SQUID. Hysteresis is observed below the
blocking temperature and is absent at room temperature. The blocking temperature,
as determined by a peak in the ZFC curve, is around 130 K and shows a tendency of
rising with lowered gelatin concentration (with the magnetite content staying the
same). This is explained by denser particle packing in the dried state and thus stron-
ger dipolar interactions between the particles. The measurements give saturation
magnetizations of around 26-28 emu/g. Embedding in a ferrogel does thus not
change the magnetic properties of the particles notably besides lowering the satura-
tion magnetization.

Since the particles are bound to the gelatin gel via electrostatic interaction, pos-
sible applications of these gels such as biocompatible external field-driven actuators
are suggested (Siglreitmeier 2015).

8.4.2 Ferrimagnetic Ferrogels

To generate ordered ferrogels with anisotropic magnetic properties as inspired by
the magnetosomes of magnetotactic bacteria, the particle size needs to be increased.
The synthesis described in Sect. 8.2.2 is therefore adapted to suit the mineralization
of gelatin gels. Similar to the coprecipitation method described before, a gelatin
sample is placed in a FeSO, solution and then placed in a solution of KOH as a base
and KNO; acting as a mild oxidizing agent. In accordance with the observations in
solution, the piece of gelatin first turns blue, indicating the formation of the ferrous
hydroxide. Consecutive repetitions of this mineralization cycle lead to a blackening
of the sample, indicating the formation of magnetite nanoparticles. In thick sam-
ples, a zone of blue-gray hydroxide can still be observed in cross sections and is
moving deeper into the sample with each mineralization cycle. Variation of the iron
concentration between 0.2 and 0.3 M leads to a particle size between 45 and 90 nm
as determined by TEM. This is interesting as this particle size is bigger than the
average mesh size of the gelatin gel, which was determined by SANS to be around
22 nm. Either gelatin is incorporated into the magnetite particles, or the particles
widen the gelatin mesh.

Since the XRD diffraction patterns of magnetite and maghemite are very similar,
synchrotron radiation was used to investigate low-intensity peaks, which proved
that the main mineral phase present in the particles is in fact magnetite. Minor iron
oxide impurities were also often found. Particle size analysis by evaluation of peak
broadening by the Scherrer equation showed no increase in the average particle size
between multiple reaction cycles.

As is expected for particles in this size range, ferrogels with both particle sizes
show typical ferrimagnetic behavior with a saturation magnetization of 74 emu/g at
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Fig. 8.10 (a) Ultramicrotome cut from a sample prepared with 0.3 M FeSO, after four reaction
cycles, (b) SEM image of a dried ferrogel prepared with 0.2 M FeSO, after four reaction cycles,
(c) light microscopic image of a ferrogel dried in a magnetic field, showing the orientation of the
gel into macroscopic fibers which are aligned with the direction of the applied field

2 K and 67 emu/g at room temperature. Hysteresis is observed for the whole tem-
perature range, and ZFC/FC curves show no indication of a blocking temperature.

Due to the ferrimagnetic nature of the particles, anisotropic gels can be achieved
when drying inside a magnetic field. The formation of macroscopic fibers can be
observed by light microscopy (Fig. 8.10c). Although on a different length scale,
these fibers resemble the fibers observed in chiton teeth. This orientability also sug-
gests anisotropic magnetic and mechanical properties which need to be investigated.
It is further suggested that the magnetic anisotropy might be further increased by the
incorporation of particles with shape anisotropy. It is known that rodlike iron oxide
particles like goethite needles can easily be oriented by a magnetic field and are
even able to form lyotropic phases (Lemaire et al. 2002); thus, such systems might
be well suited to be incorporated into ferrogels and might even allow for the orienta-
tion of particles already during growth. Possibly even a similar synthetic approach
involving a two-step mechanism with ripening from ferrihydride may be used
(Burleson and Penn 2006). Another approach might be the fusion of spherical par-
ticles into rod-like particles on a micrometer length scale, as was already realized in
solution (Vereda et al. 2013).

8.4.3 Conclusion

Ferrogels based on the natural biopolymer gelatin could be successfully synthe-
sized. The degree of mineralization of these materials could be controlled by the
number of repetition steps of the mineralization cycles. With variation of the synthe-
sis method and the iron concentration, the particle size could be adjusted over one
order of magnitude. The magnetic behavior of the materials could be controlled,
yielding superparamagnetic and ferrimagnetic behavior. Ferrimagnetic particles
possess a permanent magnetic moment, which manifested in the formation of
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macroscopic fibers in the ferrimagnetic gel. Drying in a magnetic field could thus
create a high degree of order inside the ferrimagnetic ferrogels, supposedly leading
to both anisotropic magnetic and mechanical properties.

The materials are biodegradable, and tuning of magnetic and mechanical proper-
ties makes them great candidates for applications in the biomedical field as well as
for magnetic storage media.

8.5 Multifunctional Magnetic Composites

The chitin matrix from natural nacre can be used as a scaffold for the preparation of
layered materials (see Fig. 8.11). Therefore the nacre is first sand blasted to remove
the outer calcitic layer and can then be demineralized by various means via dissolu-
tion of the aragonite platelets by EDTA (Pereira-Mouries et al. 2002) or dilute acetic
acid (Siglreitmeier et al. 2015). SANS results showed how the structure of the nacre
matrix survives the demineralization via acetic acid rather unchanged. Structures
with a radius of gyration of R, ~24.3 nm were observed, which are supposedly the
holes in the matrix left over by the mineral bridges when taking into account the
TEM images of embedded samples. With a diameter of approx. 68 nm, these are
well suited to allow for the infiltration of gelatin. This was also proven by infiltra-
tion of coomassie-stained gelatin, which showed an even distribution of gelatin
inside the matrix under the light microscope (Siglreitmeier et al. 2015).

In nacre, the scaffold chambers are filled with a silk-like hydrogel before miner-
alization (Levi-Kalisman et al. 2001; Nudelman et al. 2008). Inspired by this, a
similar approach can be chosen, where gelatin can be infiltrated in the molten state

Fig. 8.11 (a) Layered structure of aragonite tablets as observed at a fresh fracturing surface of a
Haliotis laevigata nacre shell and (b) microtome cut of a demineralized nacre matrix showing the
compartmentalized structure with pores allowing for diffusion between the individual compart-
ments (This figure was reproduced from Siglreitmeier et al. 2015)
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Fig. 8.12 (a, b) Triple helical structure of a collagen segment consisting of three (Gly-Hyp-Pro),
chains. (a) shows the association of a Fe"'(OH); cluster to the collagen matrix, while (b) shows the
coordination of a Fe''(OH), cluster. (¢) shows an organic matrix resembling chitin, consisting of
three layers of three poly-(1-4)-D-glucose chains (This figure was reproduced from Siglreitmeier
et al. 2015)

via vacuum infiltration (Siglreitmeier et al. 2015). The mineralization with magne-
tite can then follow the established methods described before for the synthesis of
ferrogels (Siglreitmeier 2015; Siglreitmeier et al. 2015). Iron salts are allowed to
infiltrate the chitin-gelatin hybrid material and are then precipitated (and oxidized
in case of the “partial oxidation” method) (Fig. 8.12).

Molecular simulations show how the presence of chitin may influence the mag-
netite mineralization compared to gelatin/collagen (Siglreitmeier et al. 2015). In the
case of collagen, both ferric and ferrous hydroxide complexes would bind to the
collagen triple helix. After relaxation in water, the iron (III) complex would bind
stronger to the collagen than the iron (II) complex. The iron (II) complex was
observed to partially dissociate in many cases. This also matches the observation
that iron (III) chloride supposedly acts as a cross-linker between gelatin strains,
notably increasing the stiffness of iron (III) loaded gelatin hydrogels. In contrast,
both iron species form stable associations to chitin in simulations investigating the
iron-chitin interaction. It was thus suggested that chitin can also act as a magnetite
nucleator, and at least from a qualitative point of view, chitin might be slightly more
favorable as a nucleation site than gelatin.

8.5.1 Superparamagnetic Layered Composite Materials

For composite materials mineralized via the coprecipitation method, a similar
degree of mineralization as for the ferrogels can be achieved. Depending on the
number of mineralization cycles, the content of inorganic material can vary between
15 and 65 wt.-%. As expected, microtome cuts of embedded materials show a con-
stant increase of the magnetite particle density with an increasing number of miner-
alization cycles. In samples of mineralized chitin scaffolds without gelatin, it could
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Fig. 8.13 TEM images of ultramicrotome cuts of the ferrogel prepared by the coprecipitation
method after six reaction cycles in the swollen (a) and dried (b) state (This figure was reproduced
from Siglreitmeier et al. 2015)

be shown that magnetite particles were only found on the chitin walls, supporting
the suggestion of chitin also acting as a nucleator. In mineralized chitin-gelatin
composite materials, the particles were found distributed over the scaffold cavities
(Fig. 8.13). Particles on the chitin layers are slightly smaller than inside the gelatin
hydrogel with approx. 8 compared to 12 nm. This is explained by the chitin acting
as a heterogeneous nucleator, favoring the quick nucleation of smaller particles,
shortening their growth time. Also, the interlayer distance is greater in samples con-
taining gelatin, proving the role of the hydrogel not only as a nucleation site but also
as a structural element in the pre-mineralization phase, keeping the cavities open,
and later on as a nanoparticle carrier.

On freshly broken edges, the layered structure of these nacre-mimetic materials
can be observed via SEM (Fig. 8.14a). Electron dispersive X-ray spectroscopy
again shows how the iron is evenly distributed inside the scaffold chambers, while
it is absent inside the organic scaffold layers.

Looking at SANS-USANS investigations of the layered hybrid material com-
pared to the plain ferrogel, the chitin-gelatin-ferrogel shows a Q! instead of a Q2
dependence at low Q values (<0.01 nm~!, Fig. 8.14b). This suggests that the presence
of the layered chitin scaffold supports the formation of a linear rather than branched
arrangement of the magnetite nanoparticles.

Measuring the magnetic properties of the material via SQUID, similar values for
the saturation magnetization as for the plain ferrogel are obtained with M =26 emu/g
at room temperature and 36 emu/g at 2 K. Typical superparamagnetic behavior is
observed in both hysteresis loop and ZFC/FC measurements.
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Fig. 8.14 (a) SEM image of breaking edge of a ferrogel composite, (b) SANS data comparing a
ferrogel with a chitin-ferrogel composite (This figure was reproduced from Siglreitmeier et al.
2015)

8.5.2 Ferrimagnetic Layered Composite Materials

The synthesis of ferrimagnetic layered composite materials is analogous to the syn-
thesis of superparamagnetic materials described before. Again, the nacre scaffold is
demineralized and infiltrated with gelatin. Then the synthesis follows the procedure
for ferrimagnetic ferrogels with infiltration of iron (II) sulfate, precipitation, and
partial oxidation.

In the case of ferrimagnetic layered composites, only a mineralization degree of
up to 45 wt-% compared to 65 wt-% for superparamagnetic materials can be
achieved. Microtome cuts of the material in the swollen state show how the particles
are mainly attached to the chitinous layers of the scaffold (Fig. 8.15a). This is in
accordance with the simulation studies which suggested preferred binding of iron
(ID) to chitin over gelatin/collagen, leading to heterogeneous nucleation at the scaf-
fold. Again, two different concentrations of iron (II) sulfate were used, leading to
two different size regimes (50 and 90 nm), as well as particle morphologies compa-
rable to the observations for the ferrimagnetic ferrogels described before. Compared
to the superparamagnetic material, in the dried state, the particles are distributed
less homogeneously between the chitin layers, and the packing is less dense, giving
the material a more porous appearance in TEM images of microtome cuts
(Fig. 8.15b). This is assumed to be due to the bigger particle size and higher poly-
dispersity in the ferrimagnetic material, whereas the comparably monodisperse
superparamagnetic particles assume a tight packing, which was also observed by
SANS, as mentioned before.



194 C. Debus et al.

Fig. 8.15 TEM images of embedded ferrogel composites with an average particle size of 50 nm
in the swollen (a) and dried (b) state, SEM image of dried composites with average particle sizes
of 90 nm (c), and magnification of (c), (d)

The materials show ferrimagnetic behavior with hysteresis at room temperature
and saturation magnetizations comparable to the values of the corresponding plain
ferrogels.

8.5.3 Conclusion

The presented works showed the successful transfer of the ferrogel synthesis into
the demineralized scaffold of nacre, leading to layered magnetic composite materi-
als. The relevance of the gelatin for the mineralization process was shown. Similar
as in the natural environment, the hydrogel not only influences the mineralization
but also stabilizes the scaffold structure before and during mineralization. A degree
of mineralization similar to the ferrogels can be achieved, and the material pos-
sesses a structure comparable to the chiton tooth composite surrounded by a nacre-
like layered matrix.

8.6 Summary and Outlook

Magnetite nanoparticles can be synthesized at ambient conditions, and ways to con-
trol their size and morphology were shown based on iron concentrations and the
precipitation routes. This control was further refined by the use of soluble gelatin as
a cheap, easily obtainable, and biocompatible additive. With the coprecipitation
method, approx. 12 nm-sized superparamagnetic particles can be created, while the
partial oxidation method yields bigger particles ranging from 50 to 90 nm that show
ferrimagnetic behavior. For the ferrimagnetic particles, flowerlike agglomerates of
small subgrains were observed. These particles show single-crystalline SAED pat-
terns, and their ferrimagnetism further confirms this single crystallinity. A HR-TEM
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study might be very interesting to prove this single crystallinity. Superparamagnetic
and antiferromagnetic ferrogels can be created by applying these synthesis methods
to the mineralization of gelatin hydrogels. The synthetic approach for ferrogels can
be successfully transferred into demineralized scaffolds obtained from nacre demin-
eralization, leading to hierarchically structured, layered magnetic composites.

The role of the gelatin in this material was shown to not only be a nucleation site
for magnetite precipitation but also to stabilize the structure of the demineralized
nacre during the mineralization process, in analogy to what is observed in the nacre
biomineralization (Levi-Kalisman et al. 2001).

The magnetic properties of the nanoparticles were proven to be unchanged by
incorporation into a ferrogel or a layered composite. The magnetic orientability of
the ferrimagnetic nanoparticles could be used to align these particles, thus creating
another level of hierarchy.

A main difference between the synthesized and the model materials is the limited
degree of mineralization, which is as low as 65 wt.-% in the magnetic composites
compared to, e.g., the mineral content of nacre with 95%.

Generally speaking, the proposed idea behind these composite materials was to
take inspiration from three different materials, analyze their advantageous proper-
ties, select the structural features responsible for these properties, and combine
them into one new material. In this case, a ferrogel mimicking the magnetite-organic
composite of the outer shell of chiton teeth was chosen to give hardness to the mate-
rial. The layered brick-mortar structure of nacre was applied to increase both frac-
ture toughness and also stiffness and hardness of the material. Lastly, the high
magnetic anisotropy of magnetosomes was copied with ferrimagnetic nanoparticles
that allow the arrangement into linear structures.

The degree of mineralization might be further increased by an additional mineral
phase, acting as a filler, that might be introduced after the magnetite mineralization.
As the TEM images of microtome cuts of swollen gels show, these gels are not yet
tightly packed and should still be accessible to additional diffusion-based mineral-
ization steps. Minerals coming into question might be calcium phosphate, which is
the natural “partner” of magnetite seen in the softer inner parts of chiton teeth
(Saunders et al. 2009), calcium carbonate, which is the mineral seen in nacre
(Heinemann et al. 2011), and silica, which can be found in combination with an iron
oxide in the radular teeth of limpets, another mollusk comparable to chitons
(Lowenstam 1971; Mann et al. 1986).

With an almost natural synthesis with many diffusion-based mineralization pro-
cesses, the creation of gradient materials does also look promising. In many load-
bearing biological materials, a core shell or gradient structure with a soft core and a
hard shell can be observed (e.g., bone, teeth) (Bduerlein 2008). A clever combina-
tion of different mineralization approaches or even making use of the self-healing
properties of the ferrogel at low to medium degrees of mineralization will surely
allow for the formation of such “multi-zone” or gradient materials.

To see if the basic idea behind these materials holds true, it would then be impor-
tant to assess the mechanical properties of these materials via (nano-)indentation;
abrasion, fracture, and bending tests; etc. Emphasis should also be laid on the
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possible anisotropy of the mechanical behavior, which is suggested by the layered
structure, and on the additional influence that the orientation of the nanoparticles in
amagnetic field might have. An additional stiffening and again a pronounced anisot-
ropy in hardness and stiffness might be plausible.

Anisotropy can also be expected in the magnetic properties of the materials.
Angle-dependent measurements with a magnetometer may show the macroscopic
properties of oriented gels, while the nanoscopic magnetic interaction between indi-
vidual particles might be observed by electron holography, a technique also applied
to the particle chains of bacterial magnetosomes before (Simpson et al. 2005). The
magnetic anisotropy might be further increased by the incorporation of morphologi-
cally anisotropic particles. The easily preparable goethite needles come to mind
(Burleson and Penn 2006), which even have a natural counterpart in the goethite/
silica composites found in the aforementioned limpet teeth (Barber et al. 2015).

Lastly, the only limiting factor regarding sample size and shape is the scaffold,
which is obtained from natural nacre. Replacing the scaffold with an artificial chitin
scaffold would abolish this limitation. There is already a lot of work done regarding
creation of such layered biomimetic materials via freeze casting (Deville et al. 2006;
Mao et al. 2016) and work regarding the combination of artificial scaffolds with the
mineralization approach presented in the previous chapters is already ongoing. The
continuing in-depth analysis of the material properties will show if they already
represent a proof of concept of the central idea behind their design. Inspiration to
further improve the overall material properties is existing and promising; thus, the
properties of each of the model minerals may further be approached or even sur-
passed in the future.
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