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Abstract 13 

Magnetotactic bacteria (MTB) are the only microorganisms that are known to form intracellular 14 

magnetic nanoparticles. Iron and zinc are important elements required for the survival of 15 

pathogenic bacteria.  While the host immunity prevents the bacteria easy access to these 16 

elements, virulent bacteria have evolved multiple mechanisms to access these elements. The 17 

response of pathogenic bacteria like Staphylococcus aureus, Escherichia coli, Pseudomonas 18 

aeruginosa and Klebsiella pneumoniae was evaluated in the presence of iron and zinc. The 19 

treated bacteria revealed intracellular distribution of superparamagnetic nanoparticles comprising 20 

of zinc ferrite, and the bacteria responded to magnetic field with magnetotaxis. Similar 21 

intracellular biomineralization was observed in bacteria obtained from blood specimens of 22 

patients with sepsis.  In brief, this study provides a hitherto unknown phenomenon of bacterial 23 

biomineralization. 24 

 25 

Magnetotactic bacteria (MTB) are a group of Gram-negative prokaryotes that passively align and 26 

effectively swim along the geomagnetic field (1). Blakemore described this movement in response 27 
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to magnet as “magnetotaxis”, which begot the term MTB for such bacteria (2).  The magnetic 1 

nanoparticles in these microorganisms are present in explicit structures termed magnetosomes and 2 

the process of biosynthesis is termed bio-mineralization (3).  These bacteria are fastidious and have 3 

an extremely slow rate of biomineralization (>1 week) (4). Apart from magnetotactic bacteria, a 4 

class of bacteria termed ‘iron reducing bacteria’ is reported to synthesize magnetic nanoparticles 5 

extracellularly in presence of iron precursors (5, 6).    Magnetic nanoparticle biosynthesis was 6 

achieved in a non-magnetotactic bacterium by transferring the entire genetic machinery of 7 

magnetosome to a non-magnetotactic, Rhodospirillum rubrum (7).   Apart from this, no other 8 

bacteria have been reported to form in situ magnetic nanoparticles.   9 

Iron and zinc are transient elements that are essential for virtually all organisms. While these 10 

elements are required for the survival of bacteria, the host prevents the invading bacteria from 11 

accessing these elements by associating these elements with cellular components or regulating 12 

their availability through nutritional immunity (8). To facilitate their survival and replication, 13 

pathogenic bacteria have evolved multiple strategies to acquire these elements from various host 14 

resources (9). Whereas several reports have shown the individual effect of either iron or zinc on 15 

pathogenic microbes, no report on their combined effect exists (10).  Given the importance of these 16 

transition metals to pathogenic bacteria and the possible intertwining between iron and zinc 17 

homeostasis (11,12), we evaluated the response of pathogenic bacteria like Staphylococcus aureu, 18 

Escherichia coli,  Pseudomonas aeruginosa, and Klebsiella pneumoniae to a combination of iron 19 

and zinc precursors. Of these, S. aureus is a Gram-positive bacterium, and the other 3 are Gram-20 

negatives. Each bacterium was cultured in a broth containing a mixture of 1mM FeCl2 and zinc 21 

gluconate for 24-48 h. A faint time-dependent darkening of broth was visible in the respective 22 

treated cultures (Fig S1). Microscopic evaluation of the treated cultures revealed microbial 23 

aggregation in the treated bacteria (Fig 1 B&F, S2), in comparison to untreated control (Fig 1 24 

A&E, S2). On exposure to a magnetic field, only those microbes that were grown in the presence 25 

of iron and zinc exhibited magnetotaxis (Video S3-S10).  To confirm whether the magnetic 26 

response is facilitated by intracellular iron, we performed Perls Prussian blue staining. The blue 27 

color was observed solely in bacteria treated with Fe and Zn and also indicated the importance of 28 

zinc in intracellular iron uptake. (Fig. 1 C&G, S11). Fe and Zn content in the respective bacteria 29 

was estimated using IC-PMS (Table S1) In all the microbes tested, despite differences in the 30 
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intracellular content of various strains, an increase in iron content was observed only in those 1 

microbes treated with iron and zinc, thus supporting our results obtained with Prussian blue studies 2 

(Fig S11, Table S1). . To verify if the intracellular zinc, like iron was present in its oxide form, 3 

confocal imaging was performed. Figure 1 D&H shows faint red fluorescence, indicating zinc 4 

oxide presence.   5 

 6 

Fig. 1: Bacterial response to Fe and Zn. Upper panel shows S. aureus, lower panel E. coli 7 

respectively. Bright field images of untreated (A, E) and treated bacteria, (B, F). Arrow shows 8 

bacterial aggregates (C, G) Treated bacteria stained blue with Perls Prussian blue; (D, H) Faint 9 

red fluorescence in treated bacteria visualized using confocal microscope. Scale bar represents 20 10 

M.  11 

The Gram-positive (S. aureus) and a representative Gram-negative bacterium (E.coli) were taken 12 

up for further evaluation. TEM analysis of FeCl2 and Zinc gluconate treated S. aureus and E. coli 13 

revealed the presence of significant number of nanocrystals distributed throughout the respective 14 

bacteria (Fig 2 B, F) as compared to untreated control (Fig 2 A, E), confirming in situ  15 

biosynthesis. On further analysis of the respective bacterial lysates, Quasi-cuboidal shaped 16 

particles (Fig S12A) of 13-19 nm size were observed (Fig S12B) (13).  HR-TEM images of 17 

individual nanocrystals clearly showed the lattice fringes, indicating the crystalline nature of the 18 

material (14). The inter-planar spacing calculated from these fringes exhibited d-spacing of 0.283 19 

nm and of 0.489 nm corresponding to 100 planes of ZnO and 111 planes of zinc ferrite (ZnFe2O4) 20 
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respectively (Fig 1C, G) (13, 15). The diffraction spots indexed from selected area electron 1 

diffraction pattern (SAED) confirmed its crystalline nature having (111), (311), (220), (400), 2 

(511), (440) planes of ZnFe2O4 and (100), (101), (110) plane of ZnO (Fig. 2 D, H) (16).  EDAX 3 

analysis (Fig S12C) and elemental mapping (Fig S13) confirmed the presence of iron, zinc and 4 

oxygen with homogeneous distribution of the above-mentioned elements. To evaluate the 5 

magnetic properties of the nanoparticles, field dependent magnetization measurements were 6 

performed on treated bacteria after lyophilization using a Superconducting Quantum Interference 7 

Device (SQUID). Fig 2 displays the magnetic properties (M-H loop at 300K (I), at 5K (J) and M-8 

T curve (K)) with S. aureus. At room temperature (300K), negligible coercivity was observed 9 

indicating the superparamagnetic behavior of the nanoparticles due to zero coercivity (inset, Fig 10 

2I). The magnetic signal observed at 5 K displayed low coercivity (150 Oe: inset Fig 2J), 11 

confirming the characteristic properties of superparamagnetism (17) The zero field cooled (ZFC) 12 

and field cooled (FC) curves of the samples obtained at an applied field of 500 Oe further 13 

confirmed the superparamagnetic behavior with blocking temperature at ~ 150 K (Fig. 2K). A 14 

similar observation was observed with E. coli (Fig S14). As the superparamagnetism 15 

characteristics are generally exhibited by magnetic nanoparticles that exist as single domain 16 

particles, it can be concluded that the magnetic particles present in the treated bacteria are also 17 

single-domain superparamagnetic nanoparticles (18). Additionally, zinc ferrite nanoparticles are 18 

reported to have better magnetization properties than iron oxide nanoparticles, which could be 19 

contributing to the observed magnetotaxis (19). 20 

 21 
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 1 

Fig.2 Characterization of nanoparticles. The upper and lower panel shows TEM images of S. 2 

aureus and E. coli respectively.  (A, E) Untreated bacteria; (B, F) Bacteria treated with FeCl2 and 3 

zinc gluconate (arrow indicates nanoparticles); (C, G) HR-TEM showing D-Planar spacing of 4 

nanoparticles; (D, H) SAED pattern of nanoparticles; Magnetic measurement studies of 5 

nanoparticles in S. aureus. Treated bacteria were lyophilized and magnetization versus magnetic 6 

field was measured at (I) 300 K, (J) 5K and inset represents coercivity.  (K) Measurement of 7 

Temperature Dependence of Magnetization (FC/ZFC curves). 8 

Further characterization of the treated bacteria using XRD revealed the crystalline nature of in situ 9 

formed material (Fig S15A). The numerous strong Bragg reflections could be indexed to the 10 

presence of both ZnO and zinc ferrite phases (15) respectively supporting the TEM results.   The 11 

crystalline peaks at 2θ = 31.73º, 36.2º and 56.6º represents (100), (101), (110) hkl plane correspond 12 

to the hexagonal crystal structure of ZnO according to JCPDS no. 36-1451 (20).  The peaks at 2θ 13 

= 18.3o, 30.1o, 35.2o, 43.1o, 53.3o, 56.7o and 62.4o with hkl plane of (111), (220), (311), (400), 14 
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(422), (511) and (440) correspond to the cubic spinel structure of ZnFe2O4 according to JCPDS 1 

no. 79-1150 (16).  Fourier transform infrared (FTIR) analysis of the treated bacteria post its 2 

lyophilization also exhibited peaks in the region from 670-550 cm-1 reflecting the stretching 3 

vibration mode associated to Fe–O bonds in the crystalline lattice of ZnFe2O4 (14). The other peaks 4 

observed in the region from 476-417 cm-1 indicated the presence of Zn-O bond (Fig S15 C, D) 5 

(14).  The presence of N-H stretch between 3,500-3,100 cm- 1 in the full scan FTIR spectra could 6 

be contributed by the proteins present in the bacterial cells (Fig S15B). These results reconfirmed 7 

the presence of zinc ferrite and zinc oxide in the treated bacteria.   8 

While the exact mechanism of biosynthesis is unclear, it can be construed that on uptake, soluble 9 

Fe (II), in the presence of oxygen would induce oxidative stress via the Fenton reaction. We 10 

evaluated the oxidative stress in the respective microbes using ROS assay. As displayed in Fig 11 

S16, treatment with iron per se increased ROS levels in pathogenic bacteria. In comparison, the 12 

bacteria treated with zinc alone, and in combination with iron, displayed an additional increase in 13 

ROS levels. This data reaffirmed the role of zinc in inducing oxidative stress (21).  The results 14 

suggested that in comparison to iron, zinc was a more potent inducer of ROS. This data is 15 

supported by a recent study in which excess zinc was shown to increase both intracellular iron and 16 

oxidative stress in E. coli (10). It is likely that ROS is involved in the biomineralization process, 17 

as only those microbes expressing high levels of ROS revealed significant iron accumulation and 18 

nanoparticle synthesis. In an earlier study, we reported the role of ROS in inducing iron 19 

nanoparticle synthesis in eurkaryotic cells treated with a similar combination of Fe and Zn 20 

precursors (22). Although ROS expression appears to be common among the two studies, the 21 

phenomenon of biomineralization observed in these bacteria is intriguing and throws up several 22 

questions that are worth further investigation.   23 

The uptake of iron/zinc in bacteria is regulated by the metal-dependent Fur/Zur family of protein 24 

which controls the respective genes involved in their acquisition. Apart from normal physiological 25 

processes, these regulatory proteins in pathogenic bacteria are responsible for the expression of 26 

virulence factors (23) To ensure that  intracellular iron/zinc is maintained in its non-toxic form, 27 

these bacteria have evolved highly sophisticated systems to balance the efflux/influx of these ions 28 

through multiple transport/scavenging/storage systems (8, 10).  Post-treatment survival of the 29 

bacteria on agar plates further confirmed that intracellular iron and zinc accumulation was non-30 
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toxic to the microbes (Fig S17). Our results suggested that apart from the previously known 1 

pathways of Fe and Zn regulation, the pathogenic bacteria store excess iron/zinc in its oxide form. 2 

To confirm this, we tested multiple blood specimens obtained from patients admitted with sepsis 3 

at PGIMER hospital, Chandigarh. The pathogenic bacteria in each specimen was identified by 4 

Gram-staining (Fig 3 A, D, S18 A, D, G) and the respective samples were additionally stained 5 

with Perls Prussian blue. A faint blue color, indicated presence of iron oxide (Fig 3 B, E, S18 B, 6 

E, H). The faint blue color could be attributed to the depletion of oxides of iron, as the bacteria 7 

used in these studies were evaluated after a period of 48-72 h post-blood collection. Nevertheless, 8 

on exposure of a suspension of carbonized bacterial residue to a magnetic field, aggregation of 9 

magnetic particles was visualized (Fig 3 C, F, S18 C, F, I). The response of these aggregates to 10 

magnetic field, confirmed magnetic nanoparticle synthesis in these bacteria (Fig S19-S20).   11 

 12 

 13 

Fig. 3: Clinical specimens tested for iron oxide. Upper panel shows S. aureus, lower panel E. 14 

coli respectively. (A, D). Gram-staining of respective bacteria; (B, E) Blood smears of respective 15 

bacteria were stained with Perls Prussian blue. Arrows show faint blue color staining obtained with 16 

Prussian blue, indicating the presence of iron oxide. Inset displays images at higher magnification 17 

(C, F) Arrows show aggregated magnetic nanoparticles in response to magnetic field. Scale bar 18 

represents 20 M. 19 
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The presence of magnetic nanoparticles has been reported in a wide variety of human tissues 1 

(24).While the reason for its existence remains unexplored, recent reports demonstrating magnetite 2 

synthesis in human cells following magnetosome/magnetic nanoparticles exposure (25, 26), 3 

throws up the possibility of magnetite present in the pathogenic bacteria serving as a trigger for 4 

such formation.  5 
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