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Abstract: The effect of a high-voltage discharge in a helicoidal structure on the adsorption properties
of an enzyme on mica has been studied with the example of horseradish peroxidase (HRP). The
discharge was generated at the expense of a sparkover in a 3 mm gap between two electrodes, to
which a 10 kV, 50 Hz AC voltage was applied. The electrodes were connected to a twisted pair, which
was wound onto a cone, forming the helicoidal structure. The incubation of the enzyme solution near
the top of the helicoidal structure has been found to cause an increase in the degree of aggregation of
HRP adsorbed on mica in comparison with the control HRP sample. The results obtained should
be taken into account in studies of enzymes using biosensors with helicoidal structures as heating
elements, as well as in refining models describing effects of low-frequency alternating current, flowing
through helicoidal structures, on proteins and biological objects.

Keywords: atomic force microscopy; helicoidal structure; electric discharge; electromagnetic field;
protein aggregation; enzyme adsorption

1. Introduction

Recently, the study of protein aggregation has attracted great interest owing to the
involvement of protein aggregates in maintaining optimal body functioning. Such diseases
as Alzheimer’s [1–3], Parkinson’s [1], cardiovascular [4], and oncological ones [5] are
known to be associated with increased aggregation of proteins. A positive example of
controlled protein aggregation is the dimerization of myeloperoxidase, which provides
normal functioning of the body [6]. Certain amyloid proteins—for instance, FXR1 protein—
are also necessary for optimal brain functioning [1].

Electromagnetic fields are known to have a significant impact on the human body,
causing various pathologies [7–10]. Technological development leads to a steady increase
in the level of electromagnetic background induced by power lines operated at 50 Hz
industrial frequency. Such electromagnetic fields can affect the body, influencing blood
rheology [11] or blood pressure [12]. When high-voltage lines are grounded, or when
lightning strikes an electrical power line, significant electromagnetic fields are induced.
Therefore, studying the effect of discharges from high-voltage sources, connected to various
current-carrying structures, on biological objects is an important task. The circuits contain-
ing twisted-pair wires are the most interesting ones from the viewpoint of the organization
of current-carrying signals and power circuits. The twisted pair represents a pair of conduc-
tors twisted together [13] in order to suppress losses in the transmission of electrical signals.
Although the twisted pair is designed to provide suppression of losses, it normally emits
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electromagnetic waves. It is known that even weak alternating electromagnetic fields of
non-thermal power can change the properties of enzymes [14]. As regards alternating elec-
tromagnetic fields of low frequency, their action on enzymes can lead to either an increase
or a decrease in the enzymatic activity, depending on the enzyme and the field parameters.
Several membrane-associated enzymes (namely, alkaline phosphatase, acetylcholinesterase
from blood cell membranes, acetylcholinesterase from synaptosomes, phosphoglycerate
kinase, and adenylate kinase) were reported to lose their activity under the influence of a
75 Hz electromagnetic field, while other enzymes (CaATPase, Na/K ATPase, and succinic
dehydrogenase) were found to be virtually insensitive to fields of this frequency [15]. A
20 Hz electromagnetic field was found to have a very significant stimulating effect on
cAMP-dependent protein kinase [16]. As regards horseradish peroxidase (HRP) enzyme,
its catalytic efficiency decreased nearly twofold after its exposure to a 50 Hz electromagnetic
field, while being unaffected by a 100 Hz field [17].

Considering the impact of radiofrequency electromagnetic fields, radiofrequency heat-
ing (27.12 MHz 6 kW) was reported to have quite the opposite effect on the enzymatic
activity of HRP [18]. While the treatment at 50 ◦C slightly increased the enzymatic activity,
it significantly decreased after the heating at higher (70 ◦C and 90 ◦C) temperatures [18].
The exposure of HRP to either a 13.56 MHz, 915 MHz, or 2.45 GHz electromagnetic field
was reported to have no nonthermal effect on HRP [19]. On the contrary, microwave treat-
ment was reported to cause very significant inactivation of HRP [20], red beet peroxidase,
and polyphenoloxidase [21].

In this work, the influence of a high-voltage discharge in a helicoidal structure, based
on a twisted pair, on the properties of enzymes has been studied. As a helicoidal element,
a twisted pair, wound onto a conical surface, has been employed. The discharge current
flowed through a helicoidal structure of copper twisted pair wires during a discharge in
the air gap between the electrodes from a high-voltage AC power supply (10 kV, 50 Hz).
Similar discharge devices are used in voltage limiters [22]. As a model object, HRP has
been used, since it is comprehensively characterized in the literature. It is known that HRP
exists in solution in the form of monomers and aggregates [23,24]. Atomic force microscopy
(AFM) has been employed to study the influence of a high-voltage discharge on the enzyme.
AFM allows one to study the influence of electromagnetic fields on enzyme aggregation
at the level of single molecules [14,23,25,26], revealing even subtle effects [26], when the
electromagnetic field intensity is at the background level [23,26].

Our AFM study has revealed that the incubation of HRP solution near the top of a
helicoidal structure upon flowing of a discharge current through this structure leads to an
increased aggregation of the enzyme on a mica surface.

The results of our study can be used in the development of biosensors employing
helicoidal conductive structures operating at industrial AC frequency, and for design-
ing and refining models of the influence of alternating electromagnetic fields of various
configurations on biological objects.

2. Materials and Methods
2.1. Chemicals and Enzyme

Horseradish peroxidase enzyme and its substrate 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) were purchased from Sigma (enzyme: Cat. #6782). Disodium hydrogen
orthophosphate, citric acid, and hydrogen peroxide (all of analytical or higher grade) were
purchased from Reakhim (Moscow, Russia). Deionized (18.2 MΩ × cm) ultrapure water
was obtained using a Simplicity UV system (Millipore, Molsheim, France).

2.2. Experimental Setup

Figure 1 displays a schematic of the experimental setup.
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Figure 1. Experimental setup. Numbers indicate the main elements of the setup: the cone (1), the
twisted pair helix (2), the soldered ends of the twisted pair wires (3), the test tube with the enzyme
solution near the cone top (4), the high-voltage AC power supply (50 Hz frequency, 10 kV amplitude)
unit (5), and the spark gap (6).

A cellulose cone with a base diameter of 210 mm and a 62◦ angle at the top was used as
a conical structure. A twisted pair, fabricated from copper wires with a diameter of 1 mm in
a polyvinyl chloride (PVC) sheath, was wound onto the cone, forming a helicoidal structure.
The number of twists in the twisted pair was 70 per 1 m of length. The helicoidal structure
was in the form of a densely packed (turn to turn) twisted pair. In this pair, from the side
of the cone top, the copper wires were soldered, forming a continuation (3) of the top of
the cone (see Figure 1), and from the side of the cone base, two copper wires of the twisted
pair were brought out to the discharge gap (5). When a 50 Hz sinusoidal voltage from the
voltage source (6) was applied to the discharge gap and reached the breakdown voltage of
~10 kV, a high-voltage discharge occurred, and the discharge current began to flow through
the conductive helicoidal structure. This process was carried out for 10 min. Test tubes
with HRP solution (10−7 M HRP in 2 mM Dulbecco’s modified phosphate buffered saline,
pH 7.4) were placed at a 2 cm distance from the top of the cone. The control HRP solution
was placed in the same position, but with the power supply unit turned off. The exposure
time of the protein solution in both the working (with the power supply unit turned on)
and control (with the power supply unit turned off) experiments was ten minutes. After
the exposure of the HRP to the helicoidal structure, mica AFM substrates were incubated
in them. The mica substrates were subsequently studied by AFM as described below.

2.3. AFM Experiments

AFM experiments were performed using direct surface adsorption [27] of HRP onto
mica using the well-established technique reported previously [14,25,28–31]. HRP was
adsorbed onto freshly cleaved mica substrate from 800 µL of 10−7 M HRP solution in 2 mM
Dulbecco’s modified phosphate buffered saline (pH 7.4) for 10 min at room temperature
in a shaker at 600 rpm. After that, each substrate was rinsed with ultrapure water and
dried. AFM measurements were carried out in the tapping mode in air with a Titanium
multimode atomic force microscope (which pertains to the equipment of “Human Pro-
teome” Core Facility of the Institute of Biomedical Chemistry, supported by the Ministry of
Education and Science of the Russian Federation, agreement 14.621.21.0017, unique project
IDRFMEFI62117X0017; NT-MDT, Zelenograd, Russia) equipped with NSG10 cantilevers
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(“TipsNano”, Zelenograd, Russia). The number of AFM scans obtained for each sample
was no less than ten. Relative distributions of the imaged objects with height ρ(h) were
calculated as reported elsewhere [32]. In blank experiments with the use of protein-free
buffer instead of HRP solution, no objects with heights over 0.5 nm were registered.

2.4. Spectrophotometry

Enzymatic activity of HRP was estimated by spectrophotometry using ABTS as sub-
strate as reported in our previous papers [14,25,28–31] according to the technique reported
by Sanders et al. [33].

3. Results

Our experiments were carried out in an experimental setup, in which high-voltage
discharges with a 50 Hz frequency were generated. The discharge current flowed through
a helicoidal structure wound onto a cone. Figure 2 displays a typical AFM image of mica
substrate incubated in HRP enzyme solution after its exposure near the top of the cone
upon flowing of the discharge current through the twisted pair winding. For comparison, a
typical AFM image of substrate incubated in the control HRP sample, which was located
in the same place with the AC power supply turned off, is also presented. Right panels
display the respective cross-section profiles marked with lines in the AFM images.

Figure 2. Cont.
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Figure 2. Typical 2D (top left) and 3D (bottom) AFM images (scan size 2 × 2 µm, Z scale 2 nm)
and corresponding cross-section profiles (top right; X scale 1 µm; Y scale 2 nm) of mica substrates
incubated in HRP solutions, which exposed near the top of the cone with the AC power supply turned
on (a) and off ((b), control experiment). Experimental conditions: the solution contained 10−7 M HRP
in 2 mM Dulbecco’s modified phosphate buffered saline (pH 7.4); 10 kV, 50 Hz sinusoidal voltage
was applied from the power supply (a).

As can be seen from Figure 2, under experimental conditions with high voltage applied
from the power supply, objects with heights exceeding 0.5 nm were observed on the mica
substrate surface after its incubation in the HRP solution. In control experiments performed
in the absence of electric current through the helicoidal structure, objects with such heights
were also observed. It should be noted that in blank experiments with protein-free buffer, no
objects with heights exceeding 0.5 nm were observed. Accordingly, for these considerations,
objects with >0.5 nm heights were attributed to HRP biomolecules.

Next, the relative and absolute distributions of AFM images of objects with heights
were plotted. Figure 3 displays relative height distributions ρ(h) of the objects visualized in
the working and control experiments.
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Figure 3. Relative height distributions of objects visualized by AFM on mica substrates incubated
near the top of the cone with the power supply turned on (red curve) or off (blue curve).

As one can see in Figure 3, the majority of particles, visualized in the case of the control
sample, had a height of 1.2 nm. Another maximum for the control sample corresponded
to 1.8 nm height. In contrast, for the sample incubated in the working experiment, the
first maximum corresponded to 1.4 nm height, and the second maximum corresponded
to the height range from 1.6 to 1.8 nm. Accordingly, for HRP incubated near the top
of the cone in the working experiment with the voltage applied (when current flowed
through its winding), a shift towards an increase in the relative number of objects with
1.4–1.6 nm heights in the right wing of the distribution was observed—in comparison with
the distribution obtained in the absence of current through the winding of the cone.

Figure 4 displays a histogram of absolute height distributions of the objects visualized
in the working and control experiments.

Figure 4. Absolute height distributions of objects visualized by AFM on mica substrates incubated
near the top of the cone with the power supply turned on (red bars) or off (blue bars). The abso-
lute distribution indicates the number of particles normalized to a scanned area of 400 µm2. The
experimental error was ±250 particles per 400 µm2.
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For HRP incubated near the top of the cone with the voltage applied (when current
flowed through its winding), a shift towards an increase in the relative number of objects
with 1.4–1.6 nm heights was observed in the absolute height distribution—in comparison
with the distribution obtained in the absence of current through the winding of the cone.
Namely, an increase in the proportion of HRP particles with greater heights was observed
in the case of voltage applied, as compared to the case without the application of the voltage
to the cone winding. As regards the absolute distributions of adsorbed objects with heights,
approximately the same number of adsorbed objects was observed in both the control and
working experiments.

Spectrophotometry measurements revealed no change in the enzymatic activity of
HRP after its exposure to the high-voltage discharge in a helicoidal twisted-pair structure.

4. Discussion

In this work, the effect of a high-voltage discharge generated with an AC power
supply (50 Hz) in a helicoidal structure, formed by a twisted pair wound onto a cone,
on an enzyme was studied using HRP as a model object. For this purpose, comparative
measurements of the adsorption properties of HRP on mica substrates were carried out. In
the working experiments, the substrates were incubated in HRP solution exposed near the
top of the helicoidal structure with an alternating current flowing through the winding of
the cone. In contrast, in the control experiments, the power supply was turned off. The
height distributions of objects adsorbed from these enzyme solutions, under respective
experimental conditions, were then plotted.

For the HRP solution exposed to the high-voltage discharge, an increase in the aggre-
gation of HRP on mica was observed, as the relative content of 1.4–1.6 nm objects increased.

This conclusion about the increase in aggregation during the flow of alternating cur-
rent is drawn based on the fact that, according to the literature [23], horseradish peroxidase
adsorbs from its solution onto mica AFM substrates as a mixture of monomers and ag-
gregates. For monomers, the maximum of the relative height distribution is 1.2 nm [14],
while aggregates typically have greater heights (~1.4 nm for lower-order aggregates, and
~1.8 nm for higher-order ones), and this is what we observed in our AFM experiments
reported herein. Accordingly, the greater the ratio between objects with a height of ≥1.4 nm
in relation to the number of objects with a height of 1–1.2 nm, the higher the degree of
HRP aggregation.

Such changes in the protein are probably associated with a change in the surface
structure of the protein shell, which leads to changes in the adsorption properties on the
mica surface. The nature of these changes can be as follows. When current flows through
a twisted pair, electromagnetic radiation can occur. It is known that weak alternating
magnetic fields can cause significant changes in the structure of water [34]. These changes,
in turn, can alter the ratio between para- and ortho-isomers of water [35] and, accordingly,
affect the hydration shell of the enzyme biomolecules. The presence of the hydration
shell around a biomolecule is an essential factor, since it influences the biomolecule’s
structure [36,37] and functionality [38–40]. As regards enzyme biomolecules, enzymatic
activity was reported to be influenced by the hydration shell [38–40]. Upon adsorption
onto a solid substrate, the aggregation of the enzyme is determined by the interaction
of its molecules with each other, with the solvent [25], and with the substrate surface.
These interactions can well be affected by changes in the hydration shell of the enzyme
biomolecules. This explains the change in the aggregation of the enzyme on the surface of
the mica substrates.

In general, the effect of an electric field on enzymes can be different depending on the
experimental conditions. Namely, Poojary et al. reported that many enzymes are inactivated
by the action of a pulsed electric field [41]. As regards the HRP enzyme, Zhong et al.
reported its inactivation by a 5 to 25 kV/cm pulsed electric field, which affected the
secondary structure of the enzyme [42,43]. Nevertheless, Ohshima et al. [44] demonstrated
a stimulating effect of a pulsed electric field on the activity of horseradish peroxidase at
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short (~50 s) treatment times and moderate (≤12 kV/cm) electric field strength, while
longer treatment and/or stronger electric field induced enzyme inactivation [44]. In our
experiments, a 10 kV electric discharge had no effect on the HRP enzymatic activity.

As regards the effect of electric field treatment on protein aggregation, in their recent
review, Vanga et al. reported that pulsed electric field treatment induced aggregation of a
number of proteins and enzymes [45], and this is what we observed for HRP on mica after
the enzyme exposition to an electric discharge.

The results obtained in our experiments should be taken into account in further
investigation of the effect of conductive conical elements, containing helicoidal structures
with alternating voltage, on biological objects. This can be of use in the development of
biosensors and bioreactors, in which spiral (i.e., helicoidal) structures can be used as heating
elements [46–48]. Our results can also find their application in the development of other
electrodynamic systems employing helicoidal structures, e.g., heart valves, where helicoidal
structures are used to reduce valve fouling when the current of charged blood particles
flows. The results obtained are of interest when modeling the effects of electromagnetic
fields induced by electric discharges and twisted pairs, on enzyme systems, and on the
human body. Our results can also be useful for studying the processes occurring in twisted
pairs, which have a converging in space helicoidal structure, which can be used in the
generation of spatially directed electromagnetic fields.

5. Conclusions

The effect of a high-voltage discharge, generated with a 10 kV, 50 Hz AC voltage
applied to a twisted-pair helicoidal structure wound onto a cone, on the physicochemical
properties of HRP has been demonstrated. An increase in the degree of aggregation of
HRP molecules adsorbed on mica from the enzyme solution, exposed near the top of the
helicoidal structure, has been observed in comparison with the enzyme solution exposed in
the absence of applied voltage. The results obtained can find their application in designing
various elements used in current-carrying systems based on twisted pairs, as well as other
conductive helicoidal structures, and in modeling processes in environments containing
conical valves and in other applications—for instance, as 3D helicoidal heating elements in
biosensors and bioreactors.
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