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Introduction

Biotemplated synthesis of magnetic filaments

Eva Bereczk-Tompa,® Ferenc Vonderviszt, ("< Barnabas Horvath,® Istvan Szalai®
and Mihaly Posfai () *2

With the aim of creating one-dimensional magnetic nanostructures, we genetically engineered flagellar
filaments produced by Salmonella bacteria to display iron- or magnetite-binding sites, and used the
mutant filaments as templates for both nucleation and attachment of the magnetic iron oxide magnetite.
Although nucleation from solution and attachment of nanoparticles to a pre-existing surface are two
different processes, non-classical crystal nucleation pathways have been increasingly recognized in bio-
logical systems, and in many cases nucleation and particle attachment cannot be clearly distinguished. In
this study we tested the magnetite-nucleating ability of four types of mutant flagella previously shown to
be efficient binders of magnetite nanoparticles, and we used two other mutant flagella that were engin-
eered to periodically display known iron-binding oligopeptides on their surfaces. All mutant filaments
were demonstrated to be efficient as templates for the synthesis of one-dimensional magnetic nano-
structures under ambient conditions. Both approaches resulted in similar final products, with randomly
oriented magnetite nanoparticles partially covering the filamentous biological templates. In an external
magnetic field, the viscosity of a suspension of the produced magnetic filaments showed a twofold
increase relative to the control sample. The results of magnetic susceptibility measurements were also
consistent with the magnetic nanoparticles occurring in linear structures. Our study demonstrates that
biological templating can be used to produce one-dimensional magnetic nanostructures under benign
conditions, and that modified flagellar filaments can be used for creating model systems in which crystal
nucleation from solution can be experimentally studied.

protein - can be produced in large quantities, exported out of
the cell and can self-assemble into long, homogeneous fibers,?

Self-assembling biological systems offer a promising platform
for the development of new nanomaterials because they can
enable the production of nanoscale materials with more
strictly controlled properties than is possible in synthetic
systems." An example of a natural, self-assembling protein
system is represented by the bacterial flagellar filament, which
can be used in nanotechnology as a template for nanoparticle
arrays or applied as a scaffold to manufacture nanofibers."*
The use of bacterial filaments in nanofabrication is attrac-
tive because their main component - the flagellin (FliC)
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which can be easily purified.* The length of the filaments can
be controlled during in vitro polymerization by changing the
conditions, ie. the applied precipitant or flagellin monomer
concentration.” Using flagellin in nanofabrication offers one
more benefit: it can be easily tailored by genetic manipulation.
The middle hypervariable region of the FliC gene forms the
surface-exposed D3 domain in the filament structure, which
can be removed, modified or replaced by foreign proteins
without adversely affecting the polymerization ability of flagel-
lin.® Mutant flagellin variants obtained by genetic engineering
can be used as building blocks to add various functionalities
to the filament."”®

In our recent work® flagellar filaments of Salmonella were
engineered to facilitate the formation of 1D magnetic nano-
structures under ambient conditions. We constructed four
different flagellin mutants displaying magnetite-binding
motifs, two of which contained fragments of magnetosome-
associated proteins from magnetotactic bacteria (MamlI and
Mms6), and another two contained synthetic sequences. The
self-assembled mutant filaments were used as scaffolds to
which separately synthesized magnetite nanoparticles could
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Table 1 Sequences of oligopeptides that were inserted into the central portion of Salmonella flagellin, replacing the hypervariable D3 domain

Peptide name Abbreviation Sequence Isoelectric point
Loop region of MamI® Maml_L WWWSVTEFLRG 6.00
C-terminal region of Mms6 ' Mms6_C YAYMKSRDIESAQSDEEVELRDALA 4.19
Synthetic magnetite-binding oligopeptide1 *> SP1 SGVYKVAYDWQH 6.74
Synthetic magnetite-binding oligopeptide2 ** SP2 TLNKPNRALHFN 11.00
Iron-binding oligopeptide1 ™ IB1 DLGEQYFKG 4.37
Iron-binding oligopeptide2 ' 1B2 HREERHKEEKR 8.60

attach. Even though Maml was previously reported to play a
crucial role in magnetite nucleation,'® the mutant filaments
containing the fragment of the Maml protein proved to be
efficient templates for magnetite nanoparticle attachment.
Considering that nucleation and nanoparticle binding are
closely related phenomena, in this paper we explore whether
the nucleation of magnetic particles could be induced by the
modified filaments. Therefore, magnetite was synthesized in
the presence of mutant Salmonella bacteria. In addition to the
above mentioned sequences (Table 1), we created two
additional mutants which were engineered to display known
iron-binding motifs. Our goal was to use these motifs to bind
iron ions from solution and initiate the nucleation of magne-
tite particles on the surfaces of the filaments. We compared
the magnetite templating and magnetite binding activities of
the six different motifs, as well as the products resulting from
the two different (iron- and magnetite-binding) processes

(Fig. 1).

Experimental

Construction of flagellin-based fusion genes, expression and
purification of mutant flagellin variants

The iron-binding segments were synthesized by Genscript
(Piscataway, NJ), cloned into pUC57 plasmid. Construction of
flagellin-based fusion genes in which the D3 domain of FliC
was replaced by the iron-binding motifs was performed accord-
ing to Bereczk-Tompa et al.’ The expression and selection of
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the fusion protein variants were also carried out as described
previously.” Swimming ability of the bacteria was checked by
dark-field microscopy using an Olympus BX50 microscope.

Transmission electron microscopy (TEM)

Mutant cells and magnetic nanofibers were visualized using
TEM, for which samples were deposited onto Cu grids covered
by continuous Formvar/carbon film. In order to enhance
image contrast, bare filaments were stained with 2% phospho-
tungstic acid (pH 7.0). We used unstained filaments in the
experiments of magnetite nucleation and attachment. Bright-
field images were obtained on a CM20 (200 kV; Philips), high-
resolution TEM images on JEM-3010 (300 kV, JEOL) and
JEM-2010F (200 kV, JEOL) microscopes.

Nucleation experiments

Mutant cells were grown overnight at 37 °C with vigorous agita-
tion, then the samples (500 pL) were subjected to centrifu-
gation (at 3000 rpm, 5 min). The bacteria pellets were sus-
pended in (500 pl) distilled water.

Synthesis of magnetite onto surface-modified flagellar fila-
ments was performed by the co-precipitation method: 60 pL of
iron chloride solution (66 mM; Fell : Felll = 1:2) was added to
500 pL cell suspension and was gently mixed. The pH of the
reaction mixture was ~2.5, and then a base (0.1 M NaOH) was
gradually added dropwise to increase the pH until a black pre-
cipitate (magnetite) formed. Although reconstructed filaments
are stable between pH 4 and 10, the distal ends of filaments
formed in vivo on bacteria are covered by the pentameric HAP2

o 3
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Fe**
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|
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Fig. 1 Graphical illustration of the concept of our study. (A) Bacterial flagellar filaments are built of (B) thousands of flagellin subunits; (C) the D3
domain of flagellin can be replaced by specific binding motifs; (D) bacteria with mutant flagella are created, and (E) used in two different approaches
(magnetite binding and magnetite nucleation) to produce (F) magnetic filaments.
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cap'” which may help to preserve their stability even at
extreme values of pH.

In order to avoid oxidation, all solutions were degassed
before use, and the system was kept under argon during the
synthesis.

The experiments were performed with three controls that
were not supposed to contain iron- or magnetite-binding sites
on their flagella: (1) wild-type bacteria, (2) a mutant with its
D3 domain removed, and the two ends of D2 connected with a
small, uncharged linker (AD3_FliC_GNLSA),® and (3) another
mutant in which the D3 domain was replaced by a longer
linker (LETGPGEL),® encoded by a gene cassette containing
the recognition sites of the restriction enzymes used in the
genetic engineering experiments (AD3_FliC_LETGPGEL).

Magnetic measurements

The magnetic properties of magnetic nanofibers were charac-
terized by viscosity and magnetic susceptibility measurements,
using the samples prepared with FliC-MamI_L filaments.’

The rheological behavior of magnetic nanofibers in an
external magnetic field was determined by an Anton Paar MCR
301 rotational rheometer equipped with an MRD 70/1 T mag-
netorheological accessory. The measurements were conducted
at a constant shear rate of 5 s~ with parallel plate geometry (at
T = 20.5 °C). During constant shear the samples were sub-
jected to an external homogeneous magnetic field (20 s long
rectangular pulse, B = 800 mT) perpendicular to the shear
flow.

The dynamic magnetic response of the nanofibers was
determined by a special magnetic susceptibility measurement
method, which is the magnetic counterpart of the dielectric
response-time measurement technique.'® The sample was
placed inside a solenoid, which is the frequency-determining
element of an LC oscillator. The frequency was measured by
an HP 53310A modulation domain analyzer. A Helmholtz coil
pair was used to generate a 50 ms long ramp pulse of a homo-
geneous magnetic field (25 ms rise time, Byax = 4.5 mT). The
Helmbholtz coil was driven by a Labworks PA-138 power ampli-
fier, and the input signal was supplied by a data acquisition
card (National Instruments PCI-6052E).

Results and discussion

Development of flagellar filaments displaying iron-binding
motifs

Previously we used bacterial flagellar filaments as templates
for the formation of magnetic nanofibers by capturing magne-
tite nanoparticles from solution. Flagellin subunits were
genetically engineered to display magnetite-binding sites on
the surface of the filaments. The details of the construction of
four mutants were described by Bereczk-Tompa et al.’ In the
present work, we constructed two new flagellin mutants dis-
playing iron-binding motifs. One of these peptides, with the
sequence DLGEQYFKG, was identified from porcine plasma
after hydrolysis with Flavourzyme.'* The other peptide with
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Fig. 2 SDS-PAGE analysis of engineered flagellin variants. Lanes
marked W: overnight cell cultures; two colonies were randomly chosen
and analyzed. The cell concentrations were normalized to the ODggo
values. The expected band positions for FliC-IB1 and FliC-IB2 are at
43.6 kDa and 44.1 kDa, respectively. Lanes marked S: the amounts of
fusion proteins secreted into the culture medium (including broken
filaments). Lanes marked F: the amounts of fusion proteins forming
filaments on the cell surface were obtained by heat-induced depolymer-
ization and high-speed centrifugation. The applied filament fractions
were five times more concentrated than the secreted fractions. The
intensity of the bands suggests that the subunits were mainly secreted
into the culture medium, and only smaller fractions formed filaments on
the surfaces of the bacteria.

the sequence HREERHKEEKR was originally proposed as an
iron oxide binding motif,"> but we found it to have iron-
binding capability. The DNA segments coding for the oligopep-
tides were synthesized, and ligated into the pKOT-based
plasmid containing the D3 deletion mutant FliC gene. After
plasmid constructs were introduced into the flagellin-deficient
SJW2536 Salmonella strain, the mutant flagellin variants were
expressed at a high level. The preserved swimming ability of
the bacteria (checked by dark-field microscopy) suggested a
well-folded structure of the fusion proteins. The amounts of
subunits built into filaments were studied by gel electrophor-
esis because our earlier observations® showed that a significant
fraction of the flagellin-based fusion proteins was secreted
into the culture medium in monomeric form. Therefore, the
mutant cells were collected by centrifugation, suspended in
PBS and heated to 65 °C to disassemble flagellar filaments,
and the depolymerized fractions were analyzed by SDS-PAGE.
We observed strong bands at the expected positions for the
depolymerized FliC-IB1 and FliC-IB2 fractions (Fig. 2), but
comparison of their band intensities to the secreted fractions
suggested that again a minor portion of subunits formed fila-
ments on the surfaces of the bacteria. TEM studies demon-
strated that IB1 filaments were 7-12 pm and IB2 filaments
were 5-8 pm long (Fig. 3).

Magnetite precipitation on the surfaces of mutant filaments

We performed magnetite nucleation experiments with all six
mutant flagellin variants (Table 1) and three controls.
Magnetite precipitation was initiated by adding a solution con-
taining a mixture of ferrous and ferric chlorides to the suspen-
sion of filaments. We expected that iron ions from solution
would be bound by the inserted functional motifs and thus

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Bright-field TEM images of Salmonella cells that possess the
mutant flagellar filaments composed of (A) FliC-IB1 and (B) FliC-IB2.
Samples were stained with 2% phosphotungstate (PTA) to enhance
image contrast.

localized on the surfaces of filaments. Then we added NaOH
in order to initiate the formation of magnetite.

The controlled precipitation led to the formation of net-
works of magnetite chains in all six iron-binding mutants and
in one of the controls (AD3_FliC_LETGPGEL) (Fig. 4A-F). In
contrast, cells in two control samples (WT and
AD3_FliC_GLNSA) were tightly embedded in magnetite aggre-
gates, but networks of magnetite chains were absent around
the cells (Fig. 4G and H). In the case of the mutants producing
networks of magnetite-covered filaments, the question arises
whether (1) iron from solution was bound by the modified fila-
ments, initiating magnetite crystal formation directly on the
surfaces of filaments, or (2) magnetite nanoparticles formed
by homogeneous nucleation in the solution and then attached
to the filaments. The resulting particle size distribution
suggests that process (1) was primarily responsible for the for-
mation of magnetite. We observed particle sizes in the range
of 1.5-15 nm showing a bimodal distribution centered around
1.5-3 nm and 10-15 nm (Fig. 5). Magnetite nanoparticles
<5 nm (Fig. 6) were observed neither in inorganic co-precipi-
tation experiments in which the same reagents were used (and
that yielded 13.5(+6) nm diameter nanoparticles),” nor in the
experiments in which pre-made magnetite particles were
attached to mutant filaments.” Although the homogeneous
nucleation of magnetite in the solution and its later attach-
ment to the flagella cannot be entirely excluded, we found in a
previous study that the FliC-Mms6_C mutant could not inter-
act with magnetite nanoparticles.” We also checked the mag-
netite-binding ability of the IB1 and IB2 variants but failed to
observe any binding. The fact that Mms6_C, IB1 and IB2 fla-
gella were not able to interact with pre-existing magnetite sur-
faces but were efficient in the nucleation experiments (Table 2)
also suggests that crystals nucleated directly on these filaments
(Fig. 7).

HRTEM images of the nm-sized crystallites and their
Fourier transforms indicate that the particles are magnetite. In
many systems the formation of amorphous precursors was
observed before crystallization of the final product.”® For mag-
netite, a ferrihydrite precursor was found by cryo-TEM to form

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Bright-field TEM images of cells with FezO4 nanoparticles
nucleated on their flagella. (A) Maml_L; (B) Mms6_C; (C) IB1; (D) IB2; (E)
SP1 and (F) SP2 mutant flagella. In each panel a single cell is shown, sur-
rounded by magnetite-covered filamentous structures. (G) and (H)
Distribution of FezO,4 nanoparticles around cells possessing wild-type
and D3-deleted mutant flagella (AD3_FliC_GNLSA), respectively, both
used as controls.

in the solution first and then to convert to magnetite.”® Here,
we observed cyrstalline, nm-sized magnetite without any evi-
dence for the presence of a precursor. Interestingly, the nm-
sized crystallites did not arrange themselves along the protein
templates by oriented attachment, and did not fuse into larger
single crystals, but were present in random crystallographic
orientations along the filaments.

In the present study we tested the magnetite-nucleating
ability of six types of mutant flagella, some of which had been
previously shown to be efficient binders of magnetite nano-
particles.® The results of both magnetite nucleation and mag-

Nanoscale, 2017, 9, 15062-15069 | 15065
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Fig. 5 Bright-field TEM image of magnetite nanoparticles synthesized
by co-precipitation of Fe()) and Fe(n) in the presence of mutant
Salmonella bacteria. The magnetite nanoparticles were present on the
surfaces of the mutant filaments in different sizes: both relatively large
(10-15 nm) crystals (right side of the image) and small (<5 nm) crystal-
lites (left side of the image) occurred.

netite attachment experiments are outlined in Table 2. The
loop segment of Maml can perform a double role: it may both
nucleate and bind magnetite nanoparticles. Previous studies
suggested that MamlI may be involved in magnetite nucleation
in magnetotactic bacteria;*' our experiments provide the first
direct evidence for this role. For the C-terminal part of Mms6,
both iron- and magnetite-binding capacities have been
reported.>>** However, a recent study found that the 20 amino

View Article Online

Nanoscale

acid C-terminal residue of Mms6 binds iron ions (especially
Fe(u)) rather than magnetite, suggesting that Mms6 is a magne-
tite-nucleating protein.>* This is confirmed by our experiments
in which the C-terminal segment of Mms6 performed as a
nucleating agent but was unable to bind pre-made magnetite
particles. The apparent contradiction between reports about
the magnetite-binding ability of Mms6_C probably results
from the same protein adopting different conformations in
the various fusion constructs used in the above studies.

It is not straightforward to interpret the interactions
between the mutant flagellar filaments and iron ions, as well
as between filaments and the magnetite nanoparticles. Based
on both experimental studies of the interface between magne-
tite and magnetosome proteins®> and molecular dynamics
simulations of interactions between the magnetite surface and
acidic amino acids,*® electrostatic forces are thought to domi-
nate. In our experiments, the attachment of magnetite nano-
particles to the mutant filaments was performed at pH 7,
where magnetite has a positive surface charge.”” Simple cou-
lombic interactions between iron ions or the magnetite surface
and the functional olygopeptides built into the flagellar
filaments are insufficient to explain our observations. For
example, both SP2 and MamlI L bound pre-made magnetite
nanoparticles, even though the isoelectric point of SP2 is at pH

Fig. 6 HRTEM image of nm-sized crystallites (some of them are marked by black arrows) that are present in random crystallographic orientations
along the filaments. Lattice images of the <5 nm particles are consistent with the structure of magnetite (the flagellar filament itself is indistinguish-

able from the thick, amorphous support film that forms the background).
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Table 2 Comparison of the results of magnetite nucleation and mag-
netite attachment. Successful/unsuccessful experiments are labeled
with + and —, respectively

Results of the
nucleation
experiment

Results of the
magnetite-binding

Filament sample experiment

+

Maml_L
Mms6_C
SP1

SpP2

IB1 -
1B2 -
AD3_FliC_LETGPGEL -
(control)

AD3_FliC_GLNSA - -
(control)

Wild-type (control) - -

+ o+
+ o+ o+

Fig. 7 Bright-field TEM image of a web of magnetic nanofibers syn-
thesized by co-precipitation of Fe() and Fe(n) onto mutant
FliC-Mms6_C flagella. Since Mms6_C flagella were not able to interact
with pre-existing magnetite surfaces,® the presence of magnetite on
these filaments indicates that the crystals nucleated directly on the
filaments (the large crystal with dark contrast on the top is NaCl).

11 (Tables 1 and 2) and MamlI_L has a highly hydrophobic
character. We have no clear explanation for the observed binding
behavior of the applied segments. The process of magnetite
nucleation appears to be less specific than magnetite binding,
since in addition to the six mutants designed to bind iron, even
the AD3_FliC_LETGPGEL mutant (intended as a control) was
able to nucleate magnetite. In contrast, only three of the mutant
filaments could attach to magnetite nanoparticles. Although the
AD3_FliC_LETGPGEL mutant did not contain the D3 domain of
flagellin, two glutamic acid residues were present in the con-
struct. We believe that negatively charged amino acids probably
play an important role in binding iron irons from solution and
thereby initiating magnetite nucleation.

Even though the atomic scale interactions between the
mutant filaments and magnetite remain obscure, the
efficiency of the inserted oligopeptide sequences in either
nucleating and/or binding magnetite has been clearly estab-
lished by our experiments.

This journal is © The Royal Society of Chemistry 2017
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Magnetic properties of the magnetite-covered filaments

Magnetic nanofibers were prepared by using mutant flagellar
filament templates for both magnetite nucleation and attach-
ment. Since the final products obtained by the two different
processes did not differ significantly, the magnetic properties
of the nanofibers were measured on a selected sample, con-
taining MamlI_L filaments with attached magnetite nano-
particles. SAED patterns and HRTEM images clearly identify
the nanoparticles as magnetite, the size-dependent magnetic
properties of which are well known.>® Therefore, we performed
measurements that were designed to shed light on magnetic
behavior that could specifically result from the special, fila-
mentous nature of the magnetic nanostructures.

To test whether the magnetic nanofibers could be aligned
by exposure to a static magnetic field, a drop of suspension
containing magnetite-covered MamlI_L filaments was placed
on a TEM grid and then introduced into a strong magnetic
field (up to 800 mT) until the sample dried. TEM images
revealed that the magnetic filaments aligned in roughly paral-
lel ropes of several pm long (Fig. 8A), and each rope was com-
posed of bundles of smaller chains of magnetite-covered
filaments.

The effect of a magnetic field on the viscosity of a suspen-
sion containing magnetite-covered filaments was investigated
experimentally. Fig. 8B shows the viscosity versus time of the
Maml_L sample and two controls (one containing unmodified
filaments with magnetite and the other only magnetite par-
ticles), with and without application of an external magnetic
field. The viscosity of the sample containing the magnetite-
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Fig. 8 (A) Bright-field TEM image of magnetite-covered FliC-Maml_L
filaments that were subjected to a static magnetic field of 800 mT when
deposited onto the sample substrate. The magnetic filaments aligned in
“ropes” (seen as a dark band in the image), composed of bundles of
smaller chains of magnetite-covered filaments. (B) Viscosity of a solution
containing magnetic nanofibers (blue), compared to the viscosities of
two reference solutions, one of which contained the same amount of
magnetite but no filaments (red), and another that contained magnetite
nanoparticles and wild-type (unmodified) filaments (green). The
samples were exposed to an external magnetic field of 800 mT for 30 s
(as shown by the black line). The viscosity of the solution containing
magnetic nanofibers increased when the magnetic field was turned on,
whereas the viscosities of the two reference solutions remained
constant.
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covered filaments increased about twofold upon application of
an external magnetic field, and returned to its original value
when the magnetic field was switched off. The change of vis-
cosity is caused by the alignment of the magnetic filaments
parallel to the applied field (that is perpendicular to the shear
exerted by the flow). No viscosity change could be observed in
the controls. Apparently, the chains formed from the free mag-
netite particles under the magnetic field were much less stable
than the ordered, linear arrangement of magnetite along the
filament templates.

The dynamics of structure formation (alignment of the
magnetic filaments) in an external magnetic field was charac-
terized by response time measurements. The structure for-
mation causes a change in the magnetic susceptibility of the
nanofiber samples. The response time was extracted from the
dynamic magnetic response (change of magnetic susceptibility
versus time) as a characteristic time constant. We found that
the magnetic nanofiber samples have a response time of 7 =
10.2 ms, which is considerably higher than the z = 6.6 ms
response time of the reference sample (magnetite nano-
particles without filaments). The slower response of the mag-
netic nanofibers is consistent with the magnetite particles
being bound to the filaments.

Conclusions

In this study mutant flagella were used as templates for both
magnetite nucleation and attachment. Both experimental
approaches resulted in filamentous structures covered by ran-
domly oriented magnetite nanoparticles. The obtained mag-
netic filaments can be aligned in an external magnetic field,
showing a highly ordered arrangement. Our results demon-
strate that one-dimensional biological templates can be built
that either trigger the nucleation of magnetite from solution
or bind magnetite nanoparticles from their aqueous suspen-
sion, with both processes leading to the formation of filamen-
tous magnetic nanostructures. The produced magnetic nano-
fibers can be potentially used in various applications in the
future, including magnetic nanoparticle imaging and the
preparation of new soft intelligent materials.
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