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Abstract 

 The growing number of multiple drug resistant (MDR) bacteria and the dwindling pipeline of 

new antibiotics are driving us towards a ‘post-antibiotic era’ in which even common infections 

would become difficult to treat. To address this, an antibiotic-free strategy that can combat 

multiple bacteria is recommended. Most of the proposed approaches nevertheless have several 

limitations, including bacterial targeting.  To overcome such limitations, the proposed strategy 

employs the bacterial machinery to self-destruct. Herein, the biosynthesis of magnetic 

nanoparticle (MNP) is reported for the first time in multiple pathogenic bacteria, including 

MDR bacteria. The intracellular MNPs composed of superparamagnetic zinc ferrites were 

formed in presence of iron and zinc precursors. Exposure of the treated bacteria/biofilms to an 

alternating magnetic field (AMF) exhibited hyperthermia (5-6oC) and a dramatic decrease in 

bacterial viability, suggesting the MNPs therapeutic potential. Likewise, the bacteria existing 

in vivo biosynthesize the MNPs by mining these elements from the host. To determine its 

therapeutic efficacy, the infected tissues were exposed directly to AMF. A 3-4 log reduction in 

bacterial burden, as compared to antibiotics treatment, confirmed the significance of using 

naturally existing MNPs to combat bacterial infections. The proposed broad–spectrum 

approach can therefore aid in overcoming the challenges facing anti-bacterial therapies. 

1. Introduction 

The ongoing pandemic has so far affected 175,987,176 and resulted in 3,811,561 deaths [1]. 

With viral respiratory infections known to make the host more susceptible to microbial 

infections [2], the reports on COVID-19 patients provide ample evidence of the wide spread use 

of antibiotics to control the secondary bacterial infections [3]. The most frequently detected 

causative agents in such infections generally belong to a class of bacteria that are responsible 

for nosocomial infections (Staphylococcus spp., Escherichia coli, Pseudomonas spp., 

Enterococcus spp., Klebsiella pneumoniae, Acinetobacter spp., Enterobacter spp., etc) in 
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hospitalized patients [3d, 4]. Many of these strains are resistant to most antibiotics [5]. The 

widespread use of antimicrobial soaps, disinfectant cleaners and antibiotics during the 

pandemic is expected to amplify the emergence of additional strains of resistant pathogens that 

would further impact the existing overburdened healthcare systems [6].  Thus, apart from the 

projected MDR pathogens contributing to 10 million deaths by 2050 (WHO)[7], the ongoing 

pandemic is expected to contribute to an exponential increase in the number of fatalities and 

possibly fuel the next epidemic.  

Despite best practices to control the indiscriminate use of antibiotics and antibiotic stewardship, 

the emergence of new resistant strains and the depleting pipeline of new antibiotics continue to 

worsen the outlook for anti-bacterial therapies. Various new interventions are being assessed to 

address the resistant strains [8]. Among the nanotechnology-based anti-microbial approaches, 

the use of nanoparticles appears to be the most promising [9]. Nanoparticles have been widely 

explored to improve drug uptake, destroy biofilm formation and target drugs to the site of 

infection [10]. The use of metal nanoparticles for photodynamic and photo thermal therapies are 

emerging as complementary strategies to antibiotics, to combat/overcome bacterial resistance 

[11]. Whereas most of these approaches are aimed to prevent resistance development [9] [10b], they 

might be unable to address the bacteria that are already multi drug resistant (MDR). Hence, it 

would be beneficial to develop an anti-bacterial strategy that can counter a wide spectrum of 

both sensitive and resistant bacterial strains.  

Most bacteria in the body thrive between 33-41°C. Elevated temperatures impede bacterial 

proliferation through autolysis and cell wall damage [12].  Hyperthermia, the process of heating 

tissues to a high temperature (45-50oC) for a short duration, is widely used in clinical practice. 

Among the various proposed hyperthermia techniques, heat generation using magnetic 

nanoparticles (MNPs) is considered safe as it absorbs electromagnetic radiation and converts it 

to localized heat on exposure to an alternating magnetic field (AMF). As the MNPs impart heat 

closer to cell membranes, a mild-moderate heating is adequate to induce significant cell death 
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[13]. Most MNPs that were employed in anti-bacterial studies were prepared using a synthetic 

route [14]. The major hurdles facing such MNPs include its aggregation, heating efficiency, 

bacterial targeting, apart from toxicity when used in large scale [15]. Despite the promise of 

antibody-functionalized MNPs to target the bacteria, the approach is bacteria-specific and 

expensive [14a]. Unlike synthetic MNPs, the monodispersed biosynthesized MNPs have better 

heating efficiency due to their narrow size range [12, 16]. In nature, the biosynthesized MNPs are 

present inside the bacteria only in a special class of bacteria termed, Magnetotactic bacteria [17]. 

These fastidious bacteria have an extremely slow rate of bio mineralization (>1 week) [18]. Apart 

from magnetotactic bacteria, another class of bacteria termed ‘iron reducing bacteria’ 

biosynthesize MNPs extracellular in presence of iron precursors [19]. Despite the efficacy of 

these biosynthesized MNPs to kill bacteria [20], its clinical application is hindered by challenges 

that are similar to synthesized MNPs.  

The biosynthesized MNPs in magnetotactic bacteria are generally made of oxides of iron 

including magnetite, maghemite or gregite  [21]. A recent report demonstrated the formation of 

extracellular zinc ferrites (ZnFe2O4) by an iron reducing bacteria, Geobacter sulfurreducens in 

presence of iron and zinc [22].  With an objective of developing a strategy that overcomes the 

limitations of existing MNPs to combat bacteria, we aimed to induce pathogenic bacteria to 

biosynthesize MNPs.  Here we present evidence of intracellular MNP formation in nosocomial 

infection causing bacteria like S. aureus, E. coli, P. aeruginosa and K. pneumoniae on 

treatment with iron and zinc precursors. The MNPs in the bacteria were characterized using 

multiple techniques.  The superparamagnetic nature of the MNPs was confirmed using 

Superconducting Quantum Interference Device (SQUID). Magnetotaxis of the nanoparticles 

and bacteria was visualized using bright-field microscope.  The hyperthermia response of the 

MNPs was studied using alternating magnetic field (AMF). The host defense system in the body 

prevents bacterial access to these elements through a process termed nutritional immunity [23]. 

Nevertheless, to facilitate their survival and replication, the infectious pathogens have 
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developed smart strategies to mine these metals from the host [24]. In this report we present 

evidence of virulent bacteria in the host to similarly biosynthesize MNPs with the acquired iron. 

The enhanced susceptibility of these bacteria to magnetic hyperthermia, in comparison to 

antibiotics, suggested the therapeutic potential of the naturally existing MNPs to induce 

efficient hyperthermia leading to bacterial death. 

2. Results and Discussion 

Bacteria have evolved multiple strategies to acquire and regulate iron and zinc to build a 

virulence arsenal that can challenge even the most sophisticated immune responses [23].  As both 

these elements are essential for bacterial virulence, we evaluated the response of bacteria (S. 

aureus, E. coli, P. aeruginosa and K. Pneumoniae) to a broth containing FeCl2 and zinc 

gluconate. In comparison to the untreated control and treatment with either Fe/Zn, the cultures 

containing both Fe and Zn developed a dark brown color, suggesting iron oxide formation 

(Figure S1). The presence of iron oxide in the bacteria was confirmed using Perl’s Prussian 

blue staining [25](Figure. S2).   The response of the intracellular iron oxide to magnetic field 

was evaluated by exposing the bacterial lysates to a magnet.  The alignment of the particles 

along the magnetic field lines indicated the presence of magnetic particles in the treated bacteria 

(Figure S3). Magnetic field -induced motility was observed in the bacteria treated with Fe & 

Zn (Video M2, M4, and M6) as compared to untreated control (Video M1, M3 andM5). The 

motility was similar to the magnetotaxis reported in magnetotactic bacteria [27]. IC-PMS was 

used to assess the intracellular Fe and Zn content in the bacteria. As seen in table ST1, the 

microbes treated with both iron and zinc exhibit higher Fe content, indicating the influence of 

Zn on Fe uptake (Figure S3). 

Further characterization was performed using a representative Gram-positive (S. aureus) and 

Gram-negative bacterium (E. coli). TEM analysis of Fe and Zn treated S. aureus and E. coli 

revealed the presence of a large number of nanocrystals distributed throughout the respective 

bacteria (Figure 1 B & F), while no such phenomenon was seen in untreated control (Figure 
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1 A & E). On further analysis of the treated bacterial lysates, Quasi-cuboidal shaped particles 

(Figure 1I) of 13-19 nm size were observed (Figure 1J) [26]. HR-TEM images of individual 

nanocrystals showed the lattice fringes, indicating the crystalline nature of the material [27]. The 

inter-planar spacing calculated from these fringes exhibited d-spacing of 0.283 nm and 0.489 

nm corresponding to 100 planes of ZnO and 111 planes of zinc ferrite (ZnFe2O4) respectively 

[26, 28] (Figure 1C&G). The diffraction spots indexed from selected area electron diffraction 

pattern (SAED) confirmed its crystalline nature having (111), (311), (220), (400), (511), (440) 

planes of ZnFe2O4 and (100), (101), (110) plane of ZnO [29](Figure 1 D & H). EDAX analysis 

(Figure 1K) and elemental mapping (Figure S4) confirmed the presence of iron, zinc and 

oxygen with homogeneous distribution of the above-mentioned elements. 

 

 

Figure 1: Characterization of nanoparticles. The upper and lower panel represent TEM images of S. 

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

gluconate (arrow indicates nanoparticles); (C, G) HR-TEM showing D-Planar spacing of nanoparticles; 
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(D, H) SAED pattern of nanoparticles; (I) TEM image of nanoparticles; (J) Size distribution of the 

nanoparticles (K) EDAX showing the presence of Fe, Zn and O obtained from S. aureus. 

 

To evaluate the magnetic nature of the nanoparticles, field dependent magnetization 

measurements were performed on the lyophilized samples of treated bacteria using SQUID. 

Figure 2 displays the magnetic properties (M-H loop at 300 K (A), at 5 K (B) and M-T curve 

(C) with S. aureus. At room temperature (300 K), negligible coercivity was observed signifying 

the superparamagnetic behavior of the nanoparticles due to zero coercivity (inset, Figure 2A). 

The magnetic signal observed at 5K displayed low coercivity (150 Oe) (inset Figure 2B), 

confirming the characteristic properties of superparamagnetism [30].  The zero field cooled 

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

confirmed the superparamagnetic behavior with blocking temperature at ~ 150 K (Figure 2C). 

A similar observation was observed with E. coli (Figure S5). As the superparamagnetism 

characteristics are generally exhibited by MNPs that exist as single domain particles, it can be 

concluded that the magnetic particles present in the treated bacteria are also single-domain 

superparamagnetic nanoparticles [31]. Additionally, zinc ferrite nanoparticles are reported to 

have better magnetization properties than iron oxide nanoparticles, which could be responsible 

for the observed magnetotaxis [22].  

 

Figure 2: Magnetic measurement of nanoparticles in S. aureus. FeCl2 and zinc gluconate treated 

bacteria were lyophilized and magnetization versus magnetic field was measured at (A) 300 K, (B) 5 K 
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and inset represents coercivity (C) Measurement of temperature dependence of magnetization (FC/ZFC 

curves). 

XRD analysis of the treated bacteria revealed the presence of crystalline matter (Figure S6A). 

The numerous strong Bragg reflections could be indexed to both ZnO and zinc ferrite phases 

[28] respectively, supporting the TEM results. The crystalline peaks at 2θ = 31.73º, 36.2º and 

56.6º represents (100), (101), (110) hkl plane correspond to the hexagonal crystal structure of 

ZnO according to JCPDS no. 36-1451 [32]. The peaks at 2θ = 18.3o, 30.1o, 35.2o, 43.1o, 53.3o, 

56.7o and 62.4o with hkl plane of (111), (220), (311), (400), (422), (511) and (440) correspond 

to the cubic spinel structure of ZnFe2O4 according to JCPDS no.79-1150 [29]. Fourier transform 

infrared (FT-IR) analysis of the lyophilized treated-bacteria also exhibited peaks in the region 

from 670-550 cm-1 reflecting the stretching vibration mode associated to Fe–O bonds in the 

crystalline lattice of ZnFe2O4 
[27]. The other peaks observed in the region from 476-417 cm-1 

indicated the presence of Zn-O bond (Figure S6 C&D).  The presence of N-H stretch between 

3,500-3,100 cm- 1 in the full scan FTIR spectra could be contributed by the proteins present in 

the bacterial cells (Figure S6B). These results reconfirmed the presence of zinc ferrite and zinc 

oxide in the treated bacteria.   

Iron uptake in the bacteria triggers the Fenton/Haber-Weiss reaction resulting in the formation 

of superoxide, hydrogen peroxide and hydroxyl radical [33]. In presence of these reactive species 

(ROS), the soluble Fe2+ is converted to insoluble oxides of Fe3+  [34].  We evaluated ROS levels 

in bacteria treated with FeCl2 / zinc gluconate and their combination. In comparison to iron 

alone, the bacteria treated with zinc, and in combination with iron, displayed a substantial 

increase in the ROS levels, suggesting zinc as a potent ROS inducer (Figure3). As ROS is 

known to directly influence biomineralization, an increase in ROS observed in Fe and Zn-

treated bacteria could be responsible for MNP formation.  This data is supported by a recent 

report showing Zn to increase both intracellular Fe and oxidative stress in E. coli [18]. 

Additionally, we observed microbes expressing increasing levels of ROS to contain higher 
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intracellular iron accumulation (Table ST1). In a recent study with magnetotactic bacteria 

(Burkholderia sp.),  Pan et al had concluded that the MNPs in the bacteria help in the efficient 

scavenging of excess ROS, by the antioxidase-like activity of iron crystals [35]. The MNPs 

observed in the pathogenic bacteria might also follow a similar strategy to overcome ROS-

induced toxicity. 

 

 

Figure 3: Time dependent ROS expression. (A) S. aureus and (B) E. coli treated with FeCl2 /zinc 

gluconate/both for 24-72 h. The data represents the mean ± SD obtained from 3 experiments in which 

N=3 in each group. Two-way ANOVA Bonferroni multiple comparison test where *** represents p-

value <0.001. 

 

To date, magnetotactic bacteria (MTB) are the only naturally occurring bacteria that are known 

to form intracellular MNPs and exhibit magnetotaxis in response to magnetic field  [36]. MNP 

containing magnetosomes-derived from MTB are known to induce magnetic field-dependent 

temperature rise on exposure to AMF [37].   MNPs with diameter <15 nm is considered most 

effective for generating hyperthermia [38], and in comparison to magnetite,  zinc ferrite 

nanoparticles have shown improved magnetization properties [22]. As the biosynthesized MNPs 

are made of zinc ferrite in the size range of 13-19 nm, we evaluated its heating potential. 

Exposure of the treated bacteria to AMF at two different frequencies i.e. 164 KHz and 347 KHz 

for 30 min resulted in a time dependent increase in media temperature, with an improved 

heating outcome of ~6oC at 347 KHz (Figure 4A). To check the bacterial susceptibility to 
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hyperthermia, the bacterial suspension before and after the respective AMF treatment was 

spread on agar plates and the colonies checked after 24 h (Figure 4B & 4C). The significant 

temperature rise observed with the higher frequency, translated to increased cell death as 

compared to lower frequency. The data indicated that the biosynthesized MNPs were efficient 

to cause magnetic-hyperthermia induced cell death (Figure 4D).  Field emission-scanning 

electron microscopic images revealed the distorted morphology of the bacteria post-AMF 

(Figure 4Eb) as compared to pre-AMF (Figure 4Ea). Among the two strains that were tested, 

S. aureus (ATCC 25923) is reported to be sensitive to vancomycin and ciprofloxacin (MIC 1-

2 g/ml), while E. coli (ATCC 25922) is resistant to vancomycin (MIC >64 g/ml) but sensitive 

to ciprofloxancin (MIC 0.008-1 g/ml) [39].  On evaluation of the bacterial susceptibility to 

vancomycin and ciprofloxacin, we observed similar results (data not shown). The reduction in 

cell numbers observed with AMF in the above bacteria implied, the proposed approach can be 

effective against both Gram-positive and Gram-negative bacteria; as well as in drug sensitive 

as well as drug resistant bacteria. 
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Figure 4: Bacterial response to hyperthermia (A) Time and magnetic-field -dependent temperature 

rise in S. aureus and E .coli.  Bacterial cell colonies obtained with respective treatments. (B) S. aureus 

and (C) E. coli, wherein, (a) represents untreated bacteria (b) bacteria treated with FeCl2 and zinc 

gluconate (c) Treated bacteria exposed to AMF at164 KHz, 400 Oe and (d) Treated bacteria exposed 

to AMF at 347 KHz, 400 Oe; (D) Number of bacterial colonies obtained after respective AMF 

treatment. The data represents the mean ± SD obtained from 3 experiments in which N=3 in each 

group. Two-way ANOVA Bonferroni multiple comparison test where *** represents p-value <0.001 

and **** represents p-value<0.0001. (E) FE-SEM images of treated bacteria (a) before and (b) after 

AMF. Scale bar represent 5µm.  

 

Biofilms are resistant to antibiotics and host immune responses due to the impervious protective 

material laid down by the surface adhered bacteria [40].  As these are often associated with 

persistent infections, several nanotechnology based approaches have been attempted to 

prevent/destroy biofilms [25b, 41].   Hyperthermia using MNPs that have been modified to 

facilitate its penetration of biofilms have been employed to destroy biofilms [42]. To evaluate 

the MNP formation in biofilm, we prepared biofilms using S. aureus and E. coli and treated 

with Fe and Zn precursors for 36 h.  The treated biofilms were exposed to AMF for 30 min and 

the viability was evaluated using live/dead staining with FDA/PI staining. The absence of green 

cells (FDA) in AMF exposed biofilms (Figure 5A&B), indicated the complete destruction of 

the bacteria in the biofilms. The susceptibility of the bacteria in the biofilms is due to MNP –

induced magnetic-hyperthermia and establishes the potential of using the above strategy to 

effectively destroy biofilms.  
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Figure 5: Effect on biofilms. Biofilms of (A) S. aureus (B) E. coli bacteria were treated with Fe and 

Zn precursors for 36 h and exposed to AMF for 30 min. The biofilms were treated with FDA/PI and the 

live (green) /dead (red) cells were visualized using fluorescence microscope. Scale bar represent 100 

µm. 

 

Virulent bacteria overcome the host’s nutritional immunity and gain access to elements like 

iron and zinc.  Bacterial uptake of these elements is regulated by the metal-dependent Fur/Zur 

family of proteins which control the respective genes involved in their acquisition. Besides 

normal physiological processes, these regulatory proteins are also responsible for the 

expression of virulence factors [43] .  To confirm if the bacteria in the host harbor similar MNPs, 

we examined the bacteria from various infected human specimens (Table ST2) for the presence 

of iron oxide. The pathogenic bacteria in each specimen was identified by Gram-staining and 

stained with Perl’s Prussian blue (Figure S7). A blue color in the bacteria (E.coli, S. aureus, A. 

baumannii, K. pneumoniae, S. epiderdimis, S. hemolyticus etc.) signified the existence of iron 

oxide, an observation that was similarly noted in the bacteria treated with Fe & Zn (Figure S2). 

Notable is that most of these bacteria are listed by the Center for Disease Control (CDC) as 

nosocomial pathogens related to Healthcare-associated infections. Many of these are resistant 

to multiple drugs resulting in high patient morbidity and mortality [44] [60].  TEM analysis of the 

infected samples revealed several nanocrystals distributed in the bacteria (Figure 6Aa). 

Analysis of the carbonized specimens showed spherical crystalline nanoparticles of iron oxide 

~ 20 nm (Figure 6Ab). The D-planar spacing and the crystalline structure (Figure 6Ac & 6Ad) 

confirmed the presence of iron NPs. This is the first report that demonstrates the natural 

existence of iron NPs in bacteria thriving in vivo. The magnetic property of the iron 

nanoparticles was confirmed from the microscopic evidence of nanoparticle aggregation 

observed in the lysate on exposure to magnet (Figure S8). To determine if the MNPs present 

in the virulent bacteria can generate heat with AMF, we exposed the RBC-depleted infected 

blood samples to AMF at 347 KHz, 400 Oe for 30 min.  A time-dependent rise in temperature 
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observed in all the samples, confirmed the magnetic hyperthermia potential of the MNPs 

(Figure 6B).  Despite the difference in the temperature rise observed between various strains, 

a 2-4 log reduction in the bacterial colonies was observed (Figure 6D). The bacterial colonies 

obtained before and after AMF exposure are displayed in (Figure 6C). The susceptibility of the 

above bacteria to antibiotics was evaluated using vacomycin and ciprofloxacin respectively (2 

µg/mL). While S. epiderdimis, responded only to ciprofloxacin, it was resistant to vancomycin. 

The other bacteria were resistant to both the antibiotics (Figure S9).  Considering the 

significantly higher reduction in bioburden with AMF as compared to antibiotics treatment, it 

can be concluded that AMF alone can play an important role in combating bacterial infections.   

 

 

Figure 6: Characterization and hyperthermia response of bacteria derived from infected human 

samples. (A) Bacteria isolated from blood specimen was characterized using TEM.  (a) E. coli 

containing nanoparticles (indicated by red arrows); (b) Purified nanoparticles obtained from the above 

E.coli sample (inset shows magnified nanoparticles); (c,) HR-TEM showing D-Planar spacing of  the 

nanoparticles; (d) SAED pattern of nanoparticles. (B) Time and magnetic-field -dependent temperature 
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rise in the respective bacteria. The number of respective bacteria is mentioned in brackets. (C) Bacterial 

colonies obtained post-AMF where, upper panel shows S. aureus and lower panel is S. epiderdimis, 

wherein, (a, c) represents untreated bacteria (b, d) bacteria exposed to AMF at 347 KHz, 400 Oe; (D) 

Number of bacterial colonies obtained after AMF treatment. The data represents the mean ± SD obtained 

from 3 experiments in which N=3 in each group. Two-way ANOVA Bonferroni multiple comparison 

test where ** represents p-value <0.01 and *** represents p-value <0.001. 

 

To assess whether AMF can reduce the bacterial load of infected solid tissues, the specimens 

were treated directly with AMF (347 KHz, 400 Oe) for 30 min. The bacterial load of pre-and 

post-AMF exposed infected tissues (abdominal muscle and bone specimens) was evaluated 

after tissue homogenization. A considerable reduction in the bacterial colonies was noted in the 

AMF-treated tissues, suggesting the penetration of AMF to induce cell death in bacteria located 

in deep tissues (Figure S10 C&D). Since all virulent bacteria assimilate iron and zinc, it is 

proposed that intracellular MNPs might exist in all such bacteria. Given the promising anti-

bacterial effect observed in this study, this strategy might be universally used against all 

pathogenic bacteria, including MDR bacteria.  

 

3. Conclusion 

In conclusion, we report for the first time the ability of pathogenic bacteria to form intracellular 

MNPs. The bacteria biosynthesized MNPs in presence of iron and zinc precursors in vitro. The 

superparamagnetic nanoparticles composed of zinc ferrites, bestowed the bacteria with 

magnetic-field induced motility, a property that can be used for bacterial separation. On 

exposure of the bacteria to AMF, the heating produced by the MNPs induced bacterial cell 

death. The ability of these elements to enter the biofilms and form MNPs, and the subsequent 

susceptibility of the bacteria in the biofilms with AMF treatment, suggested the possibility of 

using the biosynthesized MNPs to overcome the enormous challenges facing biofilm 

eradication.  
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Lastly, the identification of MNPs in the bacteria isolated from infected tissues, established the 

existence of magnetic bacteria in the host. The therapeutic potential of these MNPs to induce 

magnetic hyperthermia-induced cell death was confirmed using infected tissue specimens. The 

proposed approach of controlling the virulent bacteria in vivo with AMF per se, needless to say 

is simple and safe, with no likelihood of developing resistance, as seen with antibiotics. 

Moreover, this approach can be utilized to combat co-infections and/or superinfections in 

patients with Covid-19.  

4. Experimental Section/Methods 

4.1 Materials 

LB media, zinc gluconate (TCI chemicals Pvt. Ltd, India), ferrous chloride (Sigma-Aldrich) 

were procured from the respective commercial sources.  Staphylococcus aureus-ATCC 25923; 

Escherichia coli-ATCC 25922; Pseudomonas aeruginosa-ATCC 27853 and Klebsiella 

pneumoniae-ATCC 700603 were purchased from ATCC, USA. Clinical specimens were 

obtained from PGIMER, Chandigarh after receiving the requisite ethics committee approval. 

4.2 Bacterial culture with FeCl2 and zinc gluconate  

A single colony from each plate of the respective Gram- positive and Gram-negative bacteria 

(Staphylococcus aureus; Escherichia coli; Pseudomonas aeruginosa and Klebsiella 

pneumoniae-) was grown in a suspension culture for 2 h in 5 mL of LB.  This was transferred 

to 200 mL of fresh LB medium and grown until OD550= 0.5-0.6 (~5-6 h). For treatment, 

sterilized salt solutions of 1mM each of FeCl2 and zinc gluconate were added to the culture. 

The resulting suspension was incubated at 37°C with shaking at 180 rpm. At the end of 

treatment (24-48 h), the bacterial cultures were centrifuged at 1000 x g, at 4ºC and gently fixed 

for further analysis. To determine viability, the respective bacterial cultures after 48 h treatment 

were plated on agar plates to check for growth. Perl’s Prussian blue Staining and Gram Staining 

were done using standard protocol. ROS levels in the bacteria were determined using carboxy-

H2DCFDA (Sigma-Aldrich) assay. H2O2 was used as positive control for ROS induction. 
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Sepsis-positive blood samples were obtained from the Department of Medical Microbiology, 

PGIMER, Chandigarh, India after receiving approval from the ethics committee (Micro-CC-

46). 

4.3 Magnetotaxis Study  

To check the influence of magnetic field on bacterial culture, a drop of the individually treated 

bacteria was placed on a slide and a neodymium bar magnet was placed on the microscope stage 

near the drop, with the axis of the magnet parallel to the plane of the slide. The movie of the 

migration of the microbes towards the magnet was recorded at 15 X speed and 40X 

magnification under bright field (OLYMPUS, DC73).  

4.4 Characterization 

For TEM analysis, the respective bacterial cells were fixed with 4% formaldehyde solution and 

drop casted on TEM grids. The grids were negatively stained using Uranyl acetate (.05%),   

washed and air dried. TEM analysis was carried out at 120 KV (JEOL JEM 2100 transmission 

electron microscope). For further characterization of nanoparticles the bacterial lysate was used. 

Nanoparticle size, EDAX, elemental mapping was evaluated using TEM. HR-TEM, SAED 

pattern and inter planar spacing was used to identify the composition of the nanoparticles. The 

crystalline structure of nanoparticle was determined by Bruker D8 Advanced X-ray diffraction 

(XRD) system, using Cu-Ka radiation source from 20 to 80 (2h) with an increment of 0.02 min-

1 with the respective microbes after calcination at 300 0C. Fourier transform infrared (FT-IR) of 

lyophilized samples of the treated bacterial culture was recorded by ATR using VERTEX 70 

FT-IR (Bruker) from 4000-400 cm-1 at 4cm-1 resolution. Quantitative estimation of iron and 

zinc in the bacterial cells (normalized to the number of cells/well) was done using ICP-MS 

(Agilent Technologies 7700 Series). Magnetic measurements to determine the magnetic 

properties of the nanoparticles and measurements of temperature dependence of magnetization 

(ZFC-FC curves) were conducted using a SQUID (Superconducting Quantum Interference 

Device magnetometer).  
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4.5 ROS determination using carboxy-H2DCFDA   

Treated as well as untreated bacterial cells of S. aureus and E. coli were washed with phosphate-

buffered saline (PBS) and treated with Carboxy-H2DCFDA dye at a final concentration of 50 

µg/ml in PBS. The cultures were incubated in dark for 30 minutes. For positive control, 

H2O2 (200µM) was used. ROS levels were assessed by the detection of green fluorescence 

(excitation filter = 482 ± 35 nm) using fluorescence plate reader. All DCFDA fluorescence 

intensities were calculated relative to H2O2 control. 

4.6 Response to hyperthermia 

The magnetic hyperthermia efficiency of the biosynthesized nanoparticles was tested using the 

D5 heating system (nB nanoscale Biomagnetics, Zaragoza, Spain). The bacterial cells, E. coli 

and S. aureus after the treatment with FeCl2 and Zn gluconate were then placed in DM2 system 

and subjected to an alternating current (AC) magnetic field (H) f=164, 347 kHz with field 

amplitude of, 400 Oe to determine the rise in temperature with a constant target-temperature 

program feedback at 43ºC set point for 30 min. A fluoro-optic thermometer fiber probe was 

used to probe the temperature every 0.2 s after switching on the magnetic field. The difference 

in temperature (∆t) was noted as the temperature change observed between treated and 

untreated cells. The experiments were run in triplicates and each run time was set to 30 min. In 

order to calculate the reduction in cell number, E. coli and S. aureus  post- AMF treatment were 

plated on LB agar plates (dilution factor 104). After 24 h of incubation, the colonies were 

counted and expressed as the number of cells versus AMF treatment.  

4.7 Effect on Biofilms 

S. aureus and E. coli cells were cultured till they reached an OD600 of 0.6 was obtained, which 

corresponds to 3x108cells/ml. A dilution in nutrient media was made and 1ml of cell suspension 

was plated on glass coverslips and incubated at 37°C for 72 h. After incubation period was over 

and a layer of biofilm was formed, Fe and Zn solution were added to the cells and further 

incubated for 36h. Cells were subjected to hyperthermia at 405 KHz, 400 Oe for 30 min. In 
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order to check the response of AMF treatment on cells, biofilms were subjected to live/dead 

staining after incubation with 5µl (5mg/ml) stock of FDA (Fluorescein diacetate, used for 

staining live cells green) and 2.5µl (2mg/ml) of PI (propidium iodide/used for damaged cells 

red) and visualized using Olympus microscope (OLYMPUS, DC73). 

4.8 Bacterial susceptibility to antibiotics  

The susceptibility of the clinical specimens to multiple antibiotics was assessed as per the latest 

Clinical and Laboratory Standards Institute (CLSI),   To compare the reduction in bacterial 

viability, the respective bacteria were grown to the mid-log phase and then diluted to a final 

concentration of 5 × 105 CFU/mL. The cultures were treated with ciprofloacin/vancomycin (2 

μg /mL). After O/N incubation at 37oC, the turbidity at OD600 was measured by the microplate 

reader. A 10-fold serial dilutions of the aliquot were plated onto Müller-Hinton agar in triplicate. 

The bacterial colonies (CFU) were counted after 24 h incubation at 37 °C.  

4.9 Statistical Analysis  

Each statistical data is derived from a sample size of three, and the data is presented as mean ± 

standard deviation (SD). Graph Pad Prism 6 was used to analyze data and declared statistically 

significant if P ≤ 0.05 as determined by one-way or two-way ANOVA test keeping a 95% 

confidence interval. 

Contributions 

S.K. Visualized and compiled the manuscript.  J.T., P.M., N.S., R.S. and H.S.R. Supported in 

the characterization, ROS and hyperthermia studies. V.C. conducted the biofilm studies. V.P 

Analyzed the characterization data; R. K. & V.G supported analysis of clinical microbial 

cultures, investigations and manuscript editing. D.G. Conceptualized, supervised, secured 

funding and edited the manuscript. All authors read and approved the final manuscript. 

Competing interests  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 23, 2021. ; https://doi.org/10.1101/2021.02.03.429514doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.03.429514


 

19 

 

D.G., S.K., J.T, V.C, A.S, R.S. and V.P are the co-inventors on the pending patent E-

137/8668/2020/DEL ‘In situ Synthesis of magnetic nanoparticles’ filed by the Institute of 

Nano science and Technology. The remaining authors declare no competing interests. 

Acknowledgements 

The authors thank Dr. Chayan K. Nandi (IIT, Mandi), Dr. Suvankar Chakraverty, INST and Dr. 

Nitin Singhal, NABI for their support. Ms. Gurleen Kaur is acknowledged for assistance with 

graphics. The authors thank Department of Biotechnology (BT/PR22067/NNT/28/1163/2016), 

Department of Science and Technology (SERB/F/755/2019-2020), India for partially funding 

the project. 

Corresponding author 

Correspondence to Deepa Ghosh (deepa.ghosh@inst.ac.in) 

References 

[1] WHO. 2020. COVID-19 situation reports. https://www.who.int/emergencies/ 

diseases/novel-coronavirus-2019/situation-reports/ accessed: June 2021. 

[2] a) F. W. Arnold, J. L. Fuqua, Current Opinion in Pulmonary Medicine 2020, 26; b) M. A. B. 

Lucien, M. F. Canarie, P. E. Kilgore, G. Jean-Denis, N. Fénélon, M. Pierre, M. Cerpa, G. A. 

Joseph, G. Maki, M. J. Zervos, P. Dely, J. Boncy, H. Sati, A. d. Rio, P. Ramon-Pardo, 

International Journal of Infectious Diseases 2021, 104, 250. 

[3] a) F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu, L. Guan, 

Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao, The Lancet 2020, 395, 1054; b) 

N. Chen, M. Zhou, X. Dong, J. Qu, F. Gong, Y. Han, Y. Qiu, J. Wang, Y. Liu, Y. Wei, J. a. Xia, 

T. Yu, X. Zhang, L. Zhang, The Lancet 2020, 395, 507; c) C.-C. Lai, T.-P. Shih, W.-C. Ko, H.-

J. Tang, P.-R. Hsueh, International Journal of Antimicrobial Agents 2020, 55, 105924; d) X.-W. 

Xu, X.-X. Wu, X.-G. Jiang, K.-J. Xu, L.-J. Ying, C.-L. Ma, S.-B. Li, H.-Y. Wang, S. Zhang, H.-

N. Gao, J.-F. Sheng, H.-L. Cai, Y.-Q. Qiu, L.-J. Li, BMJ 2020, 368, m606. 

[4] E. Sharifipour, S. Shams, M. Esmkhani, J. Khodadadi, R. Fotouhi-Ardakani, A. Koohpaei, Z. 

Doosti, S. Ej Golzari, BMC Infectious Diseases 2020, 20, 646. 

[5] Y.-X. Ma, C.-Y. Wang, Y.-Y. Li, J. Li, Q.-Q. Wan, J.-H. Chen, F. R. Tay, L.-N. Niu, Advanced 

Science 2020, 7, 1901872. 

[6] A. K. Murray, Frontiers in Microbiology 2020, 11, 1020. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 23, 2021. ; https://doi.org/10.1101/2021.02.03.429514doi: bioRxiv preprint 

mailto:deepa.ghosh@inst.ac.in
https://doi.org/10.1101/2021.02.03.429514


 

20 

 

[7] C. Willyard, Nature 2017, 543, 15. 

[8] B. Spellberg, J. G. Bartlett, D. N. Gilbert, New England Journal of Medicine 2013, 368, 299. 

[9] R. Y. Pelgrift, A. J. Friedman, Advanced Drug Delivery Reviews 2013, 65, 1803. 

[10] a) A. S. Mullis, N. Peroutka-Bigus, K. S. Phadke, B. H. Bellaire, B. Narasimhan, Current 

Opinion in Chemical Engineering 2021, 31, 100672; b) D. Şen Karaman, U. K. Ercan, E. 

Bakay, N. Topaloğlu, J. M. Rosenholm, Advanced Functional Materials 2020, 30, 1908783. 

[11] Z. Song, Y. Wu, Q. Cao, H. Wang, X. Wang, H. Han, Advanced Functional Materials 2018, 28, 

1800011. 

[12] T. Ibelli, S. Templeton, N. Levi-Polyachenko, International Journal of Hyperthermia 2018, 34, 

144. 

[13] a) D. Rodrigues, M. Bañobre-López, B. Espiña, J. Rivas, J. Azeredo, Biofouling 2013, 29, 

1225; b) C. Shasha, K. M. Krishnan, Advanced Materials 2021, 33, 1904131. 

[14] a) M.-H. Kim, I. Yamayoshi, S. Mathew, H. Lin, J. Nayfach, S. I. Simon, Annals of Biomedical 

Engineering 2013, 41, 598; b) P. Kaur, M. L. Aliru, A. S. Chadha, A. Asea, S. Krishnan, 

International Journal of Hyperthermia 2016, 32, 76. 

[15] a) G. Oberdörster, E. Oberdörster, J. Oberdörster, Environmental Health Perspectives 2005, 

113, 823; b) S. K. Sharma, N. Shrivastava, F. Rossi, L. D. Tung, N. T. K. Thanh, Nano Today 

2019, 29, 100795. 

[16] R.-t. Liu, J. Liu, J.-q. Tong, T. Tang, W.-C. Kong, X.-w. Wang, Y. Li, J.-t. Tang, Progress in 

Natural Science: Materials International 2012, 22, 31. 

[17] T. Prozorov, Seminars in Cell & Developmental Biology 2015, 46, 36. 

[18] A. Postec, N. Tapia, A. Bernadac, M. Joseph, S. Davidson, L.-F. Wu, B. Ollivier, N. Pradel, 

Microbial Ecology 2012, 63, 1. 

[19] a) J. K. Fredrickson, Y. A. Gorby, Current Opinion in Biotechnology 1996, 7, 287; b) A. A. 

Bharde, R. Y. Parikh, M. Baidakova, S. Jouen, B. Hannoyer, T. Enoki, B. L. V. Prasad, Y. S. 

Shouche, S. Ogale, M. Sastry, Langmuir 2008, 24, 5787. 

[20] C. Chen, L. Chen, Y. Yi, C. Chen, L.-F. Wu, T. Song, Appl Environ Microbiol 2016, 82, 2219. 

[21] a) T. J. Park, K. G. Lee, S. Y. Lee, Applied Microbiology and Biotechnology 2016, 100, 521; b) 

W. Qin, C.-y. Wang, Y.-x. Ma, M.-j. Shen, J. Li, K. Jiao, F. R. Tay, L.-n. Niu, Advanced 

Materials 2020, 32, 1907833. 

[22] J. M. Byrne, V. S. Coker, E. Cespedes, P. L. Wincott, D. J. Vaughan, R. A. D. Pattrick, G. van 

der Laan, E. Arenholz, F. Tuna, M. Bencsik, J. R. Lloyd, N. D. Telling, Advanced Functional 

Materials 2014, 24, 2518. 

[23] M. I. Hood, E. P. Skaar, Nature Reviews Microbiology 2012, 10, 525. 

[24] a) L. Ma, A. Terwilliger, A. W. Maresso, Metallomics 2015, 7, 1541; b) M. Raffatellu, Nat Med 

2018, 24, 1097. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 23, 2021. ; https://doi.org/10.1101/2021.02.03.429514doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.03.429514


 

21 

 

[25] a) S. Hapuarachchige, Y. Kato, E. J. Ngen, B. Smith, M. Delannoy, D. Artemov, PLOS ONE 

2016, 11, e0156294; b) N. G. Durmus, E. N. Taylor, K. M. Kummer, T. J. Webster, Advanced 

Materials 2013, 25, 5706. 

[26] G.-Y. Zhang, Y.-Q. Sun, D.-Z. Gao, Y.-Y. Xu, Materials Research Bulletin 2010, 45, 755. 

[27] S. K. Sahoo, G. Hota, ACS Applied Nano Materials 2019, 2, 983. 

[28] H. Chen, W. Liu, Z. Qin, Catalysis Science & Technology 2017, 7, 2236. 

[29] C. Yao, Q. Zeng, G. F. Goya, T. Torres, J. Liu, H. Wu, M. Ge, Y. Zeng, Y. Wang, J. Z. Jiang, 

The Journal of Physical Chemistry C 2007, 111, 12274. 

[30] T. Hyeon, Chemical Communications 2003, DOI: 10.1039/B207789B927. 

[31] M. Mazur, A. Barras, V. Kuncser, A. Galatanu, V. Zaitzev, K. V. Turcheniuk, P. Woisel, J. 

Lyskawa, W. Laure, A. Siriwardena, R. Boukherroub, S. Szunerits, Nanoscale 2013, 5, 2692. 

[32] X. Wang, L. Huang, Y. Zhao, Y. Zhang, G. Zhou, Nanoscale Research Letters 2016, 11, 37. 

[33] P. Cornelis, Q. Wei, S. C. Andrews, T. Vinckx, Metallomics 2011, 3, 540. 

[34] a) S. Kaushik, J. Thomas, V. Panwar, H. Ali, V. Chopra, A. Sharma, R. Tomar, D. Ghosh, ACS 

Applied Bio Materials 2020, 3, 779; b) L. Lai, C. Zhao, M. Su, X. Li, X. Liu, H. Jiang, C. 

Amatore, X. Wang, Biomaterials Science 2016, 4, 1085. 

[35] Y. Pan, Y. Wang, X. Fan, W. Wang, X. Yang, D. Cui, M. Zhao, Environmental Microbiology 

Reports 2019, 11, 140. 

[36] C. T. Lefèvre, D. A. Bazylinski, Microbiology and Molecular Biology Reviews 2013, 77, 497. 

[37] E. Alphandéry, S. Faure, L. Raison, E. Duguet, P. A. Howse, D. A. Bazylinski, The Journal of 

Physical Chemistry C 2011, 115, 18. 

[38] M. Gonzales-Weimuller, M. Zeisberger, K. M. Krishnan, Journal of Magnetism and Magnetic 

Materials 2009, 321, 1947. 

[39] a) F. Silva, O. Lourenço, J. A. Queiroz, F. C. Domingues, The Journal of Antibiotics 2011, 64, 

321; b) A. Vila Domínguez, R. Ayerbe Algaba, A. Miró Canturri, Á. Rodríguez Villodres, Y. 

Smani, Antibiotics 2020, 9. 

[40] C. Bordi, S. de Bentzmann, Annals of Intensive Care 2011, 1, 19. 

[41] Y. Gao, J. Wang, M. Chai, X. Li, Y. Deng, Q. Jin, J. Ji, ACS Nano 2020, 14, 5686. 

[42] a) A. Ivanova, K. Ivanova, A. Tied, T. Heinze, T. Tzanov, Advanced Functional Materials 2020, 

30, 2001284; b) J. Wang, L. Wang, J. Pan, J. Zhao, J. Tang, D. Jiang, P. Hu, W. Jia, J. Shi, 

Advanced Science 2021, 8, 2004010. 

[43] D. Lucarelli, S. Russo, E. Garman, A. Milano, W. Meyer-Klaucke, E. Pohl, Journal of 

Biological Chemistry 2007, 282, 9914. 

[44] A. P. Christoff, A. F. R. Sereia, G. N. F. Cruz, D. C. d. Bastiani, V. L. Silva, C. Hernandes, A. 

P. M. Nascente, A. A. d. Reis, R. G. Viessi, A. d. S. P. Marques, B. S. Braga, T. P. L. Raduan, 

M. D. V. Martino, F. G. d. Menezes, L. F. V. d. Oliveira, PLOS ONE 2020, 15, e0234127. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 23, 2021. ; https://doi.org/10.1101/2021.02.03.429514doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.03.429514


 

22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TOC 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 23, 2021. ; https://doi.org/10.1101/2021.02.03.429514doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.03.429514


 

23 

 

 
 

The formation of intracellular MNPs in pathogenic bacteria and its applications.  

Intracellular magnetic nanoparticle (MNPs) are formed in pathogenic bacteria cultured with 

iron and zinc salts.  Bacteria existing in vivo, acquire these elements from the host and form 

MNPs. The MNPs facilitate magnet-induced bacterial motility and hyperthermia-induced cell 

death on exposure to alternating magnetic field (AMF). Drug-resistant infectious bacteria in 

tissues/biofilms can be killed with AMF. 
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Figure S1: Bacteria treated with/without Fe and Zn. (A) S. aureus; (B) E. coli; (C) P. aeruginosa; 

(D) K. pneumoniae. Untreated bacteria served as control. Color change observed after 36 h treatment. 
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Figure S2: Bacterial response to Fe and Zn. Bright field images of untreated (Left column) and treated 

bacteria (middle column). Arrows show bacterial aggregates. FeCl2 and zinc gluconate treated bacteria 

stained with Perl’s Prussian blue (Right column); Scale bar represents 20 µM.  

 

Figure S3: Magnetic-field induced migration of MNPs.  Lysates of bacteria treated with Fe & Zn. 

Upper panel: Microscopic images of the periphery of a drop of lysate. Lower panel: Images of magnet-

induced aggregation of nanoparticles. Yellow arrow represents magnetic nanoparticles and green arrow 

represents cell debris.  

 

M1-M6 

Magnetotaxis Videos 

M1: Movie of untreated S. aureus. 
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M2: Movie of S. aureus treated with FeCl2 + Zn gluconate. 

M3: Movie of untreated E. coli. 

M4: Movie of E. coli treated with FeCl2 + Zn gluconate. 

M5: Movie of untreated P. aeruginosa. 

M6: Movie of P. aeruginosa treated with FeCl2 + Zn gluconate. 

 

 
Table ST1: Estimation of Fe and Zn. IC-PMS analysis of Fe and Zn in the lysates of control and 

bacteria treated with / without FeCl2, and zinc gluconate. Results represent values obtained from 3.8 

x108  CFU  

 

 
 

Figure S4: Elemental mapping using TEM. Distribution of iron, oxygen and zinc in treated bacteria. 

Upper panel represents S. aureus (A-C) and Lower panel E. coli (E-G). D & H indicate a combination 

of (A-C) and (E-G) respectively.  
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Figure S5: Magnetic measurements of nanoparticles biosynthesized in E.coli. Magnetization versus 

magnetic field measured at (A) 300 K, (B) 5K and (C) Measurements of Temperature Dependence of 

Magnetization (ZFC/FC curves). 

 

 

 
 
 

Figure S6: Characterization of Fe and Zn treated bacteria. (A) XRD diffraction pattern of S. aureus 

after calcination. (B) FT-IR of the treated bacteria after lyophilization of S. aureus and E. coli. (C) Peaks 

observed in the region from 476-417 cm-1 represent Zn-O bond (D).Peaks in the region from 670-550 

mode represent Fe–O bonds. 
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Table ST2:  Table represents the various infected specimens analyzed and its susceptibility to 

antibiotics 
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Figure S7: Clinical strains tested for the presence of iron oxide.  (A, C, E, G, I). Gram-staining of 

respective bacteria. (B, D, F, H, J) Blood smear of respective bacterium stained with Prussian blue. 

Inset shows the magnified image. Arrows indicate blue color obtained after Prussian blue staining. Scale 

bar represents 20 µm. 
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Figure S8: Magnetic-field induced migration of MNPs obtained from S. epiderdimis: A. 

Microscopic image of the periphery of a drop of S. epiderdimis lysate. B. The lysate exposed to magnet. 

Arrow indicates the alignment of MNPs along the magnetic field lines. 

 

 

 

 

Figure S9: Susceptibility of bacteria (clinical specimens) to vancomycin and ciprofloxacin. The 

respective bacteria isolated from the infected blood specimens were treated with vancomycin/ 

ciprofloxacin (2 g/ml) for 24 h. (A) The number of bacterial colonies obtained after respective 

treatment. The data represents the mean ± SD obtained from 3 experiments in which N=3 in each 

group. Two-way ANOVA Bonferroni multiple comparison test where *** represents 

p-value <0.001  (B) Representative images of the bacterial colonies grown on agar plates. 
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Figure S10: Effect of AMF on infected clinical specimens: Bacterial colonies obtained from pre- 

and post-AMF exposed samples A & B represent S. haemolyticus and E. coli infected blood samples 

exposed to AMF (347 KHz, 400 Oe) ; C & D represents E .coli infected muscle and bone specimens  

exposed to AMF at 405 KHz, 400 Oe respectively.  
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