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Abstract

:

Featured Application


Weak resonant magnetic fields may provide a non-chemical application towards combating antimicrobial resistance such as biofilm formation by pathogenic bacteria.




Abstract


The global rise of antimicrobial resistance (AMR) constitutes a future health threat and dictates a need to explore alternative and non-chemical approaches. The aim of this study was to explore the use of weak resonant electromagnetic fields as a method to disrupt biofilm formation of a pathogenic bacterium in cystic fibrosis patients. We developed a bioresonance laboratory setup able to distinguish between changes in planktonic growth and changes in biofilm formation and showed that certain resonant frequencies were able to affect biofilm formation without affecting planktonic growth. In addition, we show that the ambient day-to-day magnetic field affects biofilm formation in a non-consistent manner. Overall, we conclude that our assay is suitable for studying the potential of resonant magnetic fields as a treatment and prevention strategy to prevent biofilm infections, and that certain resonant frequencies may be used as future medical applications to combat antimicrobial resistance.
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1. Introduction


Widespread use of antibiotics has led to an increase in antimicrobial resistance (AMR), exemplified by the pathogenic bacteria Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa, the latter being a major challenge for cystic fibrosis patients [1]. Today, this is a threat to people with compromised immune systems, and tomorrow it may be a threat to all of humanity [2]. Consequently, there is an urgent need and a race against time to discover and invent new compounds or methods of combating life threatening infectious diseases, not only with regards to bacterial pathogens, but also viral pathogens, as currently witnessed (anno 2020) by the global COVID-19 pandemic.



Quantum physics has shown that the basic constituents of nature exist both as particles and waves. Medicine and biology have been highly successful in treating life from a particle perspective, which might explain why the wave aspect of biology was largely neglected and considered insignificant, even controversial. This may be due to a difficulty in replicating experiments and the belief that non-thermal radiation does not affect living systems. However, it is well known that weak forces, resonating at the right frequency, may have strong effects, as witnessed by opera singers’ voices shattering crystal glasses and stable winds collapsing suspension bridges. Furthermore, rhythms play a fundamental role in living systems and rhythms are a musical expression of the modulation of frequencies [3].



Experiments now demonstrate that low-energy, highly specific resonant electromagnetic fields (EMF) affect living systems, e.g., the induction of stem cell differentiation or interference of bacterial growth [4,5]. A medical therapeutic breakthrough occurred in 2011, when the first resonant field-based therapy for treating brain tumors in terminal patients was approved for clinical use by FDA (reviewed in [6]).



The Relationship between Resonant Electromagnetic Fields, Coherence in Water, and Biological Effects


The mechanistic understanding of these phenomena has been lacking behind the observable effects; however, the pieces are starting to come together.



A breakthrough was obtained in the 1980–1990s, when scientists in USA and Russia independently showed that weak, extremely low frequency (ELF) magnetic fields at specific frequencies, tuned with the ratio of charge and mass of molecules dissolved in aqueous solution, are able to induce an electric current peak within an electrolytic cell [7,8]. These molecules included biologically relevant ions, amino acids, and nucleic acids, thus establishing the link between the ion cyclotron resonance (ICR) and living systems described by Equation (1): the ICR frequency, ωc, is expressed as function of the ion charge-to-mass (z/m) ratio and the strength of the static magnetic field B:



Equation (1):


   ω C  =   z B   2 π m    



(1)







The claim and observations that an induced Lorentz force many orders of magnitude lower than the Brownian force should have an effect on specific ions was questioned for a long period [9], until new theories of water came to the forefront in the frame of Quantum Electrodynamics (QED). This theory claims that water is a biphasic liquid, containing a phase of coherent, self-organized clusters of molecules, capable of storing additional energy, analogous to the coherent form of light known as laser [10]. The coherent clusters or domains flicker in and out of existence in the order of tenth of picoseconds. Only clusters stabilized by surfaces have lifetimes long enough to store and release energy from the ambience [11,12]. Experimental evidence of this theory has been supported by experimental findings using various spectroscopic methods, including infrared and near-infrared spectroscopy and X-ray studies of supercooled water [13,14,15,16].



As quoted above [9], Adair R.K. formulated the claim early that a weak electromagnetic field in the ELF band (≤60 Hz) induces a Lorentz force in water, which is several orders of magnitude lower than the Brownian force at room temperature. If we consider that the cytoplasm is a bath, where several species of molecules are dissolved in an aqueous solution, we should thus conclude that no chemical reaction can happen in cytoplasm due to a weak electromagnetic field. However, the theory of Adair R.K. was formulated within the framework of classical physics and before QED was fully developed to describe coherence in the matter [17]. There was also the false belief that quantum physics could not apply to the macroscopic phenomenon of living matter, despite the early warning of Erwin Schrödinger [18]. In 2002, the first explanation [19] of the quantum mechanism underlying the effect, earlier described by Liboff A.R. [7], was published. It describes the arising of ion currents in water under the ion cyclotron resonance (ICR) due to weak electromagnetic fields in the ELF band in the presence of a static magnetic field (in the order of the geomagnetic one), and of a static electric field in the order of the one existing across a eukaryotic cell membrane (app. −100 mV).



However, the crucial point was to extend the mechanism to include biomolecules, i.e., bioactive ions or zwitterions (dipoles) in prokaryotic or eukaryotic cells. In 2006, Zhadin et al. demonstrated how a weak electromagnetic signal in the ELF band is indeed able to trigger the release of a bioactive molecules and ion currents [20].



The mechanism of the Zhadin effect can be summarized in three steps: (1) first, zwitterions and ions are captured by coherent clusters and are located on the boundary, provided their absorption peaks are close to the ones of water (mainly to the peaks corresponding to the electron excitation or to the phonons vibration); (2) within the cluster, zwitterions are ionized due to the action of the high electromagnetic vector potential gradient, at the boundary of the water cluster [21]; and (3) under the push of a proper ICR magnetic field, ions escape, provided by the energy of the cluster, and are accelerated by an electric field, provided by the transmembrane electric gradient. In addition, the Zhadin effect is based on the increase of the conductivity of the aqueous solution, the so-called protonation of water, as we detail in the discussion section [5,22].



All this presumed, we hypothesized that prokaryotic cells as bacteria should also be subjected to the electromagnetic interaction provided by ion cyclotron resonance, and we argued that ICR should interfere differently on the prokaryotic cells of bacteria and upon the secreted biofilm due to the different content of water.



Indeed, pioneer studies have shown that exposure to electric and electromagnetic fields affect the growth of planktonic and biofilm forming bacteria and may enhance the efficacy of antibiotics [23,24]. This includes the bacterial pathogen Pseudomonas aeruginosa, which colonizes the lungs of patients with cystic fibrosis and reduces their lung capacity. In this exploratory pilot study, we have chosen P. aeruginosa, and investigate if bacteria exposed to an oscillating, pulsed electromagnetic field of extremely low intensity and frequency are affected in their growth pattern and ability to adhere to surfaces and eventually form biofilm.



In most laboratory experiments, the control condition refers to a situation unaffected by variable conditions such as chemical and physical factors. However, the ambient field of the electromagnetic environment is rarely taken into consideration but may vary from day to day. Changes in solar or electrical storms, geomagnetic conditions, telecommunication equipment nearby, or the activity of large equipment (freezers, centrifuges, etc.) may influence the local and ambient electromagnetic environment. This challenge was addressed by using a mu-metal alloy amagnetic chamber shielding external low-frequency magnetic fields.



After pilot experiments, we found that the most stable results came when using the ICR frequency of the potassium ion, K+, at a certain static magnetic field strength (10 microT). The observation that targeting the biologically important K+ ion can modify bacterial physiology was also supported by a previous study [24].





2. Materials and Methods


2.1. Bioresonance Laboratory


A bioresonance lab was established, consisting of a temperature-controlled (37 °C) room equipped with a shielded cylindrical exposure chamber made of Mu-metal alloy (length 68 cm, diameter 22 cm; model ZG209, Magnetic Shield Corporation, Bensenville, IL, USA) (see Figure 1). Baseline magnetic field strength inside the shielded exposure chamber was reduced to less than 60 nanoTesla, almost a thousand-fold reduction from the ambient geomagnetic field of app. 40 microTesla.




2.2. Exposure System and Procedure


A custom-made Helmholtz coil/solenoid was made from a hard PVC tube (diameter of 20 cm and length 60 cm) and windings of copper wire connected to a function generator. The generated fields were monitored with a custom-made magnetometer (accuracy: +/−56 nT). Static magnetic fields in the range of 10–40 microTesla and alternating fields in the range of 100–300 nanoTesla were used when exposing bacteria. Frequencies of the alternating field were in the range of 3–13 Hz.



Exposure was controlled by a function generator (model RS Pro 5 MHz AFG-21100) supplying a DC field of 10 to 30 microTesla (corresponding to 0.73 to 2.55 Volt DC) and an overlaid AC field of 130 to 300 nanoTesla (at 3.9 to 11.7 Hz/0.130 to 0.390 V AC).



The following exposure conditions were used in this study: (1) Exposure inside the amagnetic chamber by a specified DC field and a specified AC field of a given frequency (“exposed”); (2) Zero exposure or shielding inside the amagnetic chamber (“zero”); or (3) exposure to ambient field outside of chamber on the lab bench (“ambient”).



Most exposures were carried out using a frequency of 3.9 Hz, corresponding to the ICR of K+ at a static magnetic field of 10 uT according to Equation (1). The selection of the potassium cation K+ as the primary target was based on findings observed by Di Bonaventura et al., which showed that the K+ ICR had significant biological impact [24].




2.3. Microbiological Growth and Biofilm Assay


The experiments were performed using the biofilm-forming bacterial strain Pseudomonas aeruginosa, PAO1, and are based on the biofilm adhesion assay in 96-well peg-lid microtiter plates described previously [25].



2.3.1. Inoculum Standardization


Each assay was started from an overnight bacterial culture of P. aeruginosa (PAO1) grown in LB medium, diluted to OD600 = 0.05, and 150 microliters aliquoted into 96-well peg-lid microtiter plates (Nunclon Delta Surface Cat. No.167008, Nunc TSP Cat. No.445497, Thermo Scientific, Waltham, MA, USA), as reported previously [26].




2.3.2. Assay for Planktonic Bacterial Growth


After 20 h of incubation, planktonic bacterial growth was monitored by measuring the OD600 for each well using a plate reader (Synergy H1, BioTek, Agilent, Santa Clara, CA, USA).




2.3.3. Assay for Biofilm Adhesion to Polystyrene Pegs


The ability of the PAO1 strains to adhere to and form biofilms on the polystyrene pegs was analyzed by crystal violet staining, as reported previously [27]. Briefly, bacteria were allowed to growth for 20 h in the peg-lid static system. Hereafter, the peg-lid was transferred to a “washing microtiter plate” with 180 μL saline solution (PBS) to wash the pegs and remove non-adhering cells. The peg-lid was then transferred to a microtiter plate with 160 μL 0.1% crystal violet (CV) and left to stain for 20 min. To remove unbound crystal violet, the lids were then washed three times in three individual “washing microtiter plates” with 180 μL PBS. Bacterial adhesion to the peg-lid was measured by detaching adhering CV-stained cells through placing the peg-lids in a microtiter plate containing 180 μL 99% ethanol. A plate reader (Synergy H1, BioTek, Agilent, Santa Clara, CA, USA) was then used to measure the CV optical density at OD590.




2.3.4. Calculation of the Relative Biofilm Adhesion Units


Relative biofilm formation or adhesion units were calculated as the OD590/OD600 ratio for a given well in a given plate, as described previously [25]. Relative biofilm adhesion units for a given plate were normalized to the shielded (“zero”) control and statistical analysis was performed using a t-test.






3. Results


3.1. Planktonic Bacterial Growth Does Not Vary Statistically under Various Magnetic Field Conditions


In a series of experiments, PAO1 cells in microtiter plates were exposed to either the ambient field (“ambient”), a shielded field (“zero”), or a specific EMF of 3.9 Hz (“exposed”), as described above. In some series, the ambient condition was omitted.



No difference in absolute growth rate was observed (data not shown). After 20 h of exposure, the planktonic bacterial growth was recorded as OD600 values and normalized to the value for the “shielded/zero” condition for that series (set at 100). For individual wells in the microtiter plate, grown under identical conditions, the maximal standard deviation was 14%.



Figure 2 shows the normalized average planktonic growth values for each of the three experimental conditions. Ambient and exposed plates showed values of 98 and 105, respectively, when normalized to the shielded condition (value 100). The average of several experimental series for each condition showed a consistent standard deviation of 12% in all cases.



In conclusion, no statistically significant difference could be observed on planktonic bacterial growth between experimental conditions tested in this study.




3.2. The Effect of the Ambient Electromagnetic Field on Bacterial Biofilm Formation Is Not Constant


To test the effect of the ambient electromagnetic field on bacterial biofilm formation, PAO1 cells grown under ambient or shielded (hypomagnetic) conditions were investigated. Under shielded conditions, not even the influence of the static geomagnetic field (typically 30 to 50 microTesla) should be sensed by the bacteria. If ambient and shielded conditions are different but constant, we should expect to see a constant ratio of biofilm formation between the two conditions.



Figure 3 shows the relative biofilm formation from several series of experiments performed over a period of several months. The calculated relative biofilm formation at ambient conditions performed at different dates, ranging from 102% (series A) to 133% (series P) of control (“Zero”).



In conclusion, the relative biofilm formation of PAO1 cells grown under ambient conditions did not appear constant relative to the shielded condition. Based on this finding, subsequent experiments used the cells grown under shielded (Zero) condition as the control.




3.3. Biofilm Formation Is Consistently Inhibited at a Specific Frequency


PAO1 bacteria in 96 well microtiter plates were exposed for 20 h on six different occasions (series) to an oscillating field of 3.9 Hz (130 nanoT AC overlayed on a 10 microT DC/static field). As a control, PAO1 bacteria in 96-well microtiter plates were left unexposed inside the shielded chamber for 20 h (labelled ‘Zero’).



Figure 4 illustrates that a reduction of bacterial biofilm formation was consistently observed when PAO1 cultures were exposed to an oscillating field of 3.9 Hz. An average of 27% reduction was observed over six experimental series ranging from 16% to 41% reduction (see Figure 4). Statistical significance was calculated using a t-test. p-values ranged from p < 2 × 10−8 to p < 5 × 10−26, showing significant changes in bacterial biofilm formation after exposure to the oscillating field versus control. Since each microtiter plate consists of 96 technical replicates, the degrees of freedom are significant, and thus strengthen the calculated p-values.



Since planktonic growth was not affected (see Figure 2), the exposure of PAO1 bacteria to a combination of a static (DC) magnetic field of 10 microTesla overlaid with a 3.9 Hz oscillating (AC) magnetic field of 130 nanoTesla may affect the ability of the tested cells of P. aeruginosa to adhere and thus develop infectious biofilms.




3.4. Other Frequencies Tested Showed Variable and Inconclusive Results


To further investigate the possibility that targeting the theoretical ICR of K+ experiments were performed using a set of parameters three times larger, i.e., a static field of 30 microT (3 × 10) and a calculated ICR frequency of 11.7 Hz (3 × 3.9 Hz), according to Equation (1).



These experiments were inconclusive and highly variable (results not shown).





4. Discussion


The aim of this study was to establish a bioresonance laboratory and explore the use of weak resonant electromagnetic fields as a method to disrupt biofilm formation in vitro of a known pathogenic bacterium, Pseudomonas aeruginosa. P. aeruginosa is a pathogen that is dominant in patients suffering from cystic fibrosis and any new approach to inhibit the infectious biofilm formation of this bacterium in the lungs of CF patients would be highly important and have clinical relevance.



In summary, the following three results were obtained: (1) no effects of a shielded or specific magnetic field on the growth of planktonic, i.e., non-biofilm forming bacteria, (2) a variable or non-constant effect of the ambient or environmental electromagnetic field on bacterial biofilm formation, and (3) an inhibitory effect on bacterial biofilm formation at a specific frequency of the electromagnetic field.



With regard to the first finding, it has been reported by others that electrical and magnetic fields may affect planktonic bacterial growth (see [28] and references therein). However, in the present study, no such effect was observed. It might be argued that OD600 does not necessarily correspond to the number of viable bacteria and could also include dead cells. However, a few live/dead stains and growth curves were performed non-systematically, which indicated that there were no differences between the experimental conditions and that planktonic bacterial cultures were growing as expected.



The second finding related to the ambient electromagnetic field. When looking at the ability to form biofilm on the peg-lids, it was found that the ambient or environmental electromagnetic field in our research facility did have a non-constant effect on bacterial biofilm formation. Thus, the ambient electromagnetic field caused by natural and artificial phenomena, cannot be assumed to be constant from one experimental period to the other. For example, in any modern-day laboratory setting, electrical equipment such as refrigerators, telecommunication equipment, etc., may produce a non-negligible 50 Hz magnetic field of 500 nanoT or more. It is therefore important to control for this using, for example, a mu-metal cylinder shielding against the ambient magnetic fields.



Studying formation of bacterial biofilm as opposed to planktonic growth can be challenging, since biofilm can form on most surfaces that a bacterial culture touches. In the case of standard microtiter plates, the bottom, sides, and rim surfaces are subject to biofilm formation. This presented a great challenge to early investigations of microbial biofilm formation, since it was very difficult to separate the planktonic and attached fractions in a standard well or dish. In 1999, the peg-lid principle was introduced, which showed much improved reproducibility, due to the ability to easily separate a defined portion of the surface available (the pegs) to the bacteria [29]. Furthermore, the use of the 96-well microtiter format basically allows for performing 96 technical replicates in one batch, and thus improving the statistical power greatly.



The third finding in this study was based on using the proper control and a statistically robust biological peg-lid assay as described above. Using a magnetically shielded bacterial culture as control, it was found that exposing the bacteria to a specific electromagnetic field of 10 microT and 3.9 Hz consistently showed an inhibitory and statistically significant reduction of biofilm formation. A series of six experiments all showed an inhibitory effect, on average a 27% reduction of biofilm formation.



The specific frequency of 3.9 Hz was calculated as the Ion Cyclotron Resonance (ICR) of the potassium ion, K+, at a specific magnetic field strength. We found that tripling the magnetic field and tuning the ICR frequency did not show the same consistency as observed using the 3.9 Hz frequency. This would be expected if the resonance effect derives purely from a single ion species. However, as mentioned earlier, the effects observed are likely dependent on the protonation of water as well as the biologically relevant ion, in this case K+.



The term protonation of water here means the exposure of the aqueous solution to the ICR frequency of the Zündel Cation, H3O+∙(H2O). In previous studies on the polymorphism of water, the role of the Zündel Cation, one of the most abundant hydronium hydrates, has been suggested to provide the needed energy for activating other cations. It was observed that the release of Zündel Cations and other hydronium hydrates enhances the conductivity of water, reducing pH and modifying its refraction index, thereby enhancing the small signal of ICR, and allowing ion currents aroused by ICR to overcome the environmental thermal barrier, kT (where k is the Boltzmann’s constant and T the absolute temperature). It was also observed that water works as an amplifier in the ELF band when hydronium hydrates are able to enhance such polymorphisms [30,31]. Such effect of ICR on hydronium hydrates has been confirmed in the present experiment thanks to differential results depending on the presence of the Zündel Cation component in the K+-ICR that was administrated to bacteria, in the way described below.



As the static magnetic field (10 microT) consistently showed effects on bacterial biofilm, we expect an ICR of K+ of 3.9 Hz and 4.1 Hz of the Zündel Cation, H3O+∙(H2O), thus a 0.2 Hz difference. Considering the Half Width at Half Maximum (HWHM), Ґ/2, may vary depending on many parameters characterizing the resonance, including the Q factor known from radio wave reception theory. It has previously been suggested that the HWHM is in the order of 10−1 Hz, thus providing a plausible explanation for activating both K+ and H3O+∙(H2O) when using the 10 microT static field [8]. However, when all factors were tripled, the difference in calculated ICR was increased to 0.6 Hz (3 × 0.2 Hz) which is in the order of 1 Hz and may reduce the effect of nearby frequencies and the reproducibility of the experiment.



Thus, the methodology described here may serve as a starting point for developing novel strategies against the rising global challenge of antimicrobial resistance and impact clinical challenges such as chronic infections in ulcers, catheters, and urinary tracts.



Future directions may include the synergistic effects of resonant magnetic fields and antimicrobial compounds, and assay conditions mimicking clinically relevant situations. These may include biofilm formation in flow chambers and behavior of bacteria infecting organoids (small artificial organs). Molecular and biochemical investigations using metabolomics, transcriptomics, and proteomics approaches may also elucidate the biochemical pathways perturbed by resonant magnetic fields.




5. Conclusions


Our findings suggest that certain resonant magnetic fields may interfere with microbial biofilm formation and therefore provide a non-chemical tool to combat the rising antimicrobial resistance. We also demonstrate that a dedicated bioresonance laboratory equipped to investigate controlled magnetic fields shielded against the ambient magnetic fields is feasible and needed for future experiments.
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Figure 1. The bioresonance lab is temperature-controlled at 37 °C and includes a function generator (left), a magnetometer (center), a triple-layer amagnetic mu-metal cylinder (right), and a custom-made solenoid (red/white, bottom) that fits inside the mu-metal cylinder. 
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Figure 2. Effect on planktonic bacterial growth (measured as optical density at 600 nm/OD600) for three different growth conditions, “Ambient/room”, “Zero/shielded”, or “Exposed/3.9 Hz”. Y-axis show normalized OD600 values relative to the “Zero/shielded” condition (value 100) for each series. Average and error bars are for n = 2 (Ambient), n = 5 (Zero), or n = 5 (Exposed) experimental series, respectively. 
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Figure 3. Effect of ambient versus shielded conditions on Biofilm Adhesion Units (ratios of OD590/OD600) and normalized to control condition “Zero/Shielded (value at 100)”. Data points and standard deviations shown for five experimental series (A–R) under two conditions: “Ambient/room”, “Zero/shielded”. Y-axis show normalized biofilm ratios relative to the “Zero/shielded” condition (value 100). 
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Figure 4. Effect of shielded vs. exposed conditions on biofilm adhesion units (ratios of OD590/OD600) normalized to control condition “Zero/Shielded”. Data points from six experimental series (A–G) are shown at two different conditions: “Zero/shielded” and “Exposed/3.9 Hz”. Y-axis show normalized values relative to the “Zero/shielded” condition (value 100). Standard deviation for each microtiter plate and statistical p-values (paired t-test) are indicated (**** signifies p < 0.0001). 
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