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Abstract— Magnetotactic bacteria are a group of 
organisms deeply studied in the last years due to their interesting 
magnetic behavior and potential applications in nanometrology, 
hyperthermia and biosensor devices. One intrinsic common 
characteristic is the presence, inside the bacteria, of magnetic 
nanoparticles called magnetosomes. The role of magnetosomes as 
bacterial tools to orient the bacteria and find new habitats is 
universally accepted, but the way they develop still is not fully 
understood. A strain of Magnetospirillum magnetotacticum was 
grown and investigated at the nanoscale using transmission 
electron microscopy and atomic/magnetic force microscopy 
techniques. Magnetosomes were observed as well as long 
filaments with magnetic response that could be associated to the 
actin-like filaments being crucial to allow the nanoparticles 
orientation and magnetosomes formation. To the best knowledge 
of the authors, this study is the first to visualize these 
reproducible long-range size magnetic crystalline structures.  

 
 
Index Terms— actin-like filament, AFM,  magnetosome, 
Magnetospirillum magnetotacticum, MFM. 

 
 

I. INTRODUCTION 

AGNETOTACTIC bacteria (MTB) have intracellular chains 
of nanometer-sized membrane-enclosed magnetic 

particles called magnetosomes, composed by magnetite 
(Fe3O4) or greigite (Fe3S4) crystals [1-4]. They orient and 
move along the earth geomagnetic field lines searching the 
deepest areas of aqueous reservoirs where the magnetic field 
helps MTB to locate at the oxic-anoxic interface within 
chemical gradients. Internal redox state of MTB plays a 
crucial role in the bacteria movement. In deficit of electrons, 
MTB allocate at the bottom part to compensate the inner redox 
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state. In the opposite condition, MTB move towards higher 
oxygen concentrations indicating a magneto-aeorotaxis 
movement [3,5-8]. The orientation and organization of the 
magnetosomes in chain(s) is determinant to associate a 
magnetic dipole to the bacteria and thus, promoting 
magnetotaxis. 

Crystalline properties of magnetosomes make them very 
attractive for industrial applications such as contrast agents in 
magnetic resonance imaging or nano-heaters in hyperthermia 
treatments [9]. In the latter case, heating efficiency displayed 
by magnetosomes is reported to be higher than the one 
characterizing the nanoparticles prepared by chemical 
synthesis protocols [10,11]. Since the competitive chemical 
procedures yield wide-range of nanoparticle distributions 
[12,13] and smaller heating efficiencies, it became appealing 
to use the MTB as bioreactors to produce high quality 
magnetic nanoparticles for medical purposes. 

In the last decades, considerable volume of research has 
been carried out to investigate the morphology and function of 
magnetosomes in MTB and how they organize and divide 
[6,14-19]. The knowledge of the molecular mechanisms of 
membrane remodeling, protein sorting, cytoskeletal 
organization, iron transport, and biomineralization that lead to 
the formation of a functional magnetosome organelle is also of 
extreme importance [1,20-22]. Regarding magnetosome chain 
formation some studies revealed strands of equivalent 
dimensions to actin-like filaments beside the magnetosome 
chain [15,23,24]. One of the genes (mamK) in the 
magnetosome gene island encodes a member of the bacterial 
actin-like family of proteins [25-27] and MamK may act as a 
structural scaffold for the organization of the magnetosome 
chain as a magnetosome-associated cytoskeletal filaments 
[24]. The actin-like MamK protein was reported to have a 
significant role being required for the suitable magnetosome 
chain positioning and segregation [15,22]. 

These are times of intensive pursuing and understanding the 
unique MTB mechanisms. Studies of MTB magnetic behavior 
have been reported [11,28] but there is still lack of information 
at the nanometer scale. Only few reports are focused on single 
molecule level studies using techniques such as Transmission 
Electron Microscopy (TEM), optical magnetic imaging [29] or 
Scanning Electron Microscopy (SEM) [30]. Atomic Force 
Microscopy (AFM) is an excellent technique to acquire 
morphological information at nanometer scale [31]. Sample 
external surface is scanned with a sharp oscillating tip 
mounted on a flexible cantilever and depending on AFM tip 
properties different information can be gathered. Using 
Magnetic Force Microscopy (MFM) mode new insights about 
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magnetosomes were obtained [16,30,32]. In this work, the 
magnetic properties of magnetosomes and structures that may 
correspond to MamK filaments in the magnetotactic bacteria 
Magnetospirillum magnetotacticum (DSMZ 3856T) are 
interrogated using AFM/MFM together with information from 
TEM technique. To our knowledge it is the first time that the 
magnetic filaments are directly observed.  

II. MATHERIAL AND METHODS 

A. Bacterial growth and magnetosome isolation 
Bacterial strain. Magnetospirillum magnetotacticum strain 

DSMZ 3856T was purchased from DSMZ (Deutsche 
Sammlung von Mikro-organismen und Zellkulturen, 
Brunswick, Germany). 

Culture medium and growth conditions. The culture 
medium was prepared according to DSMZ (380 
Magnetospirillum Medium) and distributed in glass flasks (65 
mL in 160 mL total volume). To generate microaerophilic 
conditions, flasks were sealed before autoclaving with butyl-
rubber stoppers under a microaerophilic gas mixture 
containing 1% O2 in 99% N2. An inoculum of 10% of the 
culture volume was inoculated by injection through the 
stopper. Cultures were incubated at 30ºC for ca three months 
in static conditions. After incubation three different samples 
were obtained: a bacterial population sample (S.MTB); an 
enriched sample of bacteria with magnetosomes (ES.MTB) 
and a sample of magnetosomes recovered after cells lysis and 
magnetosomes wash (M.MTB). 

Bacterial population sample (S.MTB). A small volume 
used for microscopy analysis was harvest directly from the 
incubation vessel or as in most experiments the volume of 
several flasks was combined and cells were concentrated by 
centrifugation at 21 600 x g for 10 min. 

Enriched sample of bacteria with magnetosomes 
(ES.MTB). After incubation and cells concentration by 
centrifugation, a neodymium magnet (Nd-Fe-B) was placed in 
contact with an outer side wall of the flask until a visible 
number of cells was obtained close to the magnet. The 
medium and bacteria not attracted to the magnet were 
eliminated. The magnet was removed and bacteria were 
collected in a small volume of buffer. 

Magnetosomes recovery from bacterial cells (M.MTB). 
The cells were harvested by centrifugation at 21 600 x g for 10 
min. The supernatant was removed and the cells were re-
suspended in 3 mL of Tris–HCl buffer, pH 7.4. The cellular 
suspension was sonicated for 20 min at 30 W in order to lyse 
the cells and collect the magnetosomes. After sonication, the 
suspension containing the magnetosomes was separated from 
the cellular debris using a neodymium magnet (Nd-Fe-B) 
placed in contact with an outer side wall of the tube. Almost 
immediately a dark mass is visible and the supernatant 
containing the cellular debris and other organic molecules was 
eliminated. The magnetic material remains in the tube. 
Magnetosomes were washed 10–20 times in deionized water 
and re-suspended in deionized water. 

B. Transmission Electron Microscopy 
The different bacterial samples (S.MTB and ES.MTB) and 

magnetosomes (M.MTB) were characterized by Transmission 
Electron Microscopy (TEM) using a Hitachi H8100 with 
digital image acquisition microscope. The magnetosome size 
distributions were determined statistically from the size 
measurements of more than 100 nanoparticles using the 
ImageJ software. 

C. Atomic Force Microscopy/ Magnetic Force Microscopy 
The bacterial samples (ES.MTB) and magnetosomes 

(M.MTB) were analyzed by Atomic Force Microscopy (AFM) 
and Magnetic Force Microscopy (MFM). For AFM imaging 
the bacteria immobilization in the flat mica was carried out in 
two different ways: 1) the liquid media containing the bacteria 
was allowed to dry in the laboratory ambient conditions or 2) 
the drying process was done under an applied magnetic field 
parallel to the mica surface. To perform AFM measurements 
without dragging biomaterial molecules with the tip, sample-
nanoflat surface immobilization is a vital step [33]. This 
requirement was achieved using cleaved silica wafers 
providing atomically flat surfaces, obtained from mica disks, 
purchased from Agar Scientific, on top of which 10 µL of 
sample were deposited, left to incubate for 30 min at room 
temperature, rinsed with ultrapure water and dried with 
Nitrogen flow. AFM images were acquired in dynamic mode, 
using an Agilent 5500 AFM setup, equipped with AC picoLE 
Molecular Imaging mode controller. Amplitude modulation 
AFM excites the lever with constant amplitude at the 
resonance frequency.  To ensure sample homogeneity several 
images were acquired in different regions with different scan 
sizes. Raw data images were analyzed using Gwyddion 
software [34]. For MFM measurements, AFM tips with 
external cobalt-chromium (Co-Cr) coating and nominal radius 
of 60 nm, with resonance frequencies of 75 kHz and spring 
nominal constants of 2.8 N/m, were used. Both AFM/MFM 
probes were purchased by MikroMasch (NanoandMore). Lift 
heights from 60 nm to 300 nm were tested for each relevant 
feature. Cross section profiles with sub-nanometer accuracy 
resolution allowed achieving complementary height profiles. 

III.  EXPERIMENTAL RESULTS 

Transmission Electron Microscopy and Atomic Force 
Microscopy imaging techniques were used to characterize 
magnetotactic bacteria. In Fig. 1 TEM images of 
Magnetospirillum magnetotacticum (DSMZ 3856T) with the 
corresponding flagella and one bacterium with a magnetosome 
chain are shown. Since flagella are a fragile part of the 
bacteria, a considerable number of them breaks during sample 
preparation and frequently bacteria are visualized by TEM and 
AFM images with lack of this organelle. Also based in the 
analysis of several TEM images it was possible to conclude 
that only 10% of the bacteria from sample S.MTB include 
magnetosome chains. In the enriched sample of bacteria with 
magnetosomes (ES.MTB) they were observed in most of the 
cells. From TEM and AFM images DSMZ 3856T bacteria size 
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was estimated between 1 and 2 µm long ranging from 500 to 
700 nm wide (Fig. 2). 

AFM imaging analysis of the two different bacteria 
attachment procedures allowed us to turn evident the 
structures of the cells with magnetic behavior. Only magnetic 
structures exhibited differences regarding bacteria 
immobilization method. To further investigation of the nature, 
morphology and magnetic response from magnetic 
components of M. magnetotacticum DMSZ 3856T, 
AFM/MFM experiments were carried out after bacteria lysis 
(M.MTB) and dried under an external magnetic field. 
Sonication is a physical step where ultrasonic frequencies are 
exerted leading energy in order to promote the breakage of the 
cells. Magnetosomes clusters and long rod-shape nanometer 
size filaments were observed by AFM (Fig. 3A). These long 
structures are compatible with actin filaments in terms of 
length and diameter. These long rod-shape structures are 
aligned parallel adopting a preferable orientation in the 
magnetic field indicating their magnetic nature. Under 
amplification (Fig. 3C) the structures are found to be overlays 
of well-packaged narrow rods with thickness around 42 nm, 
corresponding to 24 nm after correction for tip size 
convolution effect [35]. They are extremely flat in consonance 
with an arrangement of crystalline structures having 1.7 nm as 
the smallest height observed. The long structures share similar 
morphology with the actin filaments observed in magnetic 
bacteria [15,18]. 

MFM images for the same sample show the existence of 
small nanoparticles with heights ranging from 1.5 to 9.0 nm 
(Fig. 4A) that display a magnetic signal for lift heights of 75 
nm (Fig. 4B) and that the long structures (Fig. 4C) are not the 
result of randomly aggregation of simple nanoparticles. This 
data is in consonance with wild-type Magnetospirillum cells 
where filament bundles have approximately 6 nm in width. 
The width values (~1.5 nm) are compatible with the thickness 
reported in our study. After application of an external 
magnetic field, small filaments orient towards magnetic lines 
packaging among others and thus, enlarging their lateral 
dimensions. These structures present a magnetic signal at a lift 
height of 60 nm, along most of their length (Fig. 4D). To rule 
out the fact that the observed structures may be due to any 
compound present in the bacteria growth medium, AFM and 
MFM tests with non-inoculated medium were carried out and 
no features similar to those presented in Fig. 3 and Fig. 4 were 
observed. 

In Fig. 5 the AFM and MFM images show that 
magnetosomes are clearly seen as chains of nanoparticles with 
average height of 20 nm and lengths above 800 nm (Figs. 5A 
and 5C) and very different from the long strands observed and 
described before. For the magnetosomes the different 
crystalline blocks that constitute the chains are clearly 
identified. The images are similar to previously reported 
results for magnetosomes immobilized on silicon wafer 
substrates [30]. MFM revealed a weak contrast working with a 
lift height which ensures only magnetic response discharging 
non-desirable AFM tip-sample van der Waals interactions 
(Figs. 5B and 5D). Magnetosomes from DMSZ 3856T exhibit 

a weak magnetic signal explained by the biological membrane 
presence and its effect in the surface magnetic moment 
orientation.  

IV.  DISCUSSION AND  CONCLUSIONS 

Magnetospirillum magnetotacticum strain DSMZ 3856T was 
studied from the point of view of the integrated magnetic 
structures. In intact bacterial cells magnetosomes are evident 
(Fig. 1). After bacterial lysis in conditions that most of the 
magnetosomes biological membrane do not break, retaining 
their organization in chains, clustering is observed due to the 
magnetic interaction (Figs. 5A and 5C). Also individual 
nanoparticles from broken chains can be observed in AFM 
images most probably due to the fact that in some chains the 
membrane as well as the interaction with the actin filament 
that works as a cytoskeletal-like structure was destroyed with 
cell lysis. (Figs. 3A, 3B, 4A and 4C). Magnetosome chains are 
also clearly identified in AFM and MFM images (Fig. 5). The 
weak magnetic signal detected for the magnetosomes is 
attributed to the attenuation of the magnetic signal recorded by 
the AFM coated tip due to the organic nature of the membrane 
phospholipids and fatty acids and to the interference of the 
membrane in the magnetic moment orientation. This last effect 
was also visualized in other biological systems as ferritin 
which works as scaffold for non-magnetic ferrihydrite 
nanoparticles storage [36]. 

Besides the well-known magnetosomes, AFM and MFM 
results indicate that other magnetic features exist in the 
magnetotactic bacteria. After bacteria lysis and recovery of the 
magnetic constituents using a magnet, long and flat stranded 
structures featuring a magnetic signal were observed. These 
strands have dimensions compatible with crystalline structures 
and they are aligned along an applied magnetic field. MFM 
images show that these structures are magnetic along most of 
their length and do not result from loose aggregated 
nanoparticles. The dimensions of these long magnetic 
structures could be compatible with the actin-like MamK 
protein filaments observed in magnetotactic bacteria. Such 
protein forms the cytoskeletal magnetosome filament and 
seems to have an essential role in concatenating and 
intracellular positioning of the magnetosome [15]. These 
protein filaments were never reported as magnetic, but the 
results of this work indicate that the single crystalline-like 
magnetic filaments found are compatible with the actin 
filaments providing a mechanism for the formation of 
magnetic nanoparticles with the same aligned orientation in 
each magnetosome chain. 

The observation of these strands with magnetic behavior is 
unprecedented. Their small size could have application in 
nanoscale magnetic sensor devices. 
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FIGURES 

 
Fig. 1. TEM images of (a) ensemble of M. magnetotacticum bacteria showing apical flagella; (b) bacterium with magnetosome 
chain and (c) magnetosome extracted from bacterium.  
  

 
Fig. 2. (a) Morphology of M. magnetotacticum DSMZ 3856T bacteria using AFM imaging. (b) Cross section profiles from 
bacteria in (a). Profiles 1 and 2 are represented as full and dashed lines, respectively. Scale bar indicated is 2.0 µm. 
 
 
 



1536-1241 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNB.2018.2878085, IEEE
Transactions on NanoBioscience

TNB-00138-2018 7 

 
Fig. 3. Atomic Force Microscopy topography images of M.MTB sample of M. magnetotacticum DSMZ 3856T. (a) 15 µm x 15 
µm scan evidencing the presence of long strands. (b) Scan 5 µm x 5 µm showing the sharp ending of these strands. (c) and (d) 
Image of the structures and cross section plot of profile 1 (dashed line) and profile 2 (full line) marked in (c) showing that the 
observed structures are flat at the atomic level. Scale bars are 5 µm, 1 µm and 500 nm, respectively in (a), (b) and (c). 
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Fig. 4. Atomic Force Microscopy and Magnetic Force 
Microscopy data from of M.MTB sample of M. 
magnetotacticum DSMZ 3856T. (a) Topographic image and 
(b) phase lift for the same scanned area showing several 
magnetic nanoparticles (lift height was 75 nm, tip was pulled 
away 250 nm with a delay of 300 ms for each pixel scan). (c) 
Topographic image of an area with several long strands and 
(d) phase lift for the same scanned area (lift height was 60 nm 
with the same pulled away and delay parameter values as in 
(b). In both cases, lift distances are far away from the sample 
surface to avoid Van der Waals interactions. Scale bars are 2 
µm. 
 

  
Fig. 5. Magnetic Force Microscopy data for DMSZ 3856T 
bacteria evidencing the presence of magnetosomes. (a) and (c) 
Topographic images. (b) and (d) Phase lift for the 
corresponding scanned areas. Scale bars are 2 µm for the top 

images and 500 nm for the down images. 
 
 


