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Featured Application: This study paves the way for future and potential applications of this
technology in the treatment of candidiasis, especially in subjects wearing polyacrylic dentures.

Abstract: (1) Background: The objectives of this study were to evaluate the effect of several sessions
of the antibacterial protocol of complex electromagnetic fields (CMFs) on planktonic Candida albicans
and fungal ability, after treatment with CMFs, to adhere and proliferate on acrylic resin materials.
(2) Methods: Planktonic overnight cultures of Candida albicans were subjected to different entities
of CMFs treatments. Four test groups were compared: “p1”: treated only with the first program of
the antibacterial protocol; “p1–p5” subjected to the first five programs; “1 antibacterial” received
one complete session of the protocol and “2 antibacterial” received two complete sessions. After the
treatments, the number of colony forming units (CFUs) were recorded. Then, C. albicans broth cultures
were cultivated on polyacrylic resin discs and evaluated for CFUs and subjected to scanning electron
microscope (SEM) analysis. (3) Results: Microbiological analysis showed that CMFs promoted a
significant reduction of C. albicans CFUs when the protocol “p1–p5” was applied. No statistically
significant differences between test groups were observed if the time of exposure to CMFs was
increased. SEM observations and CFUs showed that CMFs treatments have the ability to reduce C.
albicans adherence and proliferation on discs. (4) Conclusions: The CMFs showed an antifungal effect
as well as a decrease in C. albicans adhesion on polyacrylic resin.

Keywords: complex electro-magnetic fields; Candida albicans; CFU; SEM; polyacrylic resin

1. Introduction

Denture wearers have an increased potential to suffer halitosis, oral candidiasis, and
other types of stomatitis due to the increase of local and systemic risk factors [1,2].

Candida spp. are normal commensals of the oral cavity, but they can turn into
pathogens in the presence of some local factors, like the reduction of salivary flow rate
and oral hygiene habits, food stagnation, and systemic factors, like the increase of blood
glucose [3].

Among the Candida spp., Candida albicans is the most virulent yeast in the oral cavity [4].
It has the ability to adhere to oral epithelium and denture surfaces, to proliferate, to
produce a biofilm, and then to start disseminating in other areas of the oral cavity. The
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clinical manifestation of oral candidiasis is very variegated: some patients could be totally
asymptomatic, but others can manifest painful lesions and/or also difficulties associated
with deglutition [5]. In particular, 60–65% of denture wearers are affected by Candida-
associated denture stomatitis (CADS) [6].

Polyacrylic resin dentures represent a local risk factor for many reasons. C. albicans
can colonize the surfaces, but also the trauma exerted by the prosthesis can traumatize the
oral mucosa and facilitate the penetration of the yeasts into the oral epithelium. Moreover,
the presence of other factors that are typically of elderly people, such as xerostomia, an
immune system impairment, and poly-drug assumption, could induce a bacterial dysbiosis
and promote Candida spp. proliferation [7]. Candida-biofilm infections can have devastating
consequences, and can be life-threatening, if the bloodstream is invaded, since cells are
usually resistant to antifungal drugs and to the host immune system.

Currently, the elective method of treatment of CADDS includes the improvement of
oral hygiene habits, the use of topical or systemic antifungal substances, and the repair
or substitution of the old prosthesis with a new one. All these procedures are very costly
for the patients, and, furthermore, the recurrence of the lesions is not excluded. The
development of antifungal resistance, which is a current problem, similar to antibiotics
resistance, is constantly reducing the efficacy of the currently available drugs, as well
as their therapeutic effects [8,9]. It has been shown that Pseudomonas aeruginosa confers
protection to neighboring yeasts against azoles, increasing the risk of Candidiasis during
polymicrobial infections [10].

Moreover, patients with polydrug assumption, or with reduction of drug clearance,
may not be able to tolerate the administration of further medicaments.

Consequently, investigations into alternative methods to reduce Candida-biofilm infec-
tions are encouraged. The use of light devices, such as lasers or LEDs, which has shown
great potential against different types of bacteria, has not always proven to be effective
against C. albicans, which has shown defense mechanisms [11–15]. Indeed, the presence
of enzymes, like superoxide dismutases and catalases protect against reactive oxygen
species (ROS), which are responsible for bacterial deletion [16–18]. Greco et al. showed
the efficacy of a novel gel containing aminolevulinic acid associated with photodynamic
therapy in inhibiting C. albicans growth in biofilm and inoculum [19], thanks to the intrinsic
acidic pH of the formulation and the induction of free radical production. However, it is
important to also investigate the possible effects of other devices that could offer other
therapeutic options against this commensal/serious pathogen. Another technology that
showed an antibacterial activity and could have a potential efficacy against Candida spp.,
and consequently should be further investigated, is the electromagnetic field (EF).

Cellini et al. demonstrated that exposure of Escherichia coli to 50 Hz EF for 20–120 min
produces a significant change in the bacterial morphotype and aggregation, suggesting a
possible role of EF as a stressing factor [20].

Oncul et al. showed that extremely low frequency electromagnetic fields are able
to induce a change in the physicochemical properties of both Gram-positive and Gram-
negative bacteria, an alteration of their respiratory activity, and a slight decrease in bacterial
growth [21].

The in vitro and clinical applications of magnetic fields are very varied and include the
reduction of neoplastic cells as well as reduction symptomatic of pain in patients affected by
fibromyalgia, rheumatoid arthritis (RA) and symptomatic diabetic peripheral neuropathy
(DPN) [22–25]. Some devices emitting magnetic fields are equipped with specific programs
in which different fields are emitted, in a specific order, and, consequently, are termed
complex magnetic fields (CMFs).

The primary objective of this study is to evaluate the effects of different timings of
CMFs antibacterial protocols on planktonic Candida albicans. The secondary objective is to
evaluate the viability of the treated yeast, cultivated on pink polyacrylic resin discs—the
same material used to fabricate complete removable dentures.
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2. Materials and Methods
2.1. Complex Electromagnetic Fields Source

The CMFs instrument, Slim version (M.F.I. Medicina Fisica Integrata, Rome, Italy), is
an electronic device that emits pulsed multi-frequency electromagnetic fields between 1
and 250 microT of variable intensity, frequency, wave form, and time stimulation.

The CMFs generator (M.F.I. Medicina Fisica Integrata, Italy) is provided with different
programs that work in relation to the configuration of the specific sector of application.
Each program is composed of nine different steps with different intensities (1–250 microT),
frequencies (1–250 Hz), interval times, and forms of complex multi-frequency waves.

2.2. Fungal Culture and Quantification of Colony Forming Units

The reference strain Candida albicans ATCC 10231, stored at −80 ◦C, was cultured
in Sabouraud agar and incubated at 37 ◦C under aerobic conditions (Figure 1A). Fresh
colonies of C. albicans were used to obtain a broth culture in Roswell Park Memorial
Institute medium (RPMI 1640) (Sigma-Aldrich, Milan, Italy) plus 2% glucose.
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Figure 1. Experimental phases: (A) Colonies of Candida albicans on Sabouraud dextrose agar plate.
(B) Petri dishes containing the fungal suspension during the complex electromagnetic field (CMFs)
treatment. (C) Ethanol dehydration steps of polyacrylic resin discs, before the SEM observation.

The suspension of the broth culture was standardized using a spectrophotometer
(Eppendorf, Milan, Italy) adjusting the optical density to OD600 = 0.762 corresponding to
10ˆ7 colony forming units/mL.

Aliquots of 20 mL were dispensed in triplicate into Petri plates for each treatment
group (Figure 1B):

• UE: Unexposed positive controls of broth culture of C. albicans that received any treatment
• P1: was subjected to one program of antibacterial protocol with complex electromag-

netic fields (CMFs) for a total of 3 min of therapy
• P1–P5: was subjected to five programs of antibacterial protocol of CMFs for a total of

17 min of therapy
• A1: was subjected to one complete session of the antibacterial protocol with complex

electromagnetic fields (CMFs) for a total of 23 min of therapy
• A2: was subjected to two complete sessions of the antibacterial protocol with complex

electromagnetic fields (CMFs) for a total of 46 min of therapy

Each experiment was performed in triplicate.
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At the end of each treatment, the samples were checked, serially diluted 1:10 in
Dulbecco’s phosphate-buffered saline (DPBS), and plated on Sabouraud agar plates. Then,
the samples were incubated at 37 ◦C and the number of colony forming units per milliliter
(CFU/mL) was determined, as previously described [26].

2.3. Cultivation of Candida albicans on Polyacrylic Resin

A total of 24 discs of polymerized polyacrylic resin (GC EUROPE N.V., Leuven,
Belgium) 7 mm diameter × 2 mm thickness, were prepared in the dental laboratory of
“Gabriele d’Annunzio” University. After the polymerization, all samples were smoothed by
using sandpaper mounted on mandrill, followed by polishing with brushing with pumice
of decreasing particle sizes.

They were placed in 75% alcohol for 60 min (Figure 1C), dried with sterile gauze, and
irradiated on both surfaces by means of ultraviolet rays for 30 min.

The discs, thus sterilized, were placed in 24-well plates with 1 mL of human saliva,
and conditioned for 2 h at room temperature, while gently stirred at 120 rpm × g. The use
of saliva was approved by the local ethical committee and was obtained and managed as
previously described [27–29].

The discs were washed with DPBS and then inoculated with 1 mL of suspensions of
C. albicans samples from the groups: controls (UE) and 1 and 2 antibacterial. All discs were
incubated in an aerobic condition at 37 ◦C for 24 h.

Negative controls were also prepared, consisting of uninoculated resin discs.
After incubation, the fungal suspension was removed, and the samples were washed

three times with DPBS to remove non-adherent C. albicans cells.
Subsequently, 12 discs were fixed with 2.5% glutaraldehyde in DPBS and dehydrated

in alcohol at increasing concentrations for SEM observation.
The other 12 discs were placed in sterile tubes containing 1 mL of DPBS and then

treated with an ultrasonic bath (Euronda, Vicenza Spa, Italy) at a frequency of 40 kHz and
potency of 81 W for 4 min, and then vortexed at 1000 rpm for 2 min to remove fungal cells
adhering to the surface of the material.

The observations under the microscope, through vital staining, before sowing on the
plate, confirmed that the fungal suspension consisted of a mixture of single, viable cells.

The fungal suspensions were subjected to serial dilutions, cultured on Sabouraud agar
plates, and incubated overnight at 37 ◦C, followed by the CFU/mL count.

The number of C. albicans cells present on the surface of the resin discs was calculated
in order to evaluate the ability of the microorganism to colonize the resin surfaces.

2.4. Scanning Electron Microscope Observation (SEM)

Before starting the SEM observation, a Desk Sputter Coater (Phenom-World B.V.,
Eindhoven, The Netherlands) was used to sputter the resin samples with gold (150 A).

A Phenom ProX scanning electron microscope (Phenom-World B.V., The Netherlands)
was used to characterize all samples at 2000× magnification and to visualize the biofilm
formation on the different discs. Ten fields of SEM were visualized and counted, by two
different blind operators, for each group.

2.5. Statistical Analysis

Results were recorded in a Microsoft Excel database (16.43 version 2020, Microsoft 365,
Redmond, Washington, DC, USA) and CFU/mL were expressed as log10CFU/mL. Then,
the statistical evaluation was performed by using SPSS for Windows version 21 (IBM SPSS
Inc., Chicago, IL, USA). The homogeneity of the parameters was verified by the Levene test,
then the analysis of variance (ANOVA) was used to compare the groups, and, in the case
of statistically significant results, the LSD test was performed. The significance threshold
was set at 0.05.
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3. Results

The Levene test showed significant results (p < 0.05) and values of F near to 1 in all
comparisons performed, so all data were considered homogeneous and were subjected to
the analysis of variance (ANOVA). This analysis showed p < 0.001 for all comparisons, so
data were subjected to the LSD test, for intergroup analysis.

The colony forming units for mL were expressed in terms of log10 (Figure 2). UE
samples were characterized by a count of 7.001 ± 0.311 (log10CFU/mL). All groups treated
with CMFs showed a fungal reduction in respect to controls, but the P1 program alone
(6.981 ± 0.001) was not effective on providing a statistically significant difference. The
other protocols showed a significant reduction of C. albicans, compared to controls and
P1; P1-P5, 1 antibacterial, and 2 antibacterial were characterized by 6.833 (±0.048), 6.814
(±0.001), and 6.902 (±0.002) log10(CFU/mL), respectively.
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Figure 2. Comparison of the viable planktonic Candida albicans Log10 CFU/mL (error bars show ± standard deviation) after
treatment with CMFs Antibacterial protocol, with different times of exposure.

The SEM observations of polyacrylic resin discs (Figure 3) showed a significant reduc-
tion of C. albicans adhesion on both test discs, without differences between 1 and 2 sessions
of the antibacterial program.
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The quantification of CFUs, after 24 h of fungal cultivation on the resin discs, showed
a significant reduction of the viable cells on test groups (Figure 4): 1 antibacterial, 6.119
(±0.240); 2 antibacterial, 6.421 (±0.347); with respect to UE, 7.0725 (±0.294) log10(CFUs/mL).
No significant differences were found between 1 and 2 antibacterial programs.
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CMFs. A2: two complete sessions of the antibacterial protocol with CMFs. Statistical significance with p < 0.05. Error
bars = standard deviation.

4. Discussion

The effects of different treatment times with the antibacterial protocol were tested on
planktonic C. albicans in order to find alternative treatments that could kill or increase the
susceptibility of this fungus to traditional antifungals [30–32].

The inhibitory effect of CMFs with the antibacterial protocol was significant by using
the first five programs (p1–p5). On the contrary, 3 min of treatment were not effective in
significantly reducing the CFUs with respect to the controls. No difference was reported for
the programs (p1–p5) and A1, and no additive effects were measured by applying a double
session (A2). The program used in this study is a sequence of six steps (3–5 min each,
and overall duration of 23 min), with frequency ranging between 6 and 70 Hz, intensity
between 6 and 95 µT, and complex waveforms with multiple harmonics. Each step of the
program is focused on a specific fungal function to be interfered with.

The influence of EFs, both static and pulsing, on microorganisms has been extensively
demonstrated. Bacteria exposed to these fields lose the capability of dividing and multiply-
ing [33]. In particular, the authors showed that the frequency of the EFs has a paramount
importance when it comes to the effect: at a 4-Hz frequency, the survival rate of E. coli K
121 was 20%; meanwhile, at 50 Hz, the survival rate turned out to be 53%.
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The mechanisms of action of electromagnetic fields on bacteria proposed in the lit-
erature are variable: it is usually accepted that they could interact with cell membranes,
causing a physicochemical change, with a consequent influence in the signal transduction
system. Other hypotheses include changes in transmembrane potential, in the membrane
potential of mitochondria, in the surface charge, and in hydrophobicity [21,34,35].

Binhi et al. hypothesized that pulsing EFs (between 0 and 110 µT) influence bacterial
polar surface macromolecules following the ion resonance model according to Liboff (Stark
effect), a model very similar to what had been demonstrated for calcium, magnesium, and
chlorine ions. The molecular rotation induced by complex magnetic fields (CMFs) interferes
with the bacterial capability of producing filaments and reproducing [36]. Moreover, as sug-
gested by many authors, magnetic fields seem to interfere with fungal plasma membrane
organization. It seems to alter the sphingolipid-ergosterol domain that is fundamental
for the hyphal formation and consequently for the Candida’s ability to adhere to different
surfaces and invade tissues. It has been shown that the plasma membrane alteration
provided by the exposure to magnetic fields to Candida albicans have a synergic effect with
antifungal treatments, increasing the drug susceptibilities of Candida albicans [37,38].

The results of this study using an alternative therapeutic approach are very encourag-
ing because a recent paper reported that C. albicans showed 50% resistance to fluconazole
and itraconazole, two antifungal drugs currently used to treat candidiasis [39].

Moreover, these results were in accordance with the recent studies of Novickij et al.
and Sztafrowski et al. that showed the inhibitory effects of pulsed electric fields on the
viability and hyphal length of C. albicans [40,41].

C. albicans is characterized by its polymorphism: it can exist as a unicellular yeast, or
filamentous hyphae and pseudohyphae. Some authors have hypothesized that the different
shapes could be connected with different virulence levels: the presence of hyphae should
promote the ability of C. albicans to adhere onto surfaces and penetrate into epithelial
cells [42,43]. Kurnatowski et al. showed that EFs could increase the susceptibility of
Candida spp. against miconazole, but the effects were significant only at the second week of
exposure to electromagnetic fields [44]. On the contrary, Bayat et al. found that long-term
exposure of mice to 900 MHz GSM radiation on experimental cutaneous candidiasis could
retard the wound healing and reduce the survival rate of the mice, due to induced oxidative
stress, disturbance in immune cell functions, and altered gene expression [45].

The mechanism of action of EFs on C. albicans could be the alteration of cellular
membrane with the modification of the permeabilization [46].

However, the interpretation of previous literature is quite difficult, due to the different
protocols of EFs applied, as well as the different exposure environments. Indeed, radiation
parameters include wave frequency, intensity, continuous or discontinuous output, and
the duration of the exposure [45]. With the introduction of CMFs, a combination of
different programs has been included in the different protocols. Moreover, the outcome
of EF exposure depends on the nature of both the radiation and the target molecules.
Consequently, the adoption of simple, in vitro, experimental study designs could help in
the development of efficacious EF therapeutic protocols and in increasing knowledge of
the mechanisms of action.

Considering that the device used in this study is currently set up to automatically
complete one cycle of treatment until A1, for testing the adherence on polyacrylic resin, we
performed the experiments only on A1 and A2. SEM images and the CFU count confirmed
that Candida albicans adherence on the polyacrylic discs was significantly reduced in the
exposed groups. It is important to highlight that adherence to these surfaces is highly
influenced by superficial roughness. Rougher acrylic surfaces were associated with a
higher number of Streptococcus spp., Bacteroides gingivalis, Actinomyces spp., and Candida
albicans [47–49]. However, in order to avoid any risk of bias, all samples, were subjected
to the same finishing procedures, which are the same as those traditionally used during
the production of complete dentures. The clinical implications of these results are very
important, because this technology could be used to eradicate yeasts from dentures, without
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the use of chemical substances that could damage the resin surface and could slowly release
potentially irritants into the mouths of the patients. The same device could also be used to
treat the oral manifestations of candidiasis, although other in vivo and in vitro studies are
necessary to confirm the efficacy of this protocol in the clinical use.

5. Conclusions

A partial session (p1–p5) of the antibacterial protocol with complex electromagnetic
fields (CMFs) on planktonic C. albicans was enough to promote a significant reduction of
fungal CFUs. However, no significant differences were found by increasing the duration of
EFs exposure.

A single session of the antibacterial protocol significantly reduced the fungal ability to
adhere and proliferate on polyacrylic resin materials with respect to the unexposed controls.
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