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Research Highlights
e Pathogenic bacteria in presence of both Fe and zinc, form intracellular magnetic
nanoparticles (MNP).
e The MNP conferred bacteria with magnetic field responsive movement and magnetic
field-induced hyperthermia.
e Virulent bacteria acquire these elements from the host and form MNP.
e Exposure of infected tissues to alternating magnetic field results in significant reduction

in bacterial load.
Abstract

One of the greatest challenges in healthcare is the increasing incidence of antibiotic resistance
that appear to outpace the development of new antibiotics. Therefore, there is an urgent need to
develop alternate strategies to combat such bacterial infections. Elements like iron and zinc are
essential for the survival of bacteria. We evaluated the response of bacteria to these elements,
using FeCl and zinc gluconate as precursors. The bacteria treated with the combination of Fe

and Zn showed intracellular magnetic nanoparticles (MNP) formation within 24-48 h and
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exhibited magnetic field-induced magnetotaxis. Extensive characterization of the bacteria
revealed intracellular presence of superparamagnetic zinc ferrite (ZnFe204) nanoparticles in the
size range of 13-19 nm. On exposure of the treated bacteria to an alternating magnetic field, a
significant temperature rise was observed which resulted in a drastic reduction in bacterial
viability. Using a similar approach, biofilms showed a comparable reduction in bacterial
viability. Given the ability of virulent bacteria to acquire these elements from the body,
evaluation of virulent bacteria obtained from infected human tissues revealed the presence of
intracellular MNP, and their susceptibility to magnetic hyperthermia. The results suggested that
the proposed strategy can evolve as an antibiotic-free approach to treat infectious bacteria,

including antibiotics-resistant bacteria.

Graphical Abstract

Pathogenic bacteria form intracellular magnetic nanoparticles (MNP) in presence of iron and
zinc elements. The MNP endow the bacteria, magnetic-filed responsive migration and

susceptibility to magnetic hyperthermia
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Introduction
Ever since Alexander Fleming’s discovery of Penicillin around eight decades ago, antibiotics have
revolutionized the treatment of infections [1]. However, the growing incidence of bacterial

resistance attributed to inappropriate antibiotics use in health-care, agriculture and veterinary
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sectors is threatening to take us back to the pre-antibiotics era [2, 3]. With a decline in the
discovery of new drugs that can handle the rising infections, the demand for the development of
alternate strategies to avoid a possible health-care disaster is on the rise [4]. To obtain the best
outcome, the strategy should be simple, cost effective and safe for humans, and efficacious against
a wide range of Gram-positive and Gram-negative bacteria [5]. Magnetic nanoparticles (MNP) are
used extensively in various fields like health care, biotechnology, environmental and material
science for applications like bio-separation, bio-sensors, imaging (as contrast agent in MRI),
therapeutics (magnetic hyperthermia in cancers), catalysis, information storage, electronics etc. as
they exhibit unique properties such as superparamagnetism [6]. Ascribing to their magnetic
property, MNPs are used for bacterial detection [7- 9], separation [10], imaging [11] and anti-
bacterial activity [12, 13]. In all such applications, the synthesized MNP was further modified to
prevent aggregation, improve solubility, safety and target the microbes.

The process of heating diseased tissue to an elevated temperature for a limited time is termed
hyperthermia and is considered a promising treatment option for cancer and other diseases.
Pathogenic bacteria are also reported to be susceptible to hyperthermia [14, 15]. MNPs are
considered as good hyperthermia agents, as they absorb electromagnetic radiation when exposed
to alternating magnetic field (AMF) of high frequency and subsequently convert it to localized
heat. A major challenge in using MNP is of targeting the infectious bacteria, apart from MNP
toxicity in the body when used in large scale [16] Despite antibody-functionalized MNP being
used to recognize target species, they are short-lived and expensive [17]. As the magnetic
properties of MNP are strongly dependent on multiple factors like size, shape etc., controlling
these parameters is a challenge [18]. Additionally, the process is energy intensive and often yields
aggregated particles with poor solubility [19]. In contrast to synthetic methods, biosynthesized
nanoparticles have a narrow size range and are monodisperse [20].

Iron and zinc are essential elements for virtually all organisms. Whereas several studies have
compared the influence of either Fe / Zn on microbes, no study has yet shown their combined
effect. Recently we had observed MNP formation in eukaryotic cells exposed to ferrous chloride
and zinc gluconate [21]. Given the importance of iron and zinc to bacteria, the study was extended
to bacteria. All the treated microbes biosynthesized intracellular MNP within 24-48 h and
exhibited magnetic field-induced migration. Characterization studies showed the MNP to be made

of zinc ferrites. Superparamagnetic nature of the MNP was confirmed using Superconducting
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Quantum Interference Device (SQUID). A magnetic field dependent temperature rise resulted in
a drastic reduction of bacterial viability. Following the same approach, the bacteria in biofilms
were similarly affected.

As part of the host defense system, bacterial access to elements such as iron and zinc is restricted
by the host through a process termed nutritional immunity [22]. To facilitate their survival and
replication, infectious bacteria overcome these hurdles by developing smart strategies to mine
these metals from multiple host resources [23]. To ensure the acquired intracellular iron/zinc is
maintained in its non-toxic form, bacteria have evolved highly sophisticated systems to balance
the efflux/influx of these ions through multiple transport/scavenging/storage systems [24,
25].Apart from the above systems, we envisaged that the virulent bacteria in the host may also
synthesize MNP. Evaluation of bacteria present in multiple infected tissues revealed intracellular
evidence of MNP. A time-dependent temperature rise was observed in the samples exposed to
AMF. Magnetic hyperthermia-induced cell death was observed in several samples, demonstrating
the feasibility of regulating bacterial infections with magnetic hyperthermia.

Materials and Methods

Materials

LB media, zinc gluconate (TCI chemicals (India) Pvt. Ltd.), ferrous chloride (Sigma-Aldrich) were
procured from the respective commercial sources. Staphylococcus aureus-ATCC 25923;
Escherichia coli-ATCC 20922; Pseudomonas aeruginosa-ATCC 27853 and Klebsiella
pneumoniae-ATCC 700603 were purchased from ATCC, USA.

Bacterial culture with FeClz and zinc gluconate

A single colony from each plate of the respective Gram- positive and Gram-negative bacteria 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 ODsso= 0.5-0.6 (~5-6 h). For treatment, sterilized salt solutions of FeCl;
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 4°C 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

Bacterial cells treated with FeCl2 and/or zinc gluconate for 36 h were pelleted and fixed on slides

using 4% para-formaldehyde (PFA). The slides were incubated in a solution containing equal parts
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of 2% hydrochloric acid and 2% potassium ferrocyanide for 20 min. The slides were then rinsed
thrice with distilled water and dehydrated using graded alcohol. The slides were then mounted
with DPX and visualized under microscope.

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).

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- with the respective
microbes after calcination at 300 °C. 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? at 4cm™ 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.

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-H.DCFDA dye at a final concentration of 50
pg/ml in PBS. The cultures were incubated in dark for 30 minutes. For positive control,

H20, (200uM) was used. ROS levels were assessed by the detection of green fluorescence
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(excitation filter =482 + 35 nm) using fluorescence plate reader. All DCFDA fluorescence
intensities were calculated relative to H>O> control.

Magnetic-field induced hyperthermia

The efficiency of the biosynthesized magnetic nanoparticles to induce hyperthermia was tested
using the D5 heating system (nB nanoscale Biomagnetics, Zaragoza, Spain). Post-treated E.coli
and S.aureus were 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 43°C 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 rise in temperature (At) was noted. The experiments were run in triplicates and
each run time was set to 30 min. In order to calculate the reduction in cell viability the bacterial
suspension post-AMF treatment was plated on LB agar plates (dilution factor 10%). After 24 h of
incubation, the colonies were counted and expressed as the number of cells versus AMF treatment.
In case of infected human blood sample, the plasma was subjected to an alternating current (AC)
magnetic field (H) f=347 kHz with field amplitude of 400 Oe to determine the rise in temperature
for 30 min. Tissue and bone samples were subjected to an alternating current (AC) magnetic field
(H) f=405 kHz with field amplitude of 400 Oe post homogenization. The experiments were run in
triplicates and each run time was set to 30 min. In order to calculate the reduction in cell viability
the plasma and homogenized tissue and bone samples post-AMF treatment were plated on LB agar
plates (dilution factor 10%). Following 24 h of incubation, the colonies were counted and expressed
as the number of cells versus AMF treatment.

Effect on Biofilms

S.aureus and E.coli cells were cultured till they reached an ODsgo 0f 0.6 was obtained, which
corresponds to 3x10® cells/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 4 d of incubation a layer of
biofilm was visualized. To the biofilms, Fe and Zn solution was added and further incubated for
36 h. Cells were subjected to hyperthermia at 405 KHz, 400 Oe for 30 min. In order to check the
response of AMF treatment on cells, biofilms were subjected to live/dead staining after incubation
with 5 pl (5 mg/ml) stock of FDA (Fluorescein diacetate, used for staining live cells green) and
2.5 ul (2 mg/ml) of PI (propidium iodide/used for damaged cells red) and visualized using
Olympus microscope (OLYMPUS, DC73).
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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.

Results and Discussion

In this study, we evaluated the response of pathogenic strains of bacteria like Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae to broth
containing 1mM of FeCl, and zinc gluconate respectively for 24-48 h. A faint time-dependent
darkening of broth was visible in the treated bacterial cultures (Fig S1). Microscopic evaluation of
these cultures revealed microbial aggregation, in comparison to untreated control (Fig 1). On
exposure to a magnetic field, the microbes grown in presence of iron and zinc exhibited
magnetotaxis (Video S2-S9). To confirm whether the magnetic response is facilitated by
intracellular iron oxide, we performed Perl’s Prussian blue staining. A blue color noted in bacteria
treated with Fe and Zn, confirmed the presence of iron oxide and revealed the importance of zinc
in the intracellular iron uptake (Fig. 1) Fe and Zn content in the respective bacteria was estimated
using IC-PMS (Table S1). A higher iron content observed only in those microbes treated with both

iron and zinc, corroborated the results of Prussian blue studies (Fig 1).
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Fig. 1: Bacterial response to Fe and Zn. Bright field images of untreated (Left column) and treated
bacteria (middle column). Arrows show bacterial aggregates. FeCl and zinc gluconate treated bacteria

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

The Gram-positive (S. aureus) and a representative Gram-negative bacterium (E. coli) were taken
up for further characterization studies. TEM analysis of FeCl> and zinc gluconate treated S. aureus
and E. coli revealed the presence of a large number of nanocrystals distributed throughout the
respective bacteria (Fig 2 B, F), while no such crystals were observed in untreated control (Fig 2
A, E). On further analysis of the treated bacterial lysates, Quasi-cuboidal shaped particles (Fig 21)
of 13-19 nm size were observed (Fig 2J) [26]. HR-TEM images of individual nanocrystals clearly
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 (ZnFe204) respectively (Fig 1C, G) [26, 28].
The diffraction spots indexed from selected area electron diffraction pattern (SAED) confirmed its
crystalline nature having (111), (311), (220), (400), (511), (440) planes of ZnFe>O4 and (100),
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(101), (110) plane of ZnO (Fig. 2 D, H) [29]. EDAX analysis (Fig 2K) and elemental mapping
(Fig S11) confirmed the presence of iron, zinc and oxygen with homogeneous distribution of the

above-mentioned elements.
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Fig 2: Characterization of nanoparticles. The upper and lower panel show TEM images of S. aureus and
E. coli respectively. (A, E) Untreated bacteria; (B, F) Bacteria treated with FeCl, and zinc gluconate (arrow
indicates nanoparticles); (C, G) HR-TEM showing D-Planar spacing of nanoparticles; (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 properties of the nanoparticles, field dependent magnetization
measurements were performed on lyophilized samples of treated bacteria using SQUID. Fig 3
displays the magnetic properties (M-H loop at 300K (A), at 5K (B) and M-T curve (C) with S.
aureus. At room temperature (300K), negligible coercivity was observed signifying the
superparamagnetic behavior of the nanoparticles due to zero coercivity (inset, Fig 3A). The
magnetic signal observed at 5 K displayed low coercivity (150 Oe: inset Fig 3B), confirming the
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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 (Fig. 3C). A similar observation
was observed with E. coli (Fig S12). 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 [32].
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Fig 3: Magnetic measurement of nanoparticles in S. aureus. FeClz and zinc gluconate treated bacteria
were lyophilized and magnetization versus magnetic field was measured at (A) 300 K, (B) 5K and inset

represents coercivity (C) Measurement of Temperature Dependence of Magnetization (FC/ZFC curves).

Further characterization of the treated bacteria using XRD revealed the crystalline nature of the in
situ formed material (Fig S13A). The numerous strong Bragg reflections could be indexed to the
presence of both ZnO and zinc ferrite phases [28] respectively, supporting the TEM results. The
crystalline peaks at 20 =31.73°,36.2° and 56.6° represents (100), (101), (110) hkl plane correspond
to the hexagonal crystal structure of ZnO according to JCPDS no. 36-1451 [33]. The peaks at 26
= 18.3°, 30.1° 35.2°, 43.1° 53.3°% 56.7° and 62.4° with hkl plane of (111), (220), (311), (400),
(422), (511) and (440) correspond to the cubic spinel structure of ZnFe>O4 according to JCPDS
no.79-1150 [29]. Fourier transform infrared (FTIR) analysis of the treated bacteria post its
Iyophilization also exhibited peaks in the region from 670-550 cm™ reflecting the stretching
vibration mode associated to Fe—O bonds in the crystalline lattice of ZnFe.O4 [27]. The other peaks
observed in the region from 476-417 cm™ indicated the presence of Zn-O bond (Fig S13 C, D).
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The presence of N-H stretch between 3,500-3,100 cm™? in the full scan FTIR spectra could be
contributed by the proteins present in the bacterial cells (Fig S13B). These results reconfirmed the
presence of zinc ferrite and zinc oxide in the treated bacteria.

While the exact mechanism of the biosynthesis is unclear, it can be construed that on uptake,
soluble Fe (I1), in presence of oxygen would induce oxidative stress via the Fenton reaction. We
evaluated the oxidative stress in the respective microbes using ROS assay. As displayed in Fig 4,
treatment with iron per se increased the ROS levels. In comparison, the bacteria treated with zinc
alone, and in combination with iron, displayed an additional significant increase in the ROS levels.
This data reaffirmed the role of zinc in inducing oxidative stress [34]. The results suggested that
in comparison to iron, zinc was a more potent inducer of ROS. This data is supported by a recent
study in which excess zinc was shown to increase both intracellular iron and oxidative stress in E.
coli [35]. It is likely that ROS is involved in the biomineralization process, as only those microbes
expressing high levels of ROS revealed intracellular iron accumulation and nanoparticle synthesis
(Table S1). In an earlier study, we had reported ROS involvement in inducing MNP synthesis in

eukaryotic cells treated with a similar combination of Fe and Zn precursors [21].
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Fig 4: Time dependent ROS expression. (A) S. aureus and (B) E. coli treated with FeCl; /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.

Magnetotactic bacteria (MTB) are the only naturally occurring bacteria that can produce
intracellular MNP and exhibit magnetotaxis in response to magnetic field [36]. MNP containing

magnetosomes-derived from MTB are known to induce magnetic field-dependent temperature rise
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on exposure to AMF [37]. Reports indicate that MNP with diameters <15 nm are most effective
for generating hyperthermia [38], and that zinc ferrite nanoparticles have better magnetization
properties [32]. As the biosynthesized MNP is made of zinc ferrite in the size range of 13-19 nm,
we evaluated its heating potential. On exposure of the treated bacteria to AMF at two different
frequencies i.e. 164 KHz and 347 KHz for 30 min, the respective bacterial suspension displayed a
time dependent increase in temperature, with an improved heating outcome at 347 KHz (Fig 5A).
To check the post-AMF viability, the bacterial suspension before and after respective AMF
treatment was spread on agar plates and the colonies checked after 24 h (Fig 5B). A dramatic
decrease in the number of bacterial colonies obtained after exposure to AMF implied the
susceptibility of bacteria to hyperthermia (Fig. 5 C&D). The significant temperature rise observed
with the higher frequency, translated to an increase in cell death as compared to lower frequency.
Field emission-scanning electron microscopic images revealed the distorted morphology of the
bacteria post-AMF (Fig 5EDb).

S.aureus, 164 KHz, 4000e
E.coli, 164 KHz, 4000e
S.aureus, 347 KHz, 4000e
E.coli, 347 KHz, 4000e

0 10 20 30
AMF Time

Il S .aureus
B E coli
.

Number of Bacteria

Control Fe+Zn 164KHz 347KHz

Fig 5: Bacterial response to hyperthermia (A) Time and magnetic-field -dependent temperature change
in S. aureus and E.coli. Bacterial cell colonies obtained post-AMF of (B) S. aureus and (C) E. coli,
wherein, (a) represents untreated bacteria (b) bacteria treated with FeCl, and zinc gluconate (c) Treated
bacteria exposed to AMF at164 KHz, 4000e and (d) Treated bacteria exposed to AMF at 347 KHz,

4000e; (D) Number of bacterial colonies obtained after AMF treatment in S. aureus and E .coli, where
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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.

Biofilms are resistant to antibiotics and protective immune responses due to the impervious
protective material lay down by the surface adhered bacteria [39]. To check if the bacteria in the
biofilms are capable of MNP synthesis and susceptible to hyperthermia, the biofilms prepared with
S. aureus (Fig 6A) and E. coli (Fig 6B) were treated with Fe and Zn precursors for 36 h. The treated
biofilms were exposed to AMF for 30 min and the bacterial viability was evaluated using live/dead
staining. A remarkable decrease in the number of viable cells, suggested that Fe and Zn had
penetrated the biofilms and induced bacterial MNP synthesis. The MNP in presence of a magnetic

field induced heating, leading to bacterial cell death.
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Fig 6: Hyperthermia response in biofilms treated with FeCl, and Zn gluconate. Visualization of live
(green)/dead (red) using fluorescence microscope. (A) S. aureus (B) E. coli biofilms treated with FDA/PI
after AMF exposure.

As pathogenic bacteria overcome the host’s nutritional immunity and gain access to elements like
iron and zinc, their uptake in bacteria is regulated by the metal-dependent Fur/Zur family of
proteins which control the respective genes involved in their acquisition. Apart from normal
physiological processes, these regulatory proteins are also responsible for the expression of
virulence factors [40]. Apart from the known mechanisms of Fe and Zn regulation, we assessed

if the acquired elements are also converted to MNP. Multiple infected human specimens
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represented in Table S2 were tested after receiving the ethics committee approval from PGIMER,
Chandigarh. The pathogenic bacteria in each specimen were identified by Gram-staining and the
samples were stained with Perl’s Prussian blue. A blue color in the bacteria denoted the presence
of iron oxide. To confirm the presence of MNP in these bacteria, the infected plasma samples were
evaluated using TEM. TEM images of E.coli infected plasma revealed the presence of several
nanocrystals randomly distributed in the bacteria (Fig 7A). Analysis of the carbonized bacteria,
displayed ~ 20 nm spherical, crystalline nanoparticles of iron oxide (Fig 7Aa). To determine the
hyperthermia response, the infected blood samples were depleted of RBC, and the resulting plasma
was exposed to AMF at 347 KHz, 400 Oe for 30 min. A time-dependent increase in temperature
was noted in all samples, with the response being dependent on the type of bacteria (Fig 7B). The
bacterial growth evaluated post-AMF exposure, showed a drastic reduction in colonies (Fig 7 C,
D).
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Fig 7: Blood plasma Characterization and response to hyperthermia: (A) TEM images of E.coli. (a)
E.coli infected blood (arrow indicates nanoparticles); (b) Nanoparticles obtained from carbonized E.coli

sample (inset indicates nanoparticles); (c,) HR-TEM showing D-Planar spacing of nanoparticles; (d) SAED
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pattern of nanoparticles. (B) Time and magnetic-field -dependent temperature change in S. aureus, E. coli,
S. epiderdimis, S. haemolyticus. The total number of respective bacteria is mentioned in brackets. (C)
Bacterial cell 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 in S. aureus, E. coli, S. epiderdimis, S.
haemolyticus. 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 determine the efficacy of hyperthermia-induced bacterial cell death in infected tissues, E. coli
infected dermal and bone samples were exposed directly to AMF at 347 KHz, 400 Oe. The respective
tissues, pre-and post-AMF were homogenized and the bacterial growth assessed in the homogenates
(Fig.S14 C&D). A considerable reduction in bacterial load post-AMF showed the potential of
magnetic-hyperthermia- induced treatment to control bacterial infections.

Conclusion

In conclusion, we report the inherent ability of pathogenic bacteria to form intracellular MNP in
presence of essential elements like iron and zinc. The MNP endow the bacteria with magnetic-
field induced motility, a property that can be used for bacterial separation. On exposure to AMF,
the MNP response leads to a temperature rise, resulting in bacterial susceptibility. Exposure of
biofilms to these elements, and its subsequent exposure to AMF, resulted in a similar dramatic
reduction in bacterial viability, suggesting the potential of this approach to address biofilms.
Finally, identification of MNP in bacteria derived from infected tissues established the
phenomenon of intracellular MNP formation. The susceptibility of such bacteria to magnetic field-
induced hyperthermia, suggested that infectious bacteria can be directly destroyed by AMF. This
strategy provides a hitherto unknown approach to combat infectious bacteria.
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