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Abstract: The aim of this study was to evaluate the effect of an extremely low-frequency
oscillating magnetic field on the enzymatic activities of common airborne Aspergillus sp.
strains that were isolated from indoor environments. A D-optimal experimental de-
sign with three factors was applied: magnetic field density (0.5 to 2 mT), exposure time
(0.5 to 2 h), and Aspergillus sp. strains (A. ellipticus, A. japonicus, A. flavus,
and A. fumigatus). The response variables were exoenzymatic indexes (cellulolytic, amy-
lolytic, proteolytic, lipolytic, and hemolytic) and pH, as a measure of organic acid production.
A. ellipticus was the highest producer of organic acids, and A. japonicus was as pathogenic
as A. fumigatus. Different magnetobiological effects were observed: on enzyme secretion in
the remaining strains, we detected no appreciable effect (Ilip and Iprot of A. flavus), inhibition
(Ilip of A. ellipticus; Icel and Iamil of A. japonicus; Iamil and Iprot of A. fumigatus), and stimulation.
Predictive quadratic models were obtained, and 2 mT for 2 h was the magnetic treatment
regime that influenced the fungal enzymatic activity. These physiological changes following
magnetobiological effects could be influenced during fungal sporulation and must thus be con-
sidered in aeromicrobiology studies. They can also be beneficial for obtaining industrial-use
enzymes, but detrimental to the biodeterioration of different materials and human health.

Keywords: filamentous fungi; indoor air quality; magnetobiological effects; proteomics

1. Introduction
Numerous studies involving an extremely low-frequency oscillating magnetic field

(ELF-OMF) on strains that were isolated from indoor environments [1–5] have concluded
that it is a physical factor to consider in aeromicrobiology studies [6]. An ELF-OMF up to
50 or 60 Hz (alternating current) is classified as non-ionizing radiation, and its influence on
airborne fungi in indoor environments is unknown. Also, the influence of the magnetic
fields that are emitted by electronic appliances in indoor environments on airborne fungi
must be taken into account in studies of air quality, the environment, and health [5].

In all these studies, fungal propagules were attracted and deposited on Petri dishes
located near the ELF-OMF sources [1–5] because the spores of the fungus have an electric
charge [6]. It is known that the effect of ionizing radiation on filamentous fungi is related
to their nutritional status, and there are no genetic effects such as delay or stimulation in
growth and enzyme activity, but the effect of non-ionizing radiation is unknown [5]. These
studies have been supported by subsequent research [7,8] which suggested that the different
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observed magnetobiological effects on fungal strains are related to their degradative and
pathogenic activities via protein secretion with enzymatic functions.

Thus, the question could be answered by proteomics, which is defined as the qualita-
tive and quantitative comparison of proteins in a cell or organism under defined conditions
at a given time point. In other words, proteomics is the term for a field that attempts to
understand the expression, function, and regulation of the entire set of proteins that are
encoded by an organism. Since the proteins within a cell are the functioning units, their
expression is strongly influenced by environmental signals such as drugs, toxins, stress, age,
and other surrounding conditions [9]. The environmental conditions at growth significantly
influence the allergenicity of common fungi through the differential production of allergenic
proteins and highlight the importance of in vivo or in vitro allergenicity measurements for
understanding environmental exposure to airborne allergenic fungi. Numerous studies
on sporulation and pathogenicity suggest that the environmental conditions during spore
development result in physiological changes and differential gene expression in fungal
spores. Since many fungal species, including A. fumigatus, have multiple unrelated aller-
genic proteins, environmental factors during sporulation may affect the regulation of genes
encoding for these proteins, and therefore impact the per-spore allergenicity. In this sense, a
12-fold increase in A. fumigatus allergenicity per spore was observed when the sporulation
temperatures were decreased from 32 ◦C to 17 ◦C. Despite the health significance of this
potential link between environmental factors and human allergen exposure, the allergenic-
ity of fungal spores that are produced under different environmental conditions has not
been addressed [10].

These aforementioned studies were specifically performed on Aspergillus, one of the
most frequently reported genera in studies on indoor air quality. This genus is amongst the
10 most cited fungal genera [11]. This one, similarly to a lot of fungi, is used because of its
beneficial role in a vast range of applications, such as the production of several enzymes and
pigments, applications in the food and pharmaceutical industries and the environmental and
research domains, and the mitigation of the negative impacts of fungi (secondary metabolite
production; etiological agents of diseases in plants, animals, and humans; and deteriogenic
agents) [12]. The majority of fungal allergens are proteins [13], and environmental factors may
impact the quantity and allergenic properties of airborne fungi [10].

Regarding enzyme production, the non-linear nature of enzymatic reactions and
the large number of parameters that are involved have caused significant problems with
respect to the efficient simulation of such reactions. Modeling transforms a real model into
a mathematical model based on certain equations. The linearization of kinetic equations is a
widely established practice for determining these parameters in enzyme catalysis, although
it can often give misleading estimates, while the use of non-linear least squares fitting
techniques is also regularly used, but can be unreliable when there are atypical values [14].

If it can be demonstrated that the same ELF-OMF regimen affects the enzymatic activity
of several Aspergillus strains and the mathematical modeling of the optimal values can be
adjusted, then it could be inferred that the extrapolation of the parameters will have certain
benefits, whether due to a positive or negative effect on metabolism. Thus, to respond to this
hypothesis, this study aimed to evaluate the effect of ELF-OMF on the enzymatic activities of
common airborne Aspergillus sp. strains isolated from indoor environments.

2. Materials and Methods
2.1. Selection of Study Strains

Four strains of the genus Aspergillus P. Micheli ex Haller were selected: Aspergillus
flavus Link, Aspergillus fumigatus Fresenius, Aspergillus ellipticus Raper and Fennell, and
Aspergillus japonicus Saito.
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The fungal colonies were identified based on morphological and cultural characteristics
according to mycological manuals [15,16]. The scientific name of each taxon was verified
using the MycoBank database (https://www.mycobank.org/ (accessed on 1 December 2024)).

All strains were isolated from indoor air samples from different premises and had a high
surface growth rate in preliminary studies. Aspergillus fumigatus and A. ellipticus were isolated
from a food warehouse, where they had the highest relative frequency of appearance [17].
Aspergillus japonicus, which exhibited a higher exoenzymatic activity than the others, was
isolated from nearby aerobiota from sources emitting magnetic fields in indoor environments,
and was also detected at a high relative density [18]. Aspergillus flavus was the most frequently
observed species in aeromycological and biodeterioration studies [3].

2.2. Experimental Design

An experimental design was performed using the statistical software Design Expert
ver. 8.0.1.0 (Stat-Ease, Arden Hills, MN, USA). This statistical software outputs a matrix
with different values (between low and high values and its replicate). In total, 25 experi-
mental runs were conducted randomly through a multifactorial D-optimal analysis with
3 factors (Table 1).

Table 1. Factors used in the experimental design.

Density of ELF-OMF [mT] (A) Time of ELF-OMF [min] (B) Fungal Strain (C)

0.5 (low) 30.0 (low) A. flavus
2.0 (high) 120.0 (high) A. fumigatus

A. ellipticus
A. japonicus

Note: The 25 experimental runs were obtained by a combination of the low and high values from A and B factors
(categorical and numerical variable) with C factor (non-categorical variable).

The low and high values of ELF-OMF were selected from previous studies, and were
the optimal values in experimental runs with factors between 5 and 120 min (2 h) and
0.3 to 10 mT [1–5,7,8], measuring 2 mT at the fifth part in the minor extreme of this range.
The response variable was the exoenzymatic index that allowed us to analyze and predict
the behavior of the mathematical models, if they were adjusted.

2.3. Magnetic Treatment

The ELF-OMF treatments were applied with the same equipment as in the above-
mentioned studies [1,2,4,7,8]. This experimental equipment was designed and manufac-
tured by Electronic Technologies (ETEC, Pinar del Río, Cuba) and characterized by the
National Center of Applied Electromagnetism (NCAE) located in Santiago de Cuba, Cuba.
The equipment consisted of a signal generator of an electrical current (60 Hz/220 V) and a
solenoid-type cardboard coil (with an air core) 30 cm in diameter and 29 cm in height. Its
wire was made of copper (2 mm in diameter) for 6.1 Ω of resistance. The ELF-OMF was
controlled by the signal generator.

In each study, the fungal strain was inoculated on a Petri dish with an appropriate
culture medium, as will be described in the next section. Control samples that did not
receive magnetic treatment and ELF-OMF were applied immediately after inoculation.
Petri dishes with the study strains were placed in the coil center, remaining there according
to the conditions described in the experimental design (Figure 1).

https://www.mycobank.org/
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For the performance, the intensity of the electrical current (ampere) from the equip-
ment was graduated to the same ELF-OMF density of each run of the experimental design,
and all Petri dishes with the same strains were placed at the same time. Then, they were re-
moved at the indicated time and incubated under the same conditions for the determination
of each one’s enzymatic activity.

2.4. Determination of Enzymatic Activity

Strains were conserved in slants of Malta Extract Agar, covered with mineral oil, and
kept refrigerated at 4 ◦C. They were activated in an Erlenmeyer flask with malt extract agar,
where they were incubated for 7 days. Then, 10 mL of sterile distilled water was added
and gently shaken to remove the fungal spores from the culture. The spore suspension
was evaluated in a Neubauer chamber to determine the concentration of spores at which
worked, following the methodology described in the literature [19]. From the spore solution
obtained (106 spores/mL), 10 µL was inoculated in each Petri dish, and the physiology of
the fungal strains was determined by the following techniques to determine their enzymatic
activities [3,20–23]:

To determine cellulolytic activity, the strains were seeded in a Petri dish with the
culture medium of the following composition per liter: sodium nitrate, 2 g; dipotassium
phosphate, 1 g; magnesium sulfate, 0.5 g; potassium chloride, 0.5 g; ferrous sulfate, 0.01 g;
agar, 20 g; and pH 5.5. As a control, glucose (1%) and carboxymethylcellulose (1%) were
used as a sole carbon source. The cultures were incubated at 30 ◦C for 21 d. Subsequently,
Congo red (0.05 g/L) was added to each of the dish for one hour, the solution was decanted,
and finally 1 molar NaCl was added for 10 min. Cellulolytic activity was evidenced by the
formation of a white halo around the colony [3,21–23].

Acid production: Spore suspensions from each fungal isolate were seeded in a liquid
minimal medium of composition identical to the one described above, but glucose at 1%
was the carbon source, and the pH was adjusted to 7. Phenol red (0.001%) was added as an
indicator-of-change color. The cultures were incubated at the same temperature for 3 days
before we measured the pH of the culture medium with a potentiometer [3,20,22].

Proteolytic activity: This determination was carried out by means of gelatin hydrolysis
assays. Each strain was seeded on a Petri dish containing a gelatin culture medium. The
composition of the medium was similar to that of the cellulolytic assay, but without agar
and with 5 g/L of gelatin as the only carbon source. After 7 days of incubation at 30 ◦C,
Frazier’s reagent was added. A white precipitate around the colony indicates the presence
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of non-hydrolyzed gelatin, and the absence of this, that is, a colorless halo, shows the
hydrolysis of the gelatin [3,21–23].

Amylolytic activity: Each strain was streaked on a Petri dish containing a minimal
medium identical to the one described above containing starch (5 g/L) as the sole carbon
source. After 7 days of incubation at 30 ◦C, we added 5 mL of Lugol’s reagent over each
culture plate, and the presence of a colorless zone around the fungal colonies was taken as
an indication of positive hydrolysis [3,21–23].

Hemolytic activity: The strains isolated were seeded in Petri dishes with Czapek Dox agar
(BIOCEN, Bejucal, Mayabeque, Cuba) supplemented with defibrinated sheep blood at 5 and
0.5% chloramphenicol [22,23]. They were incubated at 37 ◦C for 24 to 48 h. The pathogenicity
was evidenced by the appearance of a halo around the colony indicating partial hemolysis if the
halo was green (alpha hemolytic), and total hemolysis if it was colorless (beta hemolytic), and
an absence of hemolysis if there was no halo (hemolytic gamma) [23,24].

Lipolytic activity: The fungal strains were inoculated in Petri dishes which contained
culture medium, Agar (1%), Peptone (1%), CaCl2 (0.1%), NaCl (0.5%), Chloramphenicol
(0.05%), and the surfactant Tween 80 (1%). They were incubated at 28 ◦C for 10 days. Then,
lipolytic activity indicated by a white halo was observed surrounding the colony [3,21,22].

2.5. Exoenzymatic Index

After, enzymatic activity was obtained using semiquantitative methods, indicating
both degradative (acid production and cellulolytic, proteolytic, and amylolytic activities)
and pathogenic activities (lipolytic and hemolytic activities). The exoenzymatic index was
calculated as the difference between the diameter of the colonies and the diameter of the
halo or the colorless zone in Petri dishes according to the following general equation [23]:

I = 1 − Dc (Dc + Dh)
−1

where I is the index of activity of the enzyme and Dc and Dh are the diameters of the colony
and halo (cm), respectively.

When there were no variations in the exoenzymatic indexes of these enzymes com-
pared to treated ones, the results were reported as “no appreciable effects”, and increased
or decreased values were reported as “stimulation” or “inhibition”, respectively.

2.6. Statistical Analysis

The assays were conducted in triplicate. The results were analyzed with Statgraphics
Centurion XV using a Student’s t-test for 95% confidence (p < 0.05). To determine the
significance of the effect induced by ELF-OMF applied, a multifactorial analysis of variance
(MANOVA) and multiple range method by the least significant difference (LSD) were
conducted. The 25 experimental runs were performed randomly with the mean values of
the exoenzymatic indexes (the first four columns in Table 2).
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Table 2. Experimental matrix with results of ELF-OMF treatment on Aspergillus sp.

Fungal
Strain (C) Run No. Time

[min] (B)
ELF-OMF
[mT] (A) Icel Iamil Iprot Ihem Ilip pH

A. ellipticus

1 120 0.50 0.58 0.56 0.56 0.53 0.51 5.90
2 30 0.90 0.56 0.57 0.53 0.54 0.52 5.70
3 75 1.30 0.54 0.53 0.51 0.53 0.52 5.88
4 75 1.30 0.55 0.54 0.52 0.52 0.51 5.90
5 30 2.00 0.54 0.55 0.51 0.54 0.52 5.50
6 120 2.00 0.55 0.55 0.50 0.55 0.50 5.33

A. japonicus

7 30 0.50 0.61 0.60 0.51 0.55 0.58 6.50
8 120 0.50 0.62 0.59 0.52 0.54 0.56 6.60
9 98 1.30 0.60 0.51 0.52 0.56 0.52 6.54
10 98 1.30 0.61 0.49 0.53 0.57 0.53 6.63
11 30 2.00 0.62 0.53 0.52 0.56 0.53 6.40
12 120 2.00 0.63 0.53 0.54 0.57 0.54 6.58

A. flavus

13 74 0.50 0.61 0.58 0.57 0.56 0.52 6.69
14 74 0.50 0.61 0.58 0.57 0.55 0.51 6.74
15 120 1.20 0.63 0.59 0.58 0.55 0.52 5.93
16 30 1.30 0.62 0.58 0.58 0.56 0.51 5.90
17 120 2.00 0.64 0.58 0.57 0.57 0.52 5.95
18 33 2.00 0.63 0.58 0.58 0.56 0.52 5.83
19 77 2.00 0.64 0.59 0.59 0.57 0.53 5.90

A. fumigatus

20 106 0.50 0.51 0.52 0.52 0.57 0.52 6.51
21 106 0.50 0.53 0.53 0.51 0.56 0.51 6.51
22 60 1.40 0.52 0.50 0.52 0.56 0.52 6.00
23 60 1.40 0.51 0.51 0.51 0.57 0.53 6.02
24 30 2.00 0.53 0.51 0.51 0.58 0.53 6.50
25 120 2.00 0.52 0.51 0.51 0.57 0.53 6.53

Note: Time of exposition to ELF-OMF (A), density of ELF-OMF (B), and fungal strain (C). The bold/italics are
replicated runs.

3. Results
Table 2 shows the results of the experimental runs with mean values (n = 3). Runs 3, 4;

9, 10; 13, 14, and 20 to 23 are replicated, which allowed us to adjust the model.
The exoenzymatic index was effective for evaluating the ELF-OMF effect on the enzy-

matic secretion of the studied strains (Figure 2). The values obtained by this technique had
a normal distribution (p ≤ 0.05), allowing the sample means to be taken as the population
mean. Figures 3 and 4 present the control strain values and the maximum value of the
evaluated treatment (2 mT for 2 h) to support the discussion of the phenomenon observed.

Aerobiology 2025, 3, x FOR PEER REVIEW  7  of  15 
 

 

 

Figure 2. Exoenzymatic activity (culture media) of A. flavus using semiquantitative methods. 

 

Figure 3. Exoenzymatic indexes of Aspergillus sp. strains treated with ELF-OMF. 

The studied control strains can be classified as low organic acid producers since the 

mean pH was between 5.9 and 6.3 (Figure 4). However, applying an ELF-OMF of 2 mT 

increased the production of these compounds due to a decrease in the culture medium 

pH. A. ellipticus was the predominant organic acid producer (pH = 5.4). 

Figure 2. Exoenzymatic activity (culture media) of A. flavus using semiquantitative methods.



Aerobiology 2025, 3, 2 7 of 14

Aerobiology 2025, 3, x FOR PEER REVIEW  7  of  15 
 

 

 

Figure 2. Exoenzymatic activity (culture media) of A. flavus using semiquantitative methods. 

 

Figure 3. Exoenzymatic indexes of Aspergillus sp. strains treated with ELF-OMF. 

The studied control strains can be classified as low organic acid producers since the 

mean pH was between 5.9 and 6.3 (Figure 4). However, applying an ELF-OMF of 2 mT 

increased the production of these compounds due to a decrease in the culture medium 

pH. A. ellipticus was the predominant organic acid producer (pH = 5.4). 

Figure 3. Exoenzymatic indexes of Aspergillus sp. strains treated with ELF-OMF.

Aerobiology 2025, 3, x FOR PEER REVIEW  8  of  15 
 

 

 

Figure 4. Organic acid production in Aspergillus sp. strains treated with ELF-OMF. 

After applying the magnetic treatment (Table 2; Figures 3 and 4), different magneto-

biological effects were observed. For example, no appreciable effect (Ilip and Iprot of A. fla-

vus), inhibition (Ilip of A. ellipticus, Icel and Iamil of A. japonicus; Iamil and Iprot of A. fumigatus), 

or stimulation of enzyme secretion was detected in the rest of the strains. 

Although there was no appreciable effect on Ilip of A. flavus or inhibition on Ilip of A. 

ellipticus, all treated strains showed stimulation of this exoenzymatic index and Ihem (d and 

e in Figure 3). These were interesting results because both indexes are indicative of path-

ogenic activities. 

The inhibition of enzymatic secretion was observed by the reduced colony diameter 

of the A.  japonicus strain (Figure 5). This morphological effect was also observed  in the 

hemolysis test at 25 °C, with a marked impact on their shape and the pigmentation of the 

colony (Figure 6). 

 

Figure 5. Amylolytic activity of A. japonicus on 90 mm Petri dishes. (a) Control; (b) 2 mT for 2 h; and 

(c) 0.5 mT for 2 h. After ELF-OMF, it was incubated at 25 °C/7 days. Note: the white color is the halo 

of the fungal colony (at center) and the surround dark color is the culture media stained by Lugol’s 

reagent. 

However, increased hemolytic activity was evidenced by erythrocyte lysis in the cul-

ture medium, which is in line with the increased ELF-OMF density and exposure time. 

This can be noted with the increase in pigmentation of the colony at the time of the culture 

medium color changing (change from red to pink). Therefore, of all treated strains, the 

greatest stimulation was observed with 2 mT for 2 h (Figure 6d,h,l,o). 

Figure 4. Organic acid production in Aspergillus sp. strains treated with ELF-OMF.

All control strains (0 mT) had exoenzymatic index mean values above 0.5, indicating
high degradative and pathogenic activity (Figure 3). The highest indexes were obtained
with A. flavus and A. japonicus, and this was latter noted for Icel = 0.62 and Iamil = 0.56. The
A. flavus strain presented Iprot = 0.58. It is noteworthy that the lipolytic activities of each
strain were similar (Ilip = 0.51), and A. fumigatus and A. japonicus exhibited Ihem = 0.55.
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The studied control strains can be classified as low organic acid producers since the
mean pH was between 5.9 and 6.3 (Figure 4). However, applying an ELF-OMF of 2 mT
increased the production of these compounds due to a decrease in the culture medium pH.
A. ellipticus was the predominant organic acid producer (pH = 5.4).

After applying the magnetic treatment (Table 2; Figures 3 and 4), different magnetobi-
ological effects were observed. For example, no appreciable effect (Ilip and Iprot of A. flavus),
inhibition (Ilip of A. ellipticus, Icel and Iamil of A. japonicus; Iamil and Iprot of A. fumigatus), or
stimulation of enzyme secretion was detected in the rest of the strains.

Although there was no appreciable effect on Ilip of A. flavus or inhibition on Ilip of
A. ellipticus, all treated strains showed stimulation of this exoenzymatic index and Ihem

(d and e in Figure 3). These were interesting results because both indexes are indicative of
pathogenic activities.

The inhibition of enzymatic secretion was observed by the reduced colony diameter
of the A. japonicus strain (Figure 5). This morphological effect was also observed in the
hemolysis test at 25 ◦C, with a marked impact on their shape and the pigmentation of the
colony (Figure 6).
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Figure 5. Amylolytic activity of A. japonicus on 90 mm Petri dishes. (a) Control; (b) 2 mT for 2 h; and
(c) 0.5 mT for 2 h. After ELF-OMF, it was incubated at 25 ◦C/7 days. Note: the white color is the halo of
the fungal colony (at center) and the surround dark color is the culture media stained by Lugol’s reagent.

However, increased hemolytic activity was evidenced by erythrocyte lysis in the
culture medium, which is in line with the increased ELF-OMF density and exposure time.
This can be noted with the increase in pigmentation of the colony at the time of the culture
medium color changing (change from red to pink). Therefore, of all treated strains, the
greatest stimulation was observed with 2 mT for 2 h (Figure 6d,h,l,o).

Factor A was the only one not significant (p ≥ 0.05) in the effects of the ELF-OMF
treatment applied on any Aspergillus sp. fungal strains and to the rest factors, and their
interactions were different (Table 3). This behavior can be predictive when the factors have
significance (p ≤ 0.05) in the evaluated response variables (in this case, Icel, Iamil, and Ilip),
and if they also have significance in the mathematical modeling (Table 4).

Table 3. Significance of each factor to adjust the mathematical models of D-opt design.

Factor

p Value (for 95% Confidence)

Exoenzymatic Index

Cellulolytic Amylolytic Lipolytic

A - - -
B 0.0060 0.0146 0.0074
C 0.0001 0.0339 -

AC 0.0081 - -
BC 0.0085 - 0.0305
A2 0.0001 0.0121 -
B2 0.0092 - -

Note: Time of exposition to ELF-OMF (A), density of ELF-OMF (B), and fungal strain (C).
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Figure 6. Hemolytic activity on 90 mm Petri dishes. A. fumigatus (a–d); A. flavus (e–h); A. japonicus
(i–l); and A. ellipticus (m–o). After ELF-OMF, incubated at 25 ◦C/7 days.

Table 4. Adjusted mathematical models of D-opt design.

Index Strain Adjusted
Mathematical Models R2

Cellulolytic

A. ellipticus 0.54 + 0.13 B + 0.05 AB − 0.01 A2 − 0.04 B2

0.9167A. japonicus 0.75 + 0.06 B + 0.05 AB − 0.01 A2 − 0.04 B2

A. flavus 0.71 + 0.07 B + 0.05 AB − 0.01 A2 − 0.04 B2

A. fumigatus 0.63 + 0.08 B + 0.05 AB − 0.01 A2 − 0.04 B2

Amylolytic

A. ellipticus 0.50 + 0.04 B + 0.05 A2

0.7998A. japonicus 0.66 + 0.02 B + 0.05 A2

A. flavus 0.65 + 0.04 B + 0.05 A2

A. fumigatus 0.59 − 0.02 B + 0.05 A2

Lipolytic

A. ellipticus 0.54 − 0.09 B

0.6975
A. japonicus 0.51 − 0.09 B
A. flavus 0.55 − 0.05 B
A. fumigatus 0.59 − 0.07 B

Table 4 shows the adjusted mathematical models (y = X0.A2 + X1.B2 + X2.AB + X3.B + X4). The
Icel, Iamil, and Ilip were adjusted to quadratic models (R2 from 0.6975 to 0.9167), indicating
the optimal values of ELF-OMF density and time for the maximum effect on the response
variables. The Iprot, Ihem, and pH were adjusted to mathematical models, but were not
significant (p ≥ 0.05), so they do not allow for predicting these variables’ behavior due to
the ELF-OMF and time course effects.

The results from Table 4 highlight that the exposure time effect of ELF-OMF (A) and its
interaction with the density values (AB) and its quadratic term (A2) indicated proximity to
the optimal value of superficial growth. Additionally, the factor (A2) was more stimulatory
for Iamil (0.05) than inhibitory for Icel (−0.01). For ELF-OMF density values (B), it was
stimulatory for Icel and Iamil, termed both B and B2, considering, respectively, the positive
signs of B (0.06 to 0.13) were higher than the negative sign (−0.04), being more significant
for A. ellipticus given the higher coefficient value (0.13).
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The cellulolytic index increased from 1 h to 2 h, reaching the maximum value with
ELF-OMF density close to 1.70 mT to 2 mT (Figure 7a). Similarly, the maximum amylolytic
index was reached in 2 h with 2 mT (Figure 7b). Note the coincidence of the maximum
values of the cellulolytic, amylolytic, and lipolytic indexes for 2 h, although the latter was
obtained with 0.50 mT (Figure 7c).
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4. Discussion
The semiquantitative nature of the exoenzymatic index facilitated the effectiveness

of evaluating magnetobiological effects in this study, demonstrating that this method can
make non-subjective inferences about enzyme secretion and organic acid production [3].
This is an advantage over traditionally used qualitative methods.

The control strains with the highest exoenzymatic index were A. flavus and A. japonicus.
They had high degradative power on cellulose, starch, and gelatin. Evaluating these strains
confirmed that Aspergillus sp. is a genus with a strong exoenzymatic complex. This is in
accordance with the results obtained by other authors [25,26], highlighting that the genus
is one of the fungi with the greatest lipolytic activity [27].

However, this variation in effects was also observed in similar studies which re-
ported that the ELF-OMF had a different active effect on spores and filamentous fungi
degrading various polymer materials by fungal oxidoreductase action, with both increased
and decreased enzymatic activities. But the maximum catalase activity was found in
Aspergillus sp. [28]. Although fungal spores found indoors originate from fungi that might
have grown inside buildings on moist surfaces [29], and the magnetic fields have effects on
water molecules and other biological macromolecules (such as of proteins, carbohydrates,
and lipids) [30], as a limitation by the design of this study, it is necessary to highlight
that it is unknown whether the growth of Aspergillus sp. on culture media (in controlled
conditions) will respond in the same way to an ELF-OMF as actual growth on various
indoor surfaces with different compositions to the controls would.
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With respect to inhibition results, the cellulolytic activity of A. japonicus agrees with the
inhibitor effect in the carboxymethylcellulose activity of Aspergillus niger by an ELF-OMF of
50 Hz (10 mT by 2 h) [31]. But the decrease in culture medium pH (which increases acidity)
after ELF-OMF can be attributed to the stimulation of enzyme secretion and increased organic
acid production. This result could be applied in magnetic catalysts based on iron oxides [32].

In this study, the stimulation of proteolytic activities of A. ellipticus and A. japonicus
was not significant, but was consistent with similar activity under static magnetic fields
(SMFs) with no frequency (0 Hz), where acid protease activity increased to 91.4% compared
with the control, A. niger [33]. An ELF-OMF of 2 GHz increased the α-amylase 1.5- to 3-fold
higher than the control sample of Aspergillus oryzae [34], while the effect of SMF amylase
activity decreased and protease activity was non-significant when compared to A. niger as
a control [35].

The highest hemolytic activity stimulation was observed with 2 mT and 2 h. These
conditions likely favor the synthesis and secretion processes of hemolysins, which relates to
their pathogenicity as fungal toxins. This is similar to the effects on the concentration of total
aflatoxin of A. flavus by SMFs obtained by magnets, which was applied through a magnet at
different forces (5, 7, 10, 30, and 50 Gauss (G) (1 mT = 10 G)) for seven days at a temperature
of 27 ◦C [36]. It is also in agreement with other pathogenic fungal strains: Magnaporthe oryza
under 50 Hz ELF-OMF (3 mT) enhanced its infection capacity [37], and Candida albicans
under 50 Hz ELF-OMF (35 mT for 24 h) contributed to membrane permeabilization and did
not inhibit the transformation of the yeast to its hyphal form, making this is an antifungal
therapy that may emerge as a new option to support the treatment of these yeast infections,
due to the plasticity of the mycelial form being a determining factor of drug resistance, as
well as an important factor in the infection phase [38].

These results align with studies conducted with an ELF-OMF between 2 and 5 mT
applied to this strain, A. niger, Cladosporium cladosporioides, and Penicillium chrysogenum in
different culture media [5].

In this respect, the non-appreciable effects on enzyme secretion may be due to the
ELF-OMF density and exposure time not being sufficient to modify the corresponding
secretory biosynthetic pathway of the strain in question. In cases where stimulation was
observed, it is likely that enzyme synthesis was favored, secretion vesicles increased in
number, or cytoskeletal elements facilitated their arrival at the plasma membrane. These
processes should occur inversely in cases where enzyme secretion is inhibited. All these
particularities also depend on the fungal strain in question. However, these elements are
not published in the scientific literature, requiring further studies with advanced techniques
to verify this new hypothesis [30,39–41].

Finally, the quadratic models obtained were within the applied factors between 1 and
2 mT. The statistical significance of the exposure time to ELF-OMF (A) coincides with those
observed in studies with this physical factor [1,4,5,7]. For example, by 2 h of exposure time,
the obtained results fit a quadratic model (y = ax2 + bx + c) that predicts 98% of the behavior
of the variable (R2 = 0.98), according with the equation Dc = X0.B2 + X1.B + X2.A + X3,
where Dc = diameter of fungal colony; X0, X1, and X2 are the regression coefficients; X3 is
the constant model; A is the density of the ELF-OMF (1 to 5 mT); and B is the incubation
time of the fungal strain (7 d) [5]. This result for the stimulation of fungal metabolism by an
ELF-OMF (non-ionizing radiation) can be described with a general exponential equation of
the form Y = m.xk [7], which agrees with what was observed for ionizing radiation (space
radiation), obtained in this study with a linear model of the form Y = m.x + c [42]. For both
cases, “x” is the time, and “Y” in the first one is the superficial growth of the fungus in the
Petri dishes, while in the second one it is the accumulated radiation counts of the fungus
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during its growth. And, by the linearization of the exponential equation, we can find the
exponent k value.

The adjustment of Icel, Iamil, and Ilip to significant quadratic models may be due to the
ease these strains have in degrading simpler molecules such as cellulose, starch, and lipids
compared to more complex molecules like those present in the blood (erythrocyte plasma
membrane) and gelatin. This is similar to the non-linear adjustment of the cellulase production
parameters by a strain of Aspergillus niger in solid fermentation, which is reported [14].

This suggests that, at low frequencies and densities, the ELF-OMF is a physical factor
with a greater effect than the SMF on enzymatic activity. Also, a common response to radiation
on fungal strains could be inferred. But more studies are required to define the biological
mechanisms for these physiological changes induced by magnetobiological effects.

5. Conclusions
With the results of this study, the authors cannot know what will happen outside

of the settings applied, but the ELF-OMF can stimulate or inhibit enzymatic secretion
and organic acid production in common airborne A. ellipticus, A. flavus, A. japonicus, and
A. fumigatus, affecting their degradative and pathogenic activities. This effect can be
beneficial for obtaining industrial-use enzymes, but detrimental to the biodeterioration of
different materials and human health.

This result suggests that when conducting biomagnetism studies with Aspergillus sp.
strains, a single time value should not be applied for a given treatment. It is recommended
to use several time values and analyze their relationship with other factors, such as the
interaction with the fungal strain in question. Although 2 mT for 2 h is the magnetic
treatment regime with the greatest influence, an ELF-OMF should be considered for future
aeromicrobiological studies and its effects on filamentous fungi.

Mathematical modeling performed with the optimal values of the factors in ELF-OMF
treatment obtained before in several studies on fungal metabolism has allowed us to adjust
a quadratic model in this study on enzymatic activities. This can be expressed by a general
exponential equation, which suggests a common response to the magnetobiological effects
observed using the same biological mechanism as the radiation in relation to proteomics.
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