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1. Introduction

Magnetosomes are intracellular, membrane-bound nanocrystals of iron oxides
produced by a diverse group of bacteria known as magnetotactic bacteria (MTB).
These bacteria, ubiquitously found in aquatic sediments, align themselves with the
Earth’s magnetic field lines, facilitating navigation toward optimal environments.
MTB actively synthesize magnetosomes, a process initiated by membrane
invaginations where iron uptake and oxidation occur. Specialized proteins
orchestrate the formation of highly ordered crystal structures, preventing iron
precipitation as amorphous oxides.

Magnetosome composition typically consists of magnetite (FesOs) or greigite
(FesS4), although most research effort is directed toward magnetite.!> Minerals are
encased within a lipid bilayer membrane composed of phospholipids and proteins.
This bilayer, crucial for stability and preventing oxidation, is structurally similar to
eukaryotic cell membranes. Magnetosomes are generally 20—120 nm in diameter,
exhibiting a remarkably uniform size and shape—often resembling polyhedra or
ellipsoids. This uniformity contributes to their exceptional magnetic properties.

Due to their crystalline structure and single-domain size, magnetosomes are
prepared at a size very close to the superparamagnetic limit, which means that
depending on the size of the particle, they can have superparamagnetic behavior
(particles <25 nm) or they can behave like room temperature ferromagnets
(particles >25 nm).> They respond rapidly to external magnetic fields, a key
characteristic exploited in various applications.

The potential for both genetic and surface modifications expand magnetosome
utility. Genetic engineering can alter the type of iron oxide produced, control
particle size and shape, or introduce targeting ligands. Surface modifications, as
demonstrated in recent research, involve conjugating antibodies, peptides, or
polymers to the membrane, enhancing biocompatibility and enabling targeted
delivery.

Applications are diverse, ranging from biomedical imaging and targeted drug
delivery to environmental remediation (removing pollutants) and biosensors. Their
biocompatibility makes them attractive for hyperthermia cancer therapy, while their
magnetic properties are leveraged in magnetic resonance imaging contrast agents.
Further development promises magnetosomes as tools for manipulating cells,
creating novel biomaterials, and advancing nanotechnology.



2. Materials and Methods

2.1 Fourier-Transform Infrared Spectroscopy (FTIR)

Bruker Alpha Platinum attenuated total reflectance (ATR) FTIR was used to
perform 24 scans, at 4-cm™! resolution, 4000—400 cm™!. Samples of magnetosomes
and modified magnetosomes were analyzed as dry powders on an ATR crystal.

2.2 Transmission Electron Microscopy (TEM)

TEM was performed using a JEOL 2100F operating at 200 kV and imaging at
several magnifications. Lacey Carbon TEM grids on 300-mesh copper (Ted Pella)
were used.

2.3 Magnetosome Modifications

Sonication was performed with a FisherBrand Model 120 Sonic Dismembrator.

2.3.1 Isothiocyanate Coupling

Dried magnetosome particles (I mg) were washed three times with 50-mM
carbonate buffer pH 9. The particles were then resuspended in 1 mL of 50-mM
carbonate buffer with 1 mg of fluorescein isothiocyanate (FITC) and sonicated
using a sonic horn at 4 °C using a cycle of 1 s “on,” 1 s “off” for 30 min “on,” 30%
amplitude. Then, the sample was washed three times with a phosphate-buffered
saline (PBS) buffer pH 7.2 and resuspended to a final 1-mg/mL magnetosome
concentration. Samples were washed three times with desired organic solvents and
then washed twice with PBS before being resuspended to 1 mg/mL in PBS and
assessed for fluorescent intensity.

2.3.2 Carbodiimide Coupling

Dried magnetosome particles (1 mg) were washed three times with 100-mM
2-morpholinoethanesulfonic acid (MES) buffer at pH 6. The particles were then
resuspended in 1 mL of 10-mM MES pH 6. Next, 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
were added to the sample along with approximately 1-10 uM of the desired
chemical agent to be coupled (fluorescein, biotin, peptide). The sample was then
sonicated using a sonic horn at 4 °C using a cycle of 1 s on, 1 s off for 30 min on,
30% amplitude. Then, the sample was washed at least three times with PBS buffer
pH 7.2 and resuspended to a final 1-mg/mL magnetosome concentration.



For samples in which a modifying ligand was previously modified by EDC/NHS
(e.g., NHS-fluorescein, NHS-biotin), 1 mg of dried magnetosome particles were
washed three times with 10-mM MES buffer pH 6. The particles were then
resuspended in 1 mL of 10-mM MES pH 6, 1 mg of NHS activated labeling reagent
was added, and the sample was sonicated using a sonic horn at 4 °C using a cycle
of I s on, 1 s off for 30 min on, 30% amplitude. Then, the sample was washed at
least three times with PBS buffer pH 7.2 and resuspended to a final 1-mg/mL
magnetosome concentration.

2.3.3 Cholesterol Membrane Anchoring

Dried magnetosome particles (1 mg) were washed three times with 10-mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer pH 7.2. The
particles were then resuspended in 1 mL of 10-mM HEPES buffer pH 7.2 with 1—
2 mg of cholesterol-PEG-fluorescein (2 kDa) or cholesterol-PEG-biotin (1 kDa)
and sonicated using a sonic horn at 4 °C using a cycle of 1 s on, 1 s off for 30 min
on, 30% amplitude. Next, the sample was washed three times with a tris-buffered
saline (TBS) buffer pH 7.2 and resuspended to a final 1-mg/mL magnetosome
concentration.

2.3.4 Biotin Quantitation

Biotinylated magnetosome samples (previously described) were then assessed for
a qualitative presence of biotin to confirm successful labeling using a Thermo
Scientific Pierce Fluorescence Biotin Quantitation Kit and its standard protocol.
TBS buffer was used for the assay, and 100 pL of each 1-mg/mL magnetosome
sample was used for each reading (readings were performed in duplicate).

2.3.5 Fluorescein Assessment

Fluorescently labeled magnetosome particles were excited at 492 nm and emission
observed at 522 nm.

2.4 Particle Dispersibility

Dried magnetosome samples (1 mg) were resuspended in 1 mL of desired organic
solvent and then sonicated using a sonic horn at 4 °C using a cycle of 1 s on, 1 s off
for 30 min on, 30% amplitude. The sample was then vortexed for 5 s and the outer
diameter at 600 nm was recorded every 2 min for 20 min.



2.5 Sodium Dodecyl Sulfate—-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

SDS-PAGE was run on a Mini-Protein TGX Precast Gel from Bio-Rad (4%—-20%
gradient) at 120 V for 45-60 min in 1xTris/Glycine SDS Electrophoresis buffer
(Bio-Rad). The gel was stained with Coomassie dye and destained using 10% acetic
acid, 50% methanol, and 40% water. Magnetosomes samples were challenged with
I-mg streptavidin and washed three times with buffer prior to running on SDS-
PAGE.

2.6 Cotton Textile Modification

Dried magnetosomes (8.7 mg) were resuspended with 87 mg of four Arm-NHS-
PEG (1 kDa) in 8.7 mL of 10-mM MES pH 6 and then sonicated using a sonic horn
at 4 °C using a cycle of 1 s on, 1 s off for 30 min on, 30% amplitude. The sample
was then washed once with 10-mM MES pH 6 and resuspended in 8.7 mL of
10-mM MES pH 6 with 87 mg of cellulose binding domain (CBD) peptide
(KSGSGCQVLNPWYSQTTPGWGQC, cyclized through disulfide linkage) and
then sonicated using a sonic horn at 4 °C using a cycle of 1 s on, 1 s off for 30 min
on, 30% amplitude. Next, the sample was washed twice with PBS + 0.1% Tween-
20 and resuspended in 8.7 mL of PBS + 0.1% Tween-20. Then, 10 cotton circles
(7-mm diameter) were added to the solution, and the sample was incubated at room
temperature while shaking for 65 h followed by washing in PBS + 0.1% Tween-20
for 24 h.

2.7 Magnetic Measurements

Saturation magnetization and coercive forces were measured using cryogen-free
VersalLab (Quantum Design) using vibrating sample magnetometry (sweeping
+3T) and performed at 100 and 300 K.

3. Results and Discussions

3.1 Magnetosome Characterization

Initial characterization of commercial magnetite, distearoylphosphatidylcholine
(DSPC) templated magnetite, and DSPC was performed via FTIR to generate
control spectra for subsequent magnetosome characterization. DSPC is a
phospholipid that was selected because it mimics phospholipids that primarily
compose cell and vesicle membranes of biological organisms. Magnetosomes are
composed of an iron-oxide core and a bilayer membrane containing mostly



phospholipids and some proteins. Significant peaks observed for DSPC peaks at
2855 and 2920 cm™! are from C-H group vibrations of methylene and methyl
groups.* The peak at 2361 cm™! may result from presence of CO; and is present in
metal oxide, although intensity varies.* The peak at 1620 cm™' arises from water
molecules adsorbed to the inorganic surface (O-H bending).®> The two peaks at 1405
and 1612 cm™! result from stretching of carboxylate (COO) ions adsorbed to the
inorganic surface and is present as a residual component of the magnetite
synthesis.® Distinctly notable in the DSPC spectrum and somewhat visible in the
DSPC-magnetite spectrum in a peak at 1060 cm™' indicates the presence of a
phospholipid on the in-house synthesized magnetite and corresponds to the P = O
stretch arising from the phosphodiester moiety of the phospholipid.”® This peak is
absent from commercially pure magnetite. The band at 550 cm™! may be attributed
to Fe** — O vibration from the iron-oxide particles.’

In the second FTIR spectra, a significantly observable peak at 1060 cm™! in the
magnetosome spectrum is observed, indicating the presence of phospholipids. This
peak, along with TEM imaging, indicates the presence of a phospholipid bilayer in
processed magnetosomes from Superbrewed Food, Inc. Peaks arising in the 3000—
3500 cm™! portions of the spectra correspond to O-H and N-H stretching. The broad
stretch observed in this region of the magnetosome spectrum likely includes these
O-H and N-H stretches associated with the biological components, such as proteins
and phospholipids, but adsorbed water is likely the dominating contributor to this
peak.’ Peaks at 2351 and 2331 cm™! are observed in the magnetosome sample and
are not arising from a biological molecule. Since the peaks are present in
magnesium sulfide (MgS), it is not likely arising as a distinct result of inorganic
synthesis (as may have initially been inferred by the peak at 2361 cm
in Figure 1).

FTIR Control Spectra
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Figure 1. A) FTIR spectra of different magnetite and phospholipid control samples.
B) DSPC structure, a phospholipid found in cell membranes.



They most effectively align with CO> spectrum and are likely arising from the
dissolved and adsorbed gas.'® The broad peak from 1730 to 1960 cm™! is primarily
present in the magnetosome sample. This is therefore likely arising from the
uniqueness of the magnetosome membrane and proteins. It corresponds to carbonyl
stretches—specifically, those of the phospholipid membrane—but is broadened
due to interactions with water.!! The presence of adsorbed water in the MgS sample
is further confirmed by the broad peak from 3000 to 3500 cm™'. The peak at 1643
cm! in the magnetosome spectrum corresponds to a C = O stretch in proteins and
is termed the amide I band.!? Participation in hydrogen bonding with water results
in peak shifting to lower frequencies.!? The magnetosome peak at 1536 cm™! also
correlates significantly to protein in the sample with the region from 1500 to 1600
cm! and known as the amide II band region; it comprises mainly N-H bending
vibrations associated with peptide bonds.!> TEM imaging also depicts small gaps
and limited aggregation of magnetosome particles, which in conjunction with the
observed FTIR spectra are indicative of the presence of phospholipids and proteins
composing a membrane for the inorganic core. See Figures 2 and 3.
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Figure 2.  FTIR spectra of magnetite and magnetosome samples.
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Processed magnetosomes exhibited poor dispersibility in aqueous solution and
settled out of solution rapidly, thereby prohibiting particle characterization by
dynamic light scattering (DLS). Initial experiments with dispersing agents, such as
nonionic detergent and glycerol, failed to effectively suspend magnetosome
particles; therefore, alternative solvents were assessed for particle suspensions. Dry
magnetosome samples were resuspended in organic solvents using sonication and
the suspension stability was assessed optically based on turbidity measurements at
600 nm over a 20-min time course. In Figure 4, it was observed that tetrahydrofuran
and methanol proved least effective for suspending magnetosomes, while 1-methyl-
2-pyrrolidinone and 2-propanol were most effective. Assessment of solvent
characteristics (Table 1) depicted a positive correlation between solvent viscosity
and magnetosome suspension stability.'* Therefore, more viscous organic solvents
may provide a means for prolonging processed magnetosome suspensions in
solutions.

Magnetosome Dispersion Stability in Various Solvents
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Figure 4. Magnetosome suspension stability in various solvents.

Table 1.  Characteristics of solvents assessed for magnetosome suspension.

Viscosity  Refractive index

Solvent Density (cp, 20 °C) (20 °C)
2-propanol 0.785 2.86 (15) 1.377
1-methyl-2- 1028 1.67(25) 1.47

pyrrolidinone
Water 1 1 1.333
N,
N-dimethylformamide 0.944 0.92 1.43
Methanol 0.791 0.55 1.329
Tetrahydrofuran 0.889 0.55 1.407




FTIR spectra of magnetosomes exposed to various organic solvents was performed
to assess the impact on biological membrane components (Figure 5). Lyophilized
samples of magnetosomes that had been exposed to various organic solvents were
assessed via FTIR. Peak degradation and loss of definition were observed for peaks
in the C-H region (2855 and 2920 cm™), the P = O stretch at 1060 cm™', and the
amide II region peak at 1536 cm™!. This was indicative of negative solvent impacts
on the biological membrane of the magnetosomes.

FTIR of Solvent Exposed Magnetosomes
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Figure 5.  FTIR spectra of magnetosomes following exposure to different solvents.

3.2 Chemical Modifications of Magnetosomes

To develop a foundational understanding for future genetic engineering, chemical
modifications of magnetosome membrane proteins and the magnetosome
membrane were conducted (Figure 6). Covalent and noncovalent methodologies
were employed to demonstrate successful chemical modifications with preliminary
qualitative and quantitative assessment goals aimed at informing the value of
genetic engineering.



Figure 6.  A) Graphic cartoon of a magnetosome. B) Graphic cartoon of a magnetosome
modified chemically with FITC. C) Graphic cartoon of a magnetosome modified using a
cholesterol anchoring strategy.

Covalent fluorescent modification of magnetosomes was initially performed using
isothiocyanate chemistry, where FITC was incubated with magnetosomes while
sonicating in carbonate buffer (Figure 8). This resulted in an overflow fluorescent
reading that is displayed as a 60,000 fluorescent intensity unit cutoff. Magnetosome
control in buffer exhibited some background fluorescence. Magnetosomes that
were labeled covalently with FITC and subsequently washed with organic solvents
(DMF, DMSO, or EtOH) demonstrated a loss of fluorescent intensity likely
resulting from damage/stripping to the biological membrane of the magnetosomes
(Figure 7).

_
HO O
R NH,
H
HN\C/N\R

Figure 7.  FITC covalent linking reaction equation.



Solvent Impact on Fluorescein Modified Magnetosomes
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Figure 8.  Assessment of FITC fluorescent intensity of modified magnetosomes exposed to
different solvents.

Covalent fluorescence modification was also performed by carbodiimide
chemistry, which utilizes 1-EDC and NHS to activate carboxylic acid moities (in
this case the fluorescence molecule) for subsequent covalent coupling to amines
found in the biomolecules composing the membrane and noncovalent membrane
anchoring using a cholesterol (Figure 9). In the case of cholesterol-based anchoring,
a cholesterol-polyethylene glycol-fluorescein was used. Comparisions between the
two modification methods indicate a higher degree of fluorescence when
performing the covalent modifications (Figure 10). Repeated washing of
fluorescently modified samples was performed to ensure that residual, nonbound
dye molecules were removed and that there was relative stability of the
fluorescently labeled membrane. Figures for washing of cholesterol anchored and
covalently bound fluorescein indicate that most nonbound dye is removed after two
washes, where the wash supernatant was assessed for the presence of fluorescein
(Figure 11). This indicates that the fluorescen observed by modified
magnetosomes—after modification and washing—is relatively stable.
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Figure 7. A) Structure of FITC-PEGn-cholesterol. B) Structure of biotin—-PEGn—
cholesterol.
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Figure 8.  Fluorescence intensities observed for various magnetosome modification
strategies.
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Washing of NHS-Fluorescein modified Magnetosomes Washing of CLS-PEG-Fluorescein Modified Magnetosomes
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Figure 9.  Fluorescence intensity of wash supernatants following magnetosome chemical
modification.

Following successful fluorescence modifications, the potential for biotin
modification (small molecule) was subsequently assessed. Biotin is a small
molecule known to bind to the streptavidin protein with exceptional affinity.
Assessment of this system would enable characterization of small-molecule
modifications to magnetosome membranes, which would enable subsequent
anchoring to potential material sets. Biotin modification of magnetosomes was
carried out using either a cholesterol anchor or carbodiimide coupling chemistry.
Qualitative assessment of biotinylation was performed using a biotin quantitation
assay in which the presence of biotin displaces a modified 4'-hydroxyazobenzene-
2-carboxylic acid (HABA), a fluorescent dye molecule initially bound to
streptavidin. The resulting fluorescence measurements are directly proportional to
the quantity of biotin present. Here, carbodiimide chemistry demonstrated superior
quantity of modifications relative to using a cholesterol anchor (Figure 12).
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Figure 10. Biotin quantitation assay of magnetosomes modified by various methods.
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Previous validations of magnetosome modifications relied on fluorescent
measurements; therefore, another means of confirming successful magnetosome
modifications was sought. The use of SDS-PAGE is commonly used for assessing
proteins found in biological samples, and this methodology was subsequently used
to assess magnetosome membrane protein content and probe sample for successful
modification. Magnetosomes were biotinylated and incubated with streptavidin
followed by an assessment on an SDS-PAGE gel. It was theorized that biotinylation
of the magnetosome membrane would result in significant anchoring of streptavidin
proteins, which may be visualized by the appearance of a band at about 55 kDa. In
the gel image, it can be clearly depicted that large bands corresponding to
streptavidin can be observed for both cholesterol anchoring and carbodiimide-
based membrane biotinylation. Another notable observation is the significant lack
of other proteins, with a majority of the observed protein bands appearing as 15
kDa or less (Figure 13). SDS-PAGE analyses performed on magnetosomes by other
researchers indicated many proteins across a wide range of molecular weights.'*
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Figure 11. SDS-PAGE analyses of magnetosome samples.

3.3 Cellulose Modification

Initial modification of magnetosomes with a cellulose binding peptide (CBP)
was carried out through carbodiimide chemistry utilized for fluorescent
modification.!>!® Following preparation, these modified magnetosomes were
incubated with a cotton textile swatch (~1 x 1 cm). This resulted in a gray-to-black
textile. However, upon washing, much of the color was lost, likely indicating poor
magnetosome integration. When exposed to a magnet, this textile failed to exhibit
magnetic affinity (Figure 14). Determination of effective peptide coupling
presented challenges as the presence of protein fragments and phospholipids make
it challenging to biochemical study of CBP linkage. Therefore, another method was
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proposed for CBP modification of magnetosomes. This involved incubating
magnetosomes with multiarm, n-hydroxy succinimide
biotinyl(polyethyleneglycol) (PEG) followed by incubation with CBP (Figure 15).
Following textile incubation and washing, this swatch retained a gray color and
demonstrated attraction to a magnet. The incorporation of preactivated, multiarm
PEG likely provided significantly more binding sites, as the NHS-PEG would
theoretically interact with the primary amines of the phospholipid membrane,
thereby providing more binding sites for the N-terminal amine of the CBP to
covalently bind. The multiarm PEG modification was then performed again on
cotton textile samples produced using a hole punch to control sample size. These
circular samples also appeared to be successfully modified by MgS (Figure 16).

Figure 12. A) Cotton textile samples after experimental treatment and washing.
B) Magnetic response of modified cotton samples.
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Figure 13. A) Cartoon image depicting multiarm PEG modification of magnetosome
membrane. B) Cartoon depicting CBD peptide modification of multiarm PEG-modified
magnetosome membrane.
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Figure 14. Magnetosome modification by multiarm PEG + CBD peptide.

Thermogravimetric analysis was next performed under a nitrogen atmosphere on
MgS modified and unmodified textile samples to estimate the effective loading of
magnetosomes (Figure 17). Both samples maintained a small amount of mass that
was inorganic (likely, pyrolyzed carbon) after heating to 850 °C. A similar amount
of each mass was analyzed via thermal analysis and indicated roughly 5.5%
(w/w%) loading of magnetic particles into the cotton textile. Following thermal
analysis, vibrating sample magnetometry was performed on MgS modified and
unmodified samples to assess the magnetic properties. Cellulose alone exhibited a
diamagnetic signal of —1.73 emu/g, the saturation magnetization of MgS modified
cellulose was 9.09 emu/g(magnetite). Adding the negative contribution from cellulose
alone would indicate an M; of 10.82 emu/g based on total inorganic content. The
magnetosome sample also showed a coercive field of 43 Oe, while the cellulose
alone gave no hysteresis.
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Figure 15. A) Thermogravimetric analysis of MgS modified cotton textile. B) Vibrational
scanning magnetometry of MgS modified cotton textile.
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4. Conclusion

This study successfully characterized and modified magnetosomes (i.e., nanoscale
magnetic particles encased in a biological membrane). FTIR confirmed a
phospholipid bilayer surrounding an iron-oxide core, distinguishing these from
commercial magnetite. Dispersibility proved challenging, with viscous solvents
like 1-methyl-2-pyrrolidinone offering improved suspension. Solvent exposure
negatively impacted membrane integrity, as evidenced by FTIR signal loss.
Chemical modifications using FITC, EDC/NHS, and cholesterol-PEG were
achieved, with carbodiimide chemistry yielding superior fluorescent labeling.
Processing methodology should be scrutinized to prevent membrane component
degradation (as evidenced by protein breakdown observed in SDS-PAGE).
Biotinylation and cellulose peptide modification demonstrated further potential for
functionalization, culminating in magnetic cotton textiles with approximately 5.5%
magnetite loading.
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List of Symbols, Abbreviations, and Acronyms

ATR Attenuated Total Reflectance

CBD Cellulose Binding Domain

CBP Cellulose Binding Peptide

COO Carboxylate

DLS Dynamic Light Scattering

DMF Dimethylformamide

DMSO Dimethyl Sulfoxide

DSPC Distearoylphosphatidylcholine

EDC 1-Ethyl-3-[3-Dimethylaminopropyl]Carbodiimide
EtOH Ethanol

FesOs Magnetite

FesS4 Greigite

FITC Fluorescein Isothiocyanate

FTIR Fourier-Transform Infrared Spectroscopy

HABA 4'-Hydroxyazobenzene-2-Carboxylic Acid
HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid
MES 2-Morpholinoethanesulfonic Acid

MgS Magnesium Sulfide

MTB Magnetotactic Bacteria

NHS N-Hydroxysuccinimide

PBS Phosphate-Buffered Saline

PEG Biotinyl(Polyethyleneglycol)

SDS-PAGE Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
TBS Tris-Buffered Saline

TEM Transmission Electron Microscopy
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