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Abstract: Low-frequency electromagnetic fields, induced by alternating current, are known to
influence physicochemical properties and functioning of enzymes, including their catalytic activity.
Herein, by using atomic force microscopy (AFM) and spectrophotometry analysis in parallel, we have
investigated how the incubation near an autotransformer operated at 50 Hz influences the
physicochemical properties of horseradish peroxidase (HRP). We have found that 30 min incubation
of the enzyme above the coil of a loaded autotransformer enhances a disaggregation of HRP on mica
and the number of adsorbed enzyme particles by two orders of magnitude in comparison with the
control sample. And most interestingly, the incubation of HRP above the switched-off transformer
for the same period of time has been found to cause a disaggregation of the enzyme, An increase in
the activity of HRP against ABTS has been observed in the both cases. We hope that the interesting
effects reported will emphasize the importance of consideration of the influence of low-frequency
electromagnetic fields on enzymes in the design of laboratory and industrial equipment intended for
operation with enzyme systems.

Keywords: low frequency electromagnetic field; horseradish peroxidase; AC transformer; atomic
force microscopy; enzymatic activity

1. Introduction

Electricity has become a part and parcel of modern life, being ubiquitously employed both in
industry and for household use. At that, alternating current (AC)-based equipment is used most
widely [1]. The main advantage of AC consists in the simple transformability of AC voltage [1]. This
allows one to easily build high-voltage AC lines and circuits, making the AC electric-power
transmission preferable owing to its cost efficiency [1]. Accordingly, electric AC transformers
represent key components of AC lines and equipment. In Europe, the commercial AC frequency is
50 Hz, pertaining to low frequency range [2]. In the USA, 60 Hz commercial frequency is employed.
The operation of AC equipment, including AC transformers, is known to be accompanied by the
induction of electromagnetic fields of respective frequency (low-frequency electromagnetic fields,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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LFFs). Low-frequency magnetic and electromagnetic fields are known to influence the
physicochemical properties and functioning of enzymes [2-7]. The typical “meeting point” of the AC
equipment and the enzymes is a bioreactor with motor-driven stirring device [8,9]. Of course, this is
just the most demonstrative case, since the most common situation is the action of LFF on the AC
equipment operator, and the processes in the human body are known to be regulated by enzymes
[10]. The action of magnetic (and, hence, electromagnetic [1]) fields on an enzyme can well lead to a
change in its spatial structure [11,12], and, accordingly, to the pathological state of the body [13].
Accordingly, the impact of external electromagnetic fields is one of the most important factors, whose
effect on enzymes’ properties attracts attention of the modern science: impact of such fields on the
body and, in particular, on enzymes was analyzed in many works [13-19]. Of course, the exact effect
of an external field on an enzyme depends on the type of the enzyme and the parameters of the field
[4,11], and the variety of important enzymes is quite wide [10]. The evident effects of external fields,
including LFFs, on enzymes [2-7] are thus forcing researchers to perform in-deep studies of these
phenomena.

In the literature, particular attention is paid to the effects of electromagnetic fields on horseradish
peroxidase (HRP) enzyme [2-7,12], which has found numerous practical applications in both
biotechnology and healthcare [20-27]. The functional properties of HRP were shown to change
significantly under the action of electromagnetic fields [23], including LFFs [2,3,5]. Owing to the
sensitivity of the adsorption/aggregation properties of HRP to the impacts of electromagnetic fields
[6,7,28-30], this enzyme can be used as an electromagnetic radiation sensor [6,7,30]. In this
connection, the sensitivity of methods employed for the detection of changes in the enzyme
properties becomes a key point [28,29].

In studies of enzymes, various spectroscopy-based methods are commonly employed
[11,12,31,32]. These methods are, however, only helpful when the enzyme under study contains a
chromophoric group (for instance, in case of cytochromes P450), or when changes in the enzyme’s
spatial structure [11,12] or functional activity [2,3,11,29] are significant. At the same time, the changes
in the enzyme’s properties are often quite subtle — though still important with regard to its
functionality [29]. Such changes are barely distinguishable [11] or completely indistinguishable [28]
by spectroscopic methods. If this is the case, atomic force microscopy (AFM) is quite helpful [6,7,28—
30]. AFM enables visualization of single enzyme molecules, thus allowing the scientists to reveal even
subtle changes in the enzyme properties [6,7,28,29]. Parallel use of AFM and spectroscopic methods
is also a good practice [28-30].

In the work presented, the effect of incubation of HRP solution near 50 Hz AC equipment on the
enzyme’s physicochemical properties of the enzyme has been studied. It has been observed that the
incubation of the enzyme above the coil of a loaded autotransformer connected to a laboratory
benchtop centrifuge leads to the enhancement of HRP adsorption onto mica; this enhancement is
accompanied by the enzyme disaggregation and a slight increase in its activity. Furthermore, the
incubation near the switched-off transformer has been found to cause even more significant enzyme
disaggregation, while the increase in activity was almost the same as in the case of the loaded
transformer. Since 50 Hz AC energized equipment is ubiquitously used in both research laboratories
and industry, the results obtained in our experiments are quite important for the correct design of
experimental procedures and industrial processes involving enzymes.

2. Materials and Methods

In order to find out how the incubation near the AC-based equipment affects the HRP enzyme,
the setup drawn in Figure 1 was employed. The setup included a standard LATR-1 laboratory
regulating autotransformer (Russia) and an Eppendorf 5810 R laboratory centrifuge (Eppendorf,
Germany).
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Figure 1. Experimental setup. Numbers indicate the test tube with working enzyme sample (1), the transformer’s

coil (2), and the centrifuge (3). The distance between the transformer’s coil and the test tube was L=6 cm.

At the first step of experiment, the autotransformer was loaded in the following way. The
transformer’s input was connected to 240 V, 50 Hz mains power supply. The output voltage was set
to 220 V (Figure 1), and the centrifuge was connected to the transformer output. Then, the centrifuge
was switched on, and operated at 3000 rpm.

After that, a test tube with 1 mL of 0.1 puM HRP solution in 2 mM Dulbecco’s modified phosphate
buffered saline (the working sample) was placed above the top of the transformer’s coil at a distance
of 0.06 m. At the same time, the control sample was kept at much larger (10 m) distance from the
experimental setup.

The incubation time of the working sample above the loaded transformer upon the centrifuge
operation was 30 minutes. After the incubation, both the working and the control enzyme samples
were transferred to AFM analysis (in order to study the enzyme’s adsorption properties) and to
spectrophotometric analysis (in order to determine the enzymatic activity).

At the second step of our experiment, after 30 minutes of centrifuge operation, the centrifuge
was stopped, switched off, and disconnected from the autotransformer. The latter was disconnected
from the mains power supply. Five minutes later, another (untreated) working enzyme sample was
placed in the same position above the transformer’s coil, and incubated there for 30 minutes. After
this incubation, this sample was also subjected to AFM and spectrophotometric analysis.

The parallel AFM and spectrophotometry analysis of the enzyme samples was performed as
described in our previous papers — for instance, in [28-30]. In brief, this analysis consisted in the
following procedures.

AFM analysis was performed by direct surface adsorption method [33]. A 800 uL volume of each
sample, in which 7 mmx15 mm sheets of bare mica (AFM substrates; SPI, USA) was incubated for 10
min, was analyzed. The mica substrates incubated in either of the sample studied were then scanned
in semi-contact mode in air with a Titanium atomic force microscope (NT-MDT, Zelenograd, Russia;
the microscope pertains to the equipment of the “Human Proteome” Core Facility of the Institute of
Biomedical Chemistry, supported by Ministry of Education and Science of Russian Federation,
Agreement 14.621.21.0017, unique project ID: RFMEFI62117X0017). The microscope was equipped
with NSG10 cantilevers (TipsNano, Zelenograd, Russia). For each substrate, at least sixteen scans (2
umx2 pum in size) were obtained in different areas of the substrate. Then, objects visualized in the so-
obtained AFM images were counted with a specialized software custom-developed in IBMC. Based
on the number of objects calculated on each AFM substrate (that is, for each enzyme sample studied),
distributions of the relative number of objects with height p(h) (density functions) and absolute
number of AFM-visualized particles N (normalized per 400 um?) were obtained and plotted vs. the
height of the AFM-visualized objects [34].

Spectrophotometry measurements were performed based on the well-established technique
developed by Sanders et al. [35]. The absorbance of solution containing 1 nM of HRP enzyme, 0.3
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mM azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and 2.5 mM H20: in phosphate-citrate
buffer (pH 5.0) [35,36] was monitored at 405 nm for 300 seconds in a 1-cm-long quartz cell with an
Agilent 8453 spectrophotometer (Agilent Deutschland GmbH, Waldbronn, Gremany) [28-31]. For
each sample, at least three independent measurements were performed. The results obtained were
processed as described in [37], and presented in the form of absorbance vs. time (Ass(t)) kinetic
curves.

3. Results
3.1. AFM Analysis of HRP Adsorption and Aggregation Behaviour

In order to reveal possible changes in the adsorption properties of HRP under experimental
conditions, when the enzyme solution was located near the transformer in the on and off modes,
control experiments were simultaneously carried out to study the aggregation state of HRP. For this
purpose, HRP enzyme solution was placed in test tubes, according to the Materials and Methods
section, away from the experimental setup at a distance of 10 m (control experiments), near the
working transformer, and near the transformer after it was turned off (working experiments).

Figure 2 displays typical AFM images of HRP adsorbed on mica substrate after its incubation in
either of the working samples (Figure 2a,b), or in the control sample (Figure 2c).
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Figure 2. Typical AFM images (left) and cross-section profiles (right) of HRP adsorbed on mica from control
enzyme sample (a), and from working samples incubated near either the loaded (b) or the switched-off

autotransformer (c) for 30 minutes.

AFM images shown in Figure 2a-c indicate that under our experimental conditions, HRP
adsorbs onto mica in the form of compact objects, whose heights reach 2 nm. Further analysis was
performed in order to exactly determine the effect of incubation of the enzyme near 50 Hz AC
equipment on its adsorption behaviour.

Figure 3 shows p(h) plots obtained for the enzyme samples studied.
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Figure 3. Density function plots p(h) obtained for the enzyme samples studied: the control enzyme sample (black
curve), and the working samples incubated near either the loaded (red curve) or the switched-off

autotransformer (blue curve) for 30 minutes.

On the p(h) curve obtained for the control enzyme sample (Figure 3, black curve), two maxima
at hmaa=1.2 £ 0.2 nm, and at w2 = 2.0 nm + 0.2 nm can be clearly distinguished. Given that the
molecular weight of HRP is between 40 and 44 kDa [38,39] and based on our previously reported
observations [28,29], hmxi=1.2 nm corresponds to the monomeric state of the enzyme, while fmax=2
nm corresponds to its oligomeric state.

Analysis of p(h) plots obtained for the working sample of the enzyme, which was incubated near
the loaded autotransformer, also exhibits a bimodal character with two maxima observed at hmai=1.2
+ 0.2 nm, and hma=1.8 + 0.2 nm, respectively. At the same time, the ratio of peak intensities
p(hmax2)/ p(hmex1) decreased approximately twofold — as compared with that obtained for the control
sample. Both facts — this decrease in p(hmax2)/p(hmax1) ratio observed for the working sample, and the
shift of hmaz2 by ~0.3 nm to the left — clearly indicate a disaggregation of the enzyme after its half-
hour-long incubation near the loaded 50 Hz AC transformer. At that, the mica-adsorbed HRP
represented a mixture of its monomeric and aggregated forms in the both cases described.

At the same time, the results obtained upon the analysis of the working sample incubated near
the switched-off transformer were very interesting. Namely, the p(h) plot, obtained for this sample,
was quite different from the ones discussed above. Namely, it was described by a unimodal
distribution function with a maximum at a height of #na1 = 1.2 £ 0.2 nm, being devoid of the second
maximum. That is, the half-hour-long incubation of the sample near the unloaded, switched-off 50
Hz AC transformer led to predominant adsorption of the monomeric form of the enzyme.
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In addition, the absolute number of HRP particles, adsorbed on mica in our experiments, was
considered. Figure 4 displays histograms of absolute number of AFM-visualized particles,
normalized per 400 um?, vs. height, obtained for the control and the working samples.
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Figure 4. Histograms of absolute number of AFM-visualized particles, normalized per 400 um? vs. height,
obtained for the enzyme samples studied: the control enzyme sample (black bars), and the working samples

incubated near either the loaded (red bars) or the switched-off autotransformer (blue bars) for 30 minutes.

The histograms shown in Figure 4 indicate that only 435 particles per 400 um? adsorbed from
the control enzyme sample. At the same time, from the working sample incubated near the loaded
transformer, the number of adsorbed particles increased by two orders of magnitude to 12,858 objects
per 400 um?2 And when the enzyme solution was incubated near the switched-off transformer, the
number of visualized objects was similar to that observed for the control sample, amounting to 895
particles per 400 um2.

Summarizing the results of our AFM experiments, we can conclude that half-hour-long
incubation of HRP solution near loaded 50 Hz AC transformer promoted a disaggregation of the
enzyme, accompanied by a great enhancement in its adsorption. At that, the incubation near the
switched-off transformed resulted in a more considerable disaggregation of the enzyme, while its
adsorption increased much less significantly.

3.2. Spectrophotometric estimation of enzymatic activity

In parallel, the influence of incubation of HRP near a 50 Hz equipment on its enzymatic activity
against ABTS was determined by spectrophotometry, as is briefly described in the Materials and
Methods. Figure 5 displays typical Ass(t) kinetic curves obtained for the control and the working
samples studied by AFM.


https://doi.org/10.20944/preprints202503.0577.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2025 d0i:10.20944/preprints202503.0577.v1

7 of 12

1.6

1.4 1

control

—— loaded transformer

—— switched-off transformer

T y T T T T T T T T T
0 50 100 150 200 250 300

Time (s)

Figure 5. Ass(t) kinetic curves obtained for the HRP-ABTS-H20: system. The curves were recorded for the
control enzyme sample (black curve), and for the working samples incubated above either the loaded (red curve)

or switched-off 50 Hz transformer for half an hour.

The Aus(t) kinetic curves shown in Figure 5 clearly indicate an increase in enzymatic activity of
HRP against its substrate ABTS after the incubation of the enzyme solution above the transformer. It
is quite interesting to note that there is no difference in the activity between the two working samples.
That is, the incubation of the enzyme near either the loaded or the switched-off transformer led to the
same increase in its activity. Namely, the enzymatic activity of HRP in the control sample amounted
to 74.48+3.24 units/(mL enzyme). At that, the activity of the enzyme increased to 83.20+2.35 units/(mL
enzyme) and 84.48+0.56 units/(mL enzyme) after the half-hour-long incubation near the loaded and
switched-off transformer, respectively. In other words, the incubation of the enzyme near the loaded
or the switched-off transformer resulted in a 12% and 13% increase in its activity, respectively.

4. Discussion

In this work, we have investigated how the incubation near 50 Hz AC energized equipment
influences physicochemical properties of HRP enzyme. In our experiments, we have revealed that
the half-hour-long incubation of 0.1 uM HRP solution at a 6 cm distance from the loaded transformer
leads to a disaggregation of the enzyme. This disaggregation has been accompanied by both the
enhancement in the number of adsorbed enzyme particles and a 12% increase in its activity against
ABTS substrate. But there is another important phenomenon to be emphasized — namely, nearly
complete disaggregation of the adsorbed enzyme (Figure 3, blue curve vs. black curve) accompanied
by 13% increase in activity (Figure 5, blue curve vs. black curve).

In this connection, we should emphasize that exposure of HRP to electromagnetic or magnetic
fields of either low (typically below 100 Hz [2,4,5]) or radio [23] frequency often causes a change in
its enzymatic activity. The effect of these fields on the enzyme depends on the experimental
conditions — namely, on the enzyme solution acidity [2], the enzyme exposure time [2,5,23], and the
field parameters. The combination of these factors determines whether the enzymatic activity will be
enhanced or suppressed by the field. In our case, half-hour-long exposure of 0.1 uM HRP solution in
Dulbecco’s modified phosphate buffered saline (pH 7.4) resulted in 12-13% increase in the enzymatic
activity against ABTS. Similar (by 5.33 to 13.73%) enhancement of HRP activity against guaiacol was
reported by Yao et al. [23] after 2.5 to 4.5-minute-long radio frequency heating of 0.1 mg/mL HRP
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solution to 50°C. At that, these authors observed a deactivation of the enzyme upon heating to higher
(70°C and 90°C) temperatures, which was achieved by increasing the heating time [23]. Wasak et al.
[2] reported that treatment of HRP in rotating magnetic field at pH 4.5 enhances its enzymatic activity
at 1 Hz and 20 Hz field frequency, while at other frequencies studied (2 to 50 Hz, except 20 Hz), the
enzymatic activity of HRP was suppressed. Caliga et al. [4] and Portaccio et al. [5'] also reported a
suppressing effect of 50 Hz electromagnetic field on HRP activity.

All the changes in adsorption, aggregation and catalytic properties of HRP under the influence
of 50 Hz electromagnetic field can be explained by the re-distribution of the hydration shells of
enzyme particles. Indeed, changes in enzyme hydration are known to be the cause of alterations in
the enzymatic activity [40—-42]. Furthermore, there is no surprise that the disaggregation of the
enzyme is accompanied by the increase in its catalytic activity: the enzyme aggregation is commonly
ascribed to the loss of activity [43—45], and we have observed the reverse process. The changes in the
enzyme hydration also influence both the enzyme-enzyme [46] and enzyme-(AFM substrate surface)
[47] interactions by changing the balance between electrostatic, van der Waals and hydration
repulsion interactions [48-52]. This is how we explain the phenomena observed in our experiments.

Once again, in this work, we have discovered that the properties of the enzyme are affected not
only by the electromagnetic fields emitted by energized equipment (such as electric motors and
loaded transformers), but even after the exposure of the enzyme to switched-off 50-Hz AC
equipment. That is, the incubation near the 50 Hz AC equipment has been found to affect on both the
adsorption/aggregation and the catalytic properties of the enzyme. In the situation with the loaded
autotransformer, the increase in enzyme adsorption onto mica surface could be explained by the
effect of 50 Hz electromagnetic field, which could cause a change in the enzyme hydration, leading
to an increase in the adsorption properties of the enzyme to the mica surface. But when the
autotransformer was switched off and disconnected from the mains power supply, incubation above
the transformer’s coil resulted in even more significant decrease in the degree of enzyme aggregation
was observed. Bunkin et al. [53] ascribed the post-effect of low-frequency radiation in the aqueous
medium to the formation of nanobubble clusters. This process was observed during electromagnetic
excitation of the aqueous medium by an external electromagnetic field. Such a bubble formation was
confirmed in other papers [54-56].

5. Conclusions

Herein, by using atomic force microscopy (AFM) and spectrophotometry analysis performed in
parallel, we have investigated how the incubation near 50 Hz AC equipment influences the
physicochemical properties of horseradish peroxidase (HRP). We have found that half-hour-long
incubation of the enzyme 6 cm above the coil of a loaded autotransformer promotes a disaggregation
of HRP on mica with simultaneous enhancement of the number of mica-adsorbed enzyme particles
by two orders of magnitude — as compared with the control sample. Density function plots obtained
for both the control and the working sample of the enzyme incubated near the loaded
autotransformer, have exhibited a bimodal character with two maxima. For the control sample, the
maxima have been observed at fimax1=1.2 £ 0.2 nm, and at /imexz=2.0 nm * 0.2 nm, while for the working
sample the maxima have been observed at fmxi=1.2 + 0.2 nm, and hme2=1.8 + 0.2 nm, respectively. At
the same time, the ratio of peak intensities p(hmax2)/p(hma1) decreased approximately twofold — as
compared with that obtained for the control sample. Both the decrease in p(hmax2)/p(hmex) ratio, and
the shift of hmwz by ~0.3 nm to the left observed for the working sample, clearly indicate a
disaggregation of the enzyme after its half-hour-long incubation near the loaded 50 Hz AC
autotransformer.

Most interestingly, the incubation of HRP above the switched-off transformer for the same
period of time has been found to cause even more significant disaggregation of the enzyme! Namely,
the density function plot obtained for this sample exhibited a unimodal character with a maximum
at a height of /a1 = 1.2 £ 0.2 nm, being devoid of the second maximum. The effect on the amount of
mica-adsorbed enzyme particles was much less significant in the latter case. But at the same time, a
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12 to 13% increase in the enzymatic activity of HRP has been observed in the both cases. Thus, the
half-hour-long incubation of the enzyme near the autotransformer has had a clearly distinguishable
long-term effect on both the adsorption. We hope that the effects reported in our manuscript will
emphasize the importance of consideration of the influence of low-frequency electromagnetic fields
on enzymes in the design of laboratory and industrial equipment intended for operation with enzyme
systems. We believe that our results reported will be interesting to scientists studying enzyme
systems, and to engineers developing the laboratory and industrial equipment, which is intended for
operation with enzymes.
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