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SUMMARY Aims: To evaluate the in vitro effects of extremely low-frequency magnetic 
field (ELF-MF) on growth and biofilm formation by Staphylococcus aureus, Pseudomonas 
aeruginosa, Burkholderia cepacia and Stenotrophomonas maltophilia strains from cystic 
fibrosis patients. Materials & methods: The motion of selected ions (Fe, Ca, Cu, Zn, Mg, 
K, Na) was stimulated by the ion resonance effect, then influence on growth and biofilm 
formation/viability was assessed by spectrophotometry or viability count. Results: 
Generally, exposure to ELF-MF significantly increased bacterial growth and affected both 
biofilm formation and viability, although with differences with regard to ions and species 
considered. Conclusion: Exposure to ELF-MF represents a possible new approach for 
treatment of biofilm-associated cystic fibrosis lung infections.
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Pseudomonas aeruginosa, Burkholderia cepacia and Staphylococcus aureus are the most common 
bacterial pathogens isolated from the airways of cystic fibrosis (CF) patients where they cause 
chronic infections responsible for high morbidity and mortality [1,2]. However, the extensive use 
of antipseudomonal antibiotic therapy exerted a relevant selective pressure on pulmonary bacterial 
populations recently leading to an increasing number of reports involving potentially emerging 
and challenging pathogens [3]. This is the case of multidrug-resistant Stenotrophomonas maltophilia 
whose isolation from CF airways is recently reported with increasing prevalence and incidence [3,4].

Physicians treating CF patients are increasingly faced with infections caused by multidrug-
resistant strains. Efforts are also hampered by the high microbial adaptation to the CF pulmonary 
environment, resulting in an increased ability to form biofilms, sessile communities embedded in 
a self-produced extracellular polymeric substance (EPS), intrinsically resistant to antibiotics as well 
as toward the host immune defense [5].

Novel strategies that could replace or complement current therapies are, therefore, needed to 
counteract chronic infections in CF patients.

Magnetic fields are widely used in medicine, in diagnostic (i.e., MRI) as well as in therapeutic 
(i.e., magnetic stimulation of brain areas, magnetic drug targeting, treatment of pressure ulcers 
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and bone regeneration) practices [6–8]. The 
rationale for these applications comes from 
the results obtained in several studies designed 
to explore the interaction between extremely 
low-frequency magnetic fields (ELF-MF) and 
more complex biochemical structures, such as 
enzymes, amino acids, protein, genes and DNA 
[9–13]. The plausibility of these interactions 
derives from the discovery of the inner struc-
ture of water, one of the consequences of the 
quantum electrodynamics [14,15].

Recently, exploiting the ‘Liboff–Zhadin 
effect’ [16–20] in order to develop a biotechnology 
based on the modulation of ion currents, within 
the cytoplasm and through the cell membrane, 
ELF-MF have been applied to induce matura-
tion and differentiation of stem cells [21–23] or 
tumor cells [24,25], and to treat heart failures, 
tumors or degenerative age-dependent diseases 
[26]. Furthermore, we recently provided the first 
validation for clinical use of external pulsed elec-
tromagnetic fields in the rehabilitative treatment 
for lower back pain [27].

In recent years, several studies were focused 
on the interaction between weak magnetic fields 
and living systems in the frame of micro biology. 
In this regard, particular attention has been 
recently given to bactericidal effects associated to 
magnetic field exposure [28–32]. However, despite 
the antibacterial effect of magnetic field expo-
sure against planktonic cells being extensively 
investigated, the effect on the bacterial adhesion 
and its subsequent growth as biofilms remains 
significantly unexplored. In this regard, at the 
best of our knowledge, there is no available liter-
ature dealing with the effect of electromagnetic 
fields on CF pathogens.

The purpose of this work was, therefore, to 
determine for the first time whether applica-
tion of ELF-MF could influence growth and 
biofilm formation by Gram-positive (S. aureus) 
and Gram-negative (P. aeruginosa, B. cepacia 
and S. maltophilia) pathogens causing chronic 
lung infections in CF patients. Thus, we used a 
device properly designed for in vitro experiments 
at room conditions able to produce a sequence of 
weak ELF-MF, each one tuned with ion cyclo-
tronic resonance (ICR) frequencies related to 
specific metal ions.

Overall, our results showed that exposure to 
ELF-MF, despite stimulating bacterial growth, 
significantly reduces biofilm formation thus sug-
gesting it could be relevant to consider this tech-
nique for preventing CF chronic lung infections.

Materials & methods
●● Bacterial strains & growth conditions

Three strains each of P. aeruginosa (Pa1, Pa5, 
Pa7), B. cepacia (Bc6, Bc9, Bc11), S. maltophilia 
(Sm122, Sm139, Sm143) and S. aureus (Sa3, Sa4, 
Sa7) were tested in the present study. Strains were 
collected from respiratory specimens obtained 
from patients admitted to the CF Operative Unit, 
‘Bambino Gesù’ Children’s Hospital and Research 
Institute of Rome, considering one isolate for each 
patient. Strains were selected for multi-resistant 
phenotype, and the ability to form high biofilm 
amounts on a polystyrene surface. Multidrug 
resistance was defined in the case of resistance to 
at least three of the following classes of antibiot-
ics: aminoglycosides, macrolides, fluoroquinolo-
nes, trimethoprim-sulphamethoxazole, tetracy-
cline, and β-lactams or β-lactam + β-lactamase 
inhibitor combinations. All strains were strong 
biofilm producers, according to Stepanovic 
et al. [33]. Isolates were speciated by API® System 
(bioMérieux, Marcy-L’Etoile, France), and con-
firmed by BD Phoenix™ (Becton, Dickinson 
and Company, Buccinasco, Milan, Italy). Stock 
cultures were stored at -80°C in a Microbank™ 
system (Biolife Italiana S.r.l., Milan, Italy). Prior 
to use, each strain was thawed, subcultured in 
Trypticase Soya broth (TBS; Oxoid S.p.A., 
Milan, Italy), then twice on Mueller–Hinton agar 
(MHA; Oxoid S.p.A), to check purity and restore 
the original phenotype.

●● Magnetic field exposure setup
Experiments on the effects of the ELF-MF were 
performed by using electronic equipment pro-
vided by Prometeo S.r.l (Padova, Italy). The basic 
experimental setup is shown in Figure 1A–C. The 
setup is composed by a programmable central 
processing unit that controls an alternating cur-
rent (AC) generator, a direct current (DC) gen-
erator, two coaxial coils (one is driven by the AC 
generator, the other one by the DC generator). 
The coaxial coils were placed inside the magnetic 
shield with a gaussmeter connected to the cen-
tral processing unit. Along the axis of the coils 
is placed a cell culture tray. The device is able to 
generate DC and ELF-AC magnetic fields grace 
to a pair of coaxial solenoids, aimed at stimulating 
the motion of selected ionic species (Fe, Ca, Cu, 
Zn, Mg, K, Na) through the ion resonance effect, 
as shown in Table 1. To obtain a uniform static 
magnetic field level, the two coaxial coils (A and 
B) where placed inside a Mu-metal™ (Istituto 
Nazionale di Fisica Nucleare, INFN, Padova, 
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Figure 1. Extremely low-frequency magnetic fields setup and experimental layout. (A) Scheme of experimental setup. (B) From 
left to right: (i) the DC generator to power the coil emulating Earth’s static magnetic b0; (ii) the Prometeo AC frequency generator, 
for creation of cyclotron resonance fields calculated on the basis of the magnetic field measurements by the gaussmeter (not visible); 
(iii) Mu-metal™ (Istituto Nazionale di Fisica Nucleare, INFN, Padova, Italy) cylinder with two coaxial coils wrapped around a PVC tube 
containing the gaussmeter (visible in [C]). (C) A gaussmeter was placed inside the Mu-metal cylinder. (D) Experimental layout.  
AC: Alternating current; CFU: Colony-forming unit; DC: Direct current; ELF-MF: Extremely low-frequency magnetic field; OD: Optical 
density; PVC: Polyvinyl chloride; RT: Room temperature.
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Italy) a nickel-iron magnetic shield. Coil A (73 × 
21 cm, 290 turns) was driven by a DC generator 
to reproduce a uniform static magnetic field, while 
coil B (30 × 21 cm, 30 turns, 8-mm space each 
turns) – placed in the center of the static field coil 
– was driven by an instrument in AC-mode. The 
equipment was fitted with a three-axial gaussmeter 
for the continuous measurement of the artificial 
static magnetic field inside the Mu-metal shield 
(77 × 23 cm) to allow the software to calculate 
the requested ICR frequency (f

c
):

f m
q
B2

1
c 0r
=

where q and m are respectively the electrical 
charge and the mass of the ion, and B

0
 is a static 

magnetic field, which is parallel to the ELF-AC 
magnetic field [16].

Three axial probe was installed in the sample 
tray inside the Mu-metal casing, 40 cm inside 
the access and 10 cm equally spaced from the 
inner wall of the coil. The static-field sole-
noid did not emit any electric field. An electric 
component emitted from the AC coil was not 
revealed by the instrument, the magnetic AC 
field intensity was in the range of nanotesla, at 
an extremely low frequency.

In the present work, the geomagnetic field 
was shielded grace to the Mu-metal. In the 
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laboratory, geomagnetic measures provide an 
average of 43 microTesla (μT). Therefore, the 
parallel component of the geomagnetic field, 
G

0
, succeeds to be 22.5 μT, since the local geo-

magnetic field direction forms an angle of about 
31.5° with the azimuth line. The Mu-metal 
shield reduces this component 320 times, thus 
further reducing the intensity of B

0
, inside the 

coil, down to about 0.7 μT. In order to provide 
a natural amount of the static magnetic field 
for the exposure of samples, in the inner coil a 
DC current was overlapped to the AC current 
in the outer coil, restoring the outside intensity 
of the static magnetic field: 43 μT. Therefore, 
the geomagnetic contribution G

0
 to the static 

magnetic field B
0
, within the shielded coils, suc-

ceeded to be negligible, if compared with the 
static magnetic field B

DC
, provided by the coils:

and

All the selected ICR frequencies in the experi-
ment were tuned with the resulting value of B

0
.

On the other hand, the natural geomagnetic 
field outdoors can easily be 43.7 MegaT in many 
places. In fact, it is variable depending on the 
coordinates of the place and time.

In our experimental setup, an ELF-MF with 
the intensity of 265 nT was applied. The samples 
were placed inside the twin solenoids on the non-
conductive stand in the center of the inner coil. 
Exposures were carried out at room tempera-
ture (RT; 20–25°C), as assessed by a calibrated 
digital thermometer, under aerobic atmosphere. 
Therefore, the Joule effect – due to the current 
through the sample inside the twin coils – was 
negligible and the detected effects could be con-
sidered as ‘nonthermal’ effects, according to the 
usual classification [34].

●● Experimental design
Exposure to ELF-MF was performed as illus-
trated in Figure 1D. Briefly, bacterial suspensions 
or biofilm samples, prepared in microtiter plates, 
were incubated at 37°C for 3 h, then exposed 
to ELF-MF for 4 h at RT. At the end of expo-
sure, samples returned to incubation at 37°C 
until 24 h. Control unexposed samples were 
kept in the same conditions as the exposed ones 
except the sole exposition to the magnetic field. 
During their incubation, both exposed samples 
and controls were exposed to ELF (50 Hz), due 
to the warming resistance inside the incuba-
tor, even if at lower intensity, in the order of 
0.2 μT. However, this undesired overlap could 
be neglected because all evaluated parameters of 
exposed samples have been normalized to those 
of controls. Both samples and controls were 

Table 1. Single ion cyclotron frequency of the alternating current magnetic field generated in 
the exposure system.

Ion f(ICR) in air (Hz)  Electric charge†  Mass/mol (Da) BDC || (μT) f(ICR ||) within the 
exposure system‡ (Hz) 

H3O+ 19.5 1.0 19.0 43.0 35.0
Fe++/Fe+++ 14.9 2.3 55.8 43.0 26.8
Ca++ 18.5 2.0 40.1 43.0 33.2
Cu++ 12.2 2.1 63.5 43.0 22.0
Zn++ 11.3 2.0 65.4 43.0 20.4
Mg++ 30.5 2.0 24.3 43.0 54.8
K+ 9.5 1.0 39.1 43.0 17.0
Na+ 16.1 1.0 22.9 43.0 29.0
1/(2π) 0.159 Official geomagnetic field at l’Aquila (μT) 46.5
e/mH 95800000 Geomagnetic measured field at Chieti (μT) 43.0
μT/T 0.000001 Geomagnetic inclination at 

l’Aquila (°)
  58.5

Cos(58°30’) 0.522 Residual geomagnetic field within the coils 0.7
†Electric charge is expressed as a multiple of the electron charge e = 1.6 × 10-19 Coulomb. 
‡f(ICR) values were calculated taking into account the geomagnetic field, as suppressed in the cylinder where samples were 
exposed and considering the supplied direct current magnetic field, B

DC
. 

B
DC

: Static magnetic field; f(ICR||): Frequency of the alternating current magnetic field tuned with the static magnetic field B
DC

|| 
according to the ion cyclotronic resonance definition; e: Electron; f(ICR): Ion cyclotronic resonance frequency; mH: Mass of a proton; 
mT: 10-6 Tesla; T: Tesla.
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processed during incubation at prefixed times 
(for assessing bacterial growth), or at the end 
of incubation (for measuring biofilm biomass 
formation, or biofilm viability).

●● Inoculum standardization
Each assay was performed starting from a stand-
ardized bacterial inoculum. Briefly, for each 
strain some colonies grew on MHA were resus-
pended in 10 ml TSB and incubated at 37°C 
o/night. Broth culture was then corrected at an 
optical density measured at 550 nm (OD

550
) of 

1.0, corresponding to about 1–3 × 108 CFU/ml, 
then diluted 1:10 in sterile TSB.

●● Kinetic of bacterial growth
Two-hundred microliters of the standard-
ized inoculum were dispensed in each well of 
a microtiter plate (Falcon, Becton Dickinson 
and Company, Milan, Italy), and cell growth 
was assessed through OD

620
 measurements by 

a microplate reader (Sunrise™; Tecan Italia, 
Milan, Italy) at regular time intervals: hourly 
in the first 3 h of incubation then, following 
exposure to ELF-MF for 4 h, at 7, 8, 9, 10 and 
24-h incubation. OD

620
 values read from 4 to 

24 h incubation were analyzed for significant 
differences between exposed and unexposed 
samples.

●● Biofilm biomass formation assay
Two-hundred microliters of the standardized 
inoculum were dispensed to each well of a ster-
ile flat-bottom polystyrene tissue culture 96-well 
microtiter (Falcon) and incubated at 37°C for 
24 h. During incubation, each sample was 
exposed to ELF-MF as stated above. Following 
incubation, nonadherent cells were removed by 
being washed twice with 200 μl sterile phos-
phate buffered saline (pH 7.3; Sigma-Aldrich 
Co; Milan, Italy). Biofilm samples were then 
fixed (1 h at 60°C), stained with 200 μl Hucker-
modified crystal violet (5 min at RT), rinsed 
under tap water and finally air-dried. Biofilm 
biomass (cells + EPS) was stained with 250 μl 
of 33% glacial acetic acid for 15 min, and meas-
ured as OD

492
 by a spectrophotometric reader 

(Sunrise™, Tecan Group Ltd, Mannerdorf, 
Switzerland).

●● Biofilm viability assay
Biofilms were allowed to form in each well of 
a 96-well flat-bottom polystyrene tissue-treated 
microtiter plate (Falcon). During incubation 

at 37°C for 24 h, each sample was exposed to 
ELF-MF as stated above. After incubation, non-
adherent bacteria were removed by washing twice 
with 200 μl sterile phosphate buffered saline (pH 
7.3; Sigma-Aldrich Co), and biofilm viability was 
then assessed by viable count. Briefly, biofilm 
samples were scraped with a pipette tip follow-
ing exposure to 100 μl trypsin-EDTA (ethylen-
ediaminetetraacetic acid) 0.25% (5 min, RT) 
(Sigma-Aldrich S.r.l., Garbagnate Milanese, 
Italy), then suspension was vortexed (1 min 
at maximum speed) to disintegrate bacterial 
clumps. Sample underwent to 10-fold dilutions 
that were plated MHA plates for bacterial counts.

●● Statistical analysis
Each experiment was carried out, as an open trial, 
in triplicate and repeated on two different occa-
sions. Differences between exposed and unex-
posed (controls) samples were evaluated for statis-
tical significance using paired t-test (growth rate) 
or Fisher’s exact test (biofilm biomass formation 
and biofilm viability), considering as statistically 
significant p-values of <0.05. Statistical analysis 
was performed by using GraphPad software (ver. 
6.02; GraphPad Software, Inc., CA, USA).

Results
●● Exposure to ELF-MF significantly improves 

bacterial growth
The effect of exposure to ELF-MF on bacte-
rial growth, assessed by spectrophotometric 
method, is summarized in Table 2, and graphed 
in Supplementary Figures S1–S7 (see supplemen-
tary material online at www.futuremedicine.
com/doi/suppl/10.2217/fmb.14.96)..

Exposure to ELF-MF significantly affected 
growth of most strains tested, regardless of spe-
cies and ionic channel considered. Of 408 time 
points measured following exposure (7, 8, 9, 10 
and 24 h incubation), 328 (80.4%) showed a sig-
nificant difference in growth between ELF-MF 
exposed and control unexposed samples. Most of 
the differences observed (312 out of 328; 95.1%) 
indicated increased growth, appearing already at 
the end of exposure (7-h incubation) (68 out of 
84, 80.9%), and persisting up to 24-h incuba-
tion (59 out of 84, 70.2%), without differences 
among species tested.

Stratifying for ion dynamics, Mg resulted 
to be the most active (a significant effect was 
observed in 56 out of 60 time points; 93.3%), 
while Ca was the weakest one (a significant 
effect was observed in 40 out of 60 time points; 
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66.6%). Most of the reductions in bacterial 
growth observed following exposure to ELF-MF 
at 24-h incubation (11 out of 16, 68.75%) were 
caused by stimulating K dynamics.

With regard to species tested, S. aureus 
strains were the less susceptible to ELF-MF, 
being affected in 60.9% (64 out of 105) of time 
points measured. Particularly, S. aureus Sa4 and 
B. cepacia Bc11 were the less susceptible strains 
to ELF-MF exposure, since their growth resulted 
in being significantly reduced in only 37.1% (13 
out of 35) and 42.8% (15 out of 35) of time 
points measured, respectively.

To the contrary, S. maltophilia strains were the 
more susceptible to ELF-MF being affected in 
almost all exposures (99 out of 105 time points; 
94.3%). In particular, S. maltophilia Sm139 and 
B. cepacia Bc6 were the most susceptible strains 
being always affected by ELF-MF exposure.

A characteristic effect was observed in the case 
of S. aureus Sa3 strain following exposure stimu-
lating Cu, K and Fe dynamics. In fact, although 
exposed bacteria showed lower growth rate than 
unexposed ones, an inverted trend could be 
observed from 8-h incubation.

●● Exposure to ELF-MF significantly affects 
biofilm biomass formation
The effect of ELF-MF exposure against biofilm 
biomass (consisting of cells and EPS) forma-
tion is summarized in Table 3, and graphed in 
Figure 2.T.

Overall, most of differences measured (26 
out of 42, 61.9%) showed a significant reduc-
tion in biofilm biomass formation, compared 
with unexposed controls, while increased biofilm 
levels were observed in only 38.1% (16 out of 
42). Most of reductions were found for S. aureus 
(12 out of 26, 46.1%) and B. cepacia (11 out of 
26, 42.3%). P. aeruginosa and S. maltophilia 
were significantly less affected, respectively, in 
2 (7.7%) and 1 (3.8%) cases only. S. aureus Sa3 
and B. cepacia Bc6 were the most affected strains, 
producing lower biofilm biomass levels following 
exposure to 6 out of 7 (85.7%) ions tested.

Stratifying for stimulated ionic dynamics, Fe 
and Ca provoked the higher number of signifi-
cant differences (5 out of 26, 19.2%), not statis-
tically different from Cu and Zn (4, 15.4%), and 
Na and K (3, 11.5%), but significantly higher 
than Mg (2, 7.7%; p < 0.05).

With regard to differences suggestive for a sig-
nificant increase in biofilm biomass formed, most 
of these were observed for S. maltophilia (8 out Ta
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of 16, 50.0%) and P. aeruginosa (5, 31.2%). By 
contrast, S. aureus and B. cepacia were respec-
tively affected in 2 (12.4%) and 1 (6.2%) cases 
only. S. maltophilia Sm122 and P. aeruginosa 
Pa7 were the most affected strains, producing 
higher biofilm biomass levels following exposure 
to 4 (57.1%) and 3 (42.8%) out of 7 ions tested, 
respectively.

Stimulation of Mg dynamic provoked the 
higher number of significant differences (5 out of 
16, 31.2%), significantly higher than K (2 out of 
16, 12.5%; p < 0.01) and Na (1 out of 16, 6.2%; 
p < 0.0001). Fe and Ca stimulation produced 
any statistically significant effect.

●● Exposure to ELF-MEF significantly reduces 
biofilm viability
The effect of ELF-MF exposure against bio-
film cell viability is summarized in Table 4, and 
graphed in Figure 3..

Overall, 63 significant differences were found. 
Most of these (46, 73.0%) were suggestive for 
decreased biofilm viability, while 17 (27.0%) for 
increased one.

Reductions in biofilm viability were uni-
formly distributed in each of the species tested: 
12 (26.1%) for P. aeruginosa, 10 (21.7%) for 
S. maltophilia, 13 (28.3%) for B. cepacia, and 11 
(23.9) for S. aureus. Stratifying for ions stimu-
lated, Mg and K provoked the higher number 
of significant differences (8 out of 46, 17.4%), 
although comparable to those observed for other 
ions tested. S. aureus Sa3 was the most affected 
strain, significantly decreasing biofilm viability 
following exposure to all of seven ions tested.

With regard to significant increases, most of 
the significant differences in biofilm biomass for-
mation were mainly found for S. maltophilia (8, 
47.0%), followed by P. aeruginosa (5, 29.4%), 
while S. aureus and B. cepacia were each affected 
in two (11.7%) cases only. Stimulation of Ca and 
Zn dynamics provoked the higher number of sig-
nificant differences (4 out of 17, 23.5%), similarly 
to Fe (3, 17.6%), Mg and Na (2, 11.7%), but 
significantly higher than Cu and K (1, 5.9%; p 
< 0.01). P. aeruginosa Pa1, S. maltophilia Sm122 
and Sm139 resulted to be the most affected 
strains, producing biofilms whose viability was 
significantly increased following exposure to 
three out of seven (42.8%) ions tested.

Discussion
The main objective of the present work was to 
assess the effects of exposure to ELF-MF on Ta
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Figure 2. Effect of exposure to extremely low-frequency magnetic fields on biofilm biomass formation by cystic fibrosis pathogens. 
Standard bacterial inoculum prepared in Trypticase Soy broth was aliquoted in each well of a polystyrene microtiter, incubated at 37°C 
for 3 h, then exposed to extremely low-frequency magnetic fields for 4 h at room temperature, selecting a specific ionic channel. At 
the end of exposure, samples were newly incubated at 37°C up to 24 h. Controls consisted of bacteria treated in the same way but not 
exposed to extremely low-frequency magnetic fields. Biofilm biomass amount formed in each well was then assessed by crystal violet 
staining measuring optical density at 492 nm (OD492). Results were reported as percentage of biofilm biomass formed, compared with 
control (100%), and graphed as means + standard deviations (n = 6).  
Dotted line indicates a reduction of at least 25% compared with control (p < 0.001, Fisher’s exact test). Pseudomonas aeruginosa strains: 
Pa1, Pa5, and Pa7; Stenotrophomonas maltophilia strains: Sm122, Sm139 and Sm143; Burkholderia cepacia strains: Bc6, Bc9 and Bc11; 
Staphylococcus aureus strains: Sa3, Sa4 and Sa7. 
ctrl: Control; OD: Optical density.
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bacterial growth and biofilm formation by bacte-
rial strains representative both for Gram-positive 
and Gram-negative CF pathogens. The origi-
nality of this work relies on the lack of studies 

focused on CF pathogens, and also on the assess-
ment of ELF-MF effects by matching the cyclo-
tron frequency corresponding to the charge/mass 
ratio of each of seven selected metallic ions tested.
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Several studies focused on the effect of 
electromagnetic f ields on bacterial growth 
[28–32,35–36]. Our results showed that exposure 
to ELF-MF significantly modulates bacterial 
growth, regardless of species tested. However, 
in contrast with previous studies [28–31,35], a sig-
nificant stimulatory effect on bacterial growth 
was generally observed following ELF-MF expo-
sure, compared with unexposed controls. This 
effect was rapid, appearing already at the end of 
exposure, and persistent as it continued up to 
24 h of incubation.

The magnitude of this effect resulted to be 
both species- and ion-specific. S. maltophilia 
was the most susceptible species, especially in 
the case of Sm139 and Sm143 strains whose 
exposure to ELF-MF even improved bacterial 
growth, regardless of stimulated ion. These 
results are consistent with previous findings 
suggesting that the impact of magnetic field on 
bacterial viability could be modulated by cell 
shape, with rod-shaped bacteria more sensitive 
compared with spherical ones [31,37].

With regard to stimulated ion dynamics, Mg 
was the most active ion, in the sense that its ICR 
frequency seems to be highly effective, while Ca 
was the worst. In agreement with our results, 
Obermeier et al. [30] found that planktonic 
S. aureus exhibited a faster bacterial growth under 
the influence of a low-frequency electromagnetic 
field (5 mT, 20 Hz). Similarly, static and rotating 
magnetic fields were found to improve S. aureus 
and Escherichia coli proliferation [9,32,36].

These controversial results explain why the 
biological mechanisms underlying the magnetic 
field effects remain unexplored or not yet under-
stood, even if numerous studies in this regard 
have recently confirmed that magnetic fields 
can affect biological functions of organisms by 
increased rate of enzymatic reactions, changes 
in gene expression or synthesis of DNA [10,38].

The contrasting nature of results could also 
be due to the different experimental conditions 
(i.e., magnitude of magnetic field, duration of 
exposure; overlapping of DC and AC magnetic 
fields or of DC magnetic field and of AMRF – 
amplitude modulated radio frequencies – that 
are frequently not recognized by the authors). 
In this regard, Morrow et al. [39] found that 
static magnetic field in the range of 0.05–0.5 T 
had different impact on S. pyogenes growth rate 
depending on field strength, probably depend-
ing on the characteristic patterns of metabolite 
secretion associated with specific field strengths. 
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Figure 3. Effect of exposure to extremely low-frequency magnetic fields on the viability of biofilm formed by cystic fibrosis 
pathogens. Biofilms were allowed to form as stated in Figure 2, incubated at 37°C for 3 h, then exposed to extremely low-frequency 
magnetic fields for 4 h at room temperature, selecting a specific ionic channel. At the end of exposure, samples were newly incubated 
at 37°C up to 24 h. Controls consisted of bacteria treated in the same way but not exposed to extremely low-frequency magnetic fields. 
Biofilm viability was then assessed by colony count. Results were reported as percentage of biofilm biomass formed, compared with 
control (100%), and graphed as means + standard deviations (n = 6). 
Dotted line indicates a reduction of at least 25% compared with control (p < 0.001, Fisher’s exact test). Pseudomonas aeruginosa strains: 
Pa1, Pa5 and Pa7; Stenotrophomonas maltophilia strains: Sm122, Sm139 and Sm143; Burkholderia cepacia strains: Bc6, Bc9 and Bc11; 
Staphylococcus aureus strains: Sa3, Sa4 and Sa7.  
ctrl: Control.
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Similarly, Bayir et al. [35] and Dunca et al. [37] 
reported that the inhibitory or stimulatory effect 
of a magnetic field on E. coli and S. aureus strains 
is time-exposure dependent. In both cases, due 
to the room condition of exposures, the presence 
of AMRF cannot be excluded, even in pulsed 
microwaves for mobile services. Pulses of global 
system for mobile communications microwaves, 
with the frequency of 217 Hz, have the convolu-
tion at 8 Hz [40]. That is the ICR of K, when the 
geomagnetic field is 41 μT with a geomagnetic 
inclination of 60°. We have therefore considered 
it to be crucial, in designing the experiments of 
the present study, that our samples should be 
protected from outer electromagnetic fields and 
that the actual intensity of the involved static 
magnetic field should match the desired value in 
order to generate the proper frequencies, tuned 
with ICR of the considered ions.

Contrarily to most of the earlier reported 
studies, in the present study magnetic fields were 
generated in controlled conditions, since the geo-
magnetic field was suppressed and substituted 
by an artificial DC MF, while the samples were 
exposed within a Mu-metal cylinder, suppressing 
the outer electromagnetic signals. Furthermore, 
in the present study – and it is another pursued 
plus – the magnetic treatment was applied not 
only to planktonic cells but also to sessile (bio-
film) ones.

On virtually any surface, abiotic or biotic, 
with which they come into contact, adhered bac-
teria aggregate to form biofilms, structured and 
architecturally complex communities encased in 
a self-produced EPS [41]. Biofilm cells are charac-
teristically in a quiescent metabolic state, exhib-
iting an altered (or ‘biofilm’) phenotype whose 
selective advantage consists of a significantly 
enhanced tolerance to antimicrobial agents, 
and immune clearance. The effective therapeu-
tic concentration of some antibiotics to bacteria 
in biofilm may be even 100- to 1000-fold higher 
than that of planktonic bacteria, thus render-
ing biofilm a source of chronic and persistent 
infection [41].

Several studies aimed at evaluating the inhib-
iting effect of both electric and electromagnetic 
fields on biofilm formation [36,42], together 
with clinical findings, have clearly shown their 
therapeutic potential as antibiofilm strategies.

Although there is considerable evidence to 
suggest that P. aeruginosa, B. cepacia, S. aureus 
and S. maltophilia grow as polymicrobial bio-
films also in the airways of CF patients with 

chronic pulmonary infections [43–47], to the best 
of our knowledge there are no published stud-
ies on the effects of magnetic field on biofilms 
formed by CF pathogens.

In the present work we found that exposure to 
ELF-MF caused different effects on both biofilm 
biomass amount and biofilm viability depend-
ing on species and ions considered. Particularly, 
stimulation of all ions but Mg caused a signifi-
cant reduction in biofilm biomass, especially in 
the case of S. aureus and B. cepacia, proving to 
be the most affected species. To the contrary, 
stimulation of Mg in particular caused signifi-
cant increase in biofilm biomass, especially for 
S. maltophilia and P. aeruginosa. Consistent 
with these findings, ELF-MF exposure caused 
a reduced viability of biofilm by S. aureus, 
while increased biofilm viability in the case of 
S. maltophilia.

Although the present study was not aimed 
at finding mechanisms underlying our results, 
some speculations can be posed. In the case 
of S. maltophilia exposure to ELF-MF caused 
improved growth, thus probably explaining 
increase in biofilm biomass and viability is 
consistent with improved bacterial growth. To 
the contrary, in the case of S. aureus a differ-
ent mechanism has to be proposed, involving 
a modification in the transport of ions by cell 
membranes [48]. Bacterial adhesion is primar-
ily driven by the electrostatic attraction forces 
existing between the bacteria cell surface – nor-
mally negatively charged because its biological 
molecules are ionized in aqueous solution [49] 
– and the positively charged surface of substra-
tum material. The strength of these forces is 
dependent on the amount of the surface charge, 
and on mobility and amount of solubilized ions.

In this context, it is plausible to hypothesize 
that ELF-MF influences the movement of both 
ions in culture medium and intracellular ones. 
In this scenario, diamagnetic ions – such as Ca2+ 
– could be attracted by the negatively charged 
bacterial cell surface, whose mobility seems to be 
enhanced in the presence of magnetic field. This 
nullifies the attraction of a positively charged 
polystyrene surface, thus explaining how mag-
netically activated Ca2+ ions may affect S. aureus 
adhesion to the substratum.

A proof of concept for the use of ELF-MF as 
a treatment against CF pulmonary infections 
also comes from Giladi et al. [50]. They observed 
that high-frequency, low-intensity electric fields 
(10 MHz) significantly inhibited P. aeruginosa 
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growth in a mouse model of lung infection, 
both as a stand-alone treatment and combined 
with ceftazidime. However, a potential advan-
tage of using magnetic fields rather than DC to 
achieve the control is that this method is com-
pletely noninvasive since no direct contact to the 
patient is required. In addition, use of conduc-
tive electrodes for the generation of electric cur-
rents causes the release, at the electrode surface, 
of metal ions and free radicals both toxic for 
living cells [51].

Our results could also have another important 
implication in CF infection control. Home nebu-
lizers, commonly used to administer aerosolized 
antibiotics to CF patients, are frequently con-
taminated by bacteria and fungi, and may be a 
primary source of airway infection or reinfection 
[52]. Recommendations for disinfection are often 
arbitrary and sometimes contradictory. In this 
frame, our results could represent a rationale for 
using ELF-MF to prevent or eradicate biofilms 
formed onto this equipment.

In the light of a possible application of ELF-MF 
exposure in CF patients to prevent or counteract 
biofilm-associated lung infections, another point 
that needs to be investigated is its cytotoxic poten-
tial. If any, the magnetic field parameters should 
be optimized to have a balance between cytotoxic-
ity and antibiofilm effect. In this regard, Gerardi 
et al. [53] recently observed that long-term ELF 
exposure causes several metabolic alterations in 
mice (i.e., increased body weight and blood glu-
cose content, reduced lipid metabolism), although 
at post-mortem examination no major pathologi-
cal signs related to exposure was observed. In this 
frame, it is however noteworthy to highlight that 
the field strength examined in this study is well 
below those that might be encountered in diag-
nostic procedures, therapeutic applications and 
near household devices.

The intrinsic antibiotic resistance of microbial 
biofilms is a multifactorial phenomenon, and 
reduced antibiotic penetration is thought to be 
of relevant importance [41]. The use of electric or 
electromagnetic fields has been recently proposed 
to improve antibiotic diffusion and, therefore, 
therapeutic efficiency against biofilms [54–56]. 
Benson et al. [54] observed enhanced activity of 
gentamicin against biofilm-forming P. aeruginosa 
adhered on different polymers when exposed to a 
0.5 mT magnetic field. Similarly, Pickering et al. 
[55] found that exposure of orthopaedic implants 
to a pulsed electromagnetic field significantly 

improved gentamycin activity against mature 
Staphylococcus epidermidis biofilms. Further stud-
ies are, therefore, needed to explore this possibility 
also for biofilms formed by CF pathogens.

Conclusions & future perspective
The present work explored, for the first time in 
literature, the application of electromagnetic 
fields in the management of biofilm-related infec-
tions caused by CF pathogens. Taken together, 
our results clearly show that there is high poten-
tial in the utilization of electromagnetic fields to 
combat microbial biofilms. Exposure to ELF-MF 
in fact significantly decreases biofilm formation, 
probably not depending on a bactericidal effect 
but rather to reduced bacterial adherence to sub-
stratum secondary to altered permeability of the 
ionic channels of cell membrane.

The use of ELF-MF could offer new perspec-
tives into both prevention and treatment of bio-
film-related difficult-to-treat chronic infections, 
not only in CF lung but also in wounds or those 
associated with implants. Further investiga-
tions are warranted to confirm our results and 
to explore mechanisms, potential cytotoxicity 
and therapeutic efficacy associated to ELF-MF 
exposure, by means of in vivo models and well-
designed, evidence-based, randomized clinical 
studies. 

Acknowledgements
The authors would like to thank Prometeo S.r.l (Padova, 
Italy) for providing us with electronic apparatus necessary 
to generate ELF-MF.

Financial & competing interests disclosure
This work was supported by the “G. d’Annunzio” University 
of Chieti-Pescara grant (quota ex-60%, anno 2012). 
F Barbaro is a consultant of Prometeo S.r.l. The authors 
have no other relevant affiliations or financial involvement 
with any organization or entity with a financial interest in 
or financial conflict with the subject matter or materials 
discussed in the manuscript apart from those disclosed.  

No writing assistance was utilized in the production of 
this manuscript. 

Ethical conduct of research 
The authors state that they have obtained appropriate insti-
tutional review board approval or have followed the prin-
ciples outlined in the Declaration of Helsinki for all human 
or animal experimental investigations. In addition, for 
investigations involving human subjects, informed consent 
has been obtained from the participants involved.



1315future science group www.futuremedicine.com

Extremely low-frequency magnetic field affects biofilm formation PREliMinARY COMMUniCAtiOn

EXECUtiVE SUMMARY
Key conclusions

 ●  Generally, exposure to extremely low-frequency magnetic field (ELF-MF) increases bacterial growth, while decreases 
both biofilm formation and viability. However, ion- and species-specific effects were observed.

 ●  Stimulation of Mg or Fe and Ca dynamic results particularly effective against bacterial growth or biofilm biomass 
formation, respectively.

 ●  Stenotrophomonas maltophilia is the most susceptible species with regard to increased growth, while Staphylococcus 
aureus and Burkholderia cepacia are the most affected ones in biofilm biomass formation.

 ●  The effect on biofilm viability is not dependent on ionic channel or species considered.

Unresolved issues

 ●  The mechanisms underlying the antibiofilm effect of ELF-MF exposure are not known. Based on our results, it is 
plausible that the reduced bacterial adherence to substratum is not due to a bactericidal effect, but rather is secondary 
to altered permeability of the ionic channels of cell membrane.

 ●  Although the field strength used in the present study is well below those that might be encountered in 
diagnostic/therapeutic applications and near household devices, the cytotoxic potential eventually associated to 
ELF-MF exposure has to be investigated.

 ●  It is not known whether the antibiofilm effects of ELF-MF could be improved by facilitating antibiotic diffusion 
throughout biofilm.
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