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Abstract: Glycerol is used as a heat-transfer fluid in heat exchangers, and as a component of functional
solutions in biosensor analysis. Flowing non-aqueous fluids are known to be able to induce electromagnetic
fields due to triboelectric effect. These triboelectrically generated electromagnetic fields can affect biological
macromolecules. Horseradish peroxidase (HRP) is widely employed as a convenient model object for studying
how external electric, magnetic, and electromagnetic fields affect enzymes. Herein, we have studied whether
the flow of glycerol in a ground-shielded cylindrical coil affects the HRP enzyme incubated at a 2 cm distance
near the coil’s side. Atomic force microscopy (AFM) has been employed in order to study the effect of glycerol
flow on HRP at the nanoscale. Increased aggregation of HRP on mica has been observed after the incubation
of the enzyme near the coil. Moreover, the enzymatic activity of HRP has also been affected. The results
reported can find their application in biotechnology, food technology and life sciences application, considering
the development of triboelectric generators, enzyme-based biosensors and bioreactors with surface-
immobilized enzymes. Our data can also be of interest for scientists studying triboelectric phenomena.

Keywords: atomic force microscopy; horseradish peroxidase; enzyme aggregation; enzymatic
activity; triboelectric effect; fluid flow

1. Introduction

Glycerol, a trihydric alcohol, is employed as a heat transfer fluid [1], representing a non-toxic
alternative to widely used ethylene glycol [2]. Furthermore, glycerol finds its application in flow-
based biosensors as a component of specialized buffer solutions [3]. The above-mentioned
applications suppose the organization of a fluid flow.

Regarding biosensor systems, biological macromolecules under study are either introduced
directly into the flow, or immobilized on the sensor surface, which is in direct physical contact with
the fluid flow [3-7]. In this situation, the fluid flow is directly interacting with the biological
macromolecules. In this regard, with the example of bovine serum albumin (BSA), Dobson et al.
demonstrated that direct action of a fluid flow can induce protein aggregation [8].

In this regard, one should bear in mind that the flow of both aqueous and non-aqueous fluids
can well cause triboelectric generation of electric charge [9-21]. Electromagnetic fields induced in this
way were also shown to affect biological macromolecules [15-17], exhibiting an indirect action of a
fluid flow on these macromolecules.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Atomic force microscopy (AFM) allows for studying aggregation of biological macromolecules
with single-molecule resolution [22]. Previously, we reported the successful use of AFM for
revelation of enzyme aggregation under the influence of flow-induced electromagnetic fields [15-17].

Horseradish peroxidase (HRP) represents a ~44 kDa [23] enzyme glycoprotein, whose structure
is stabilized by carbohydrate chains [24,25]. Since this enzyme is comprehensively characterized in
literature [26], many authors used it as a model object for studying the effect of electric [27], magnetic
[28-31] and electromagnetic [15-17,22,32-35] fields on enzymes.

Herein, we have employed the well-established approach based on AFM and
spectrophotometry [15,17,22] for studying the effect of glycerol flow in a shielded coil on HRP. While
AFM has allowed us to reveal an increase in the aggregation of HRP on the surface of mica substrates,
a slight increase in its enzymatic activity against its substrate 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) in solution has also been observed.

The data reported can be of interest for scientists studying the interaction of biological
macromolecules with electromagnetic fields. Our results can find application in biotechnology, food
technology and life sciences application, considering the development of enzyme-based biosensors
and bioreactors with surface-immobilized enzymes.

2. Materials and Methods

Experimental setup used in our present research was analogous to that described in detail in our
previous paper [16]. The difference consisted in that the coil has been covered with metallic foil in
order to provide proper shielding of transverse electromagnetic radiation. In our experiments
reported herein, the working enzyme solution was placed at a 2 cm distance from the coil’s side,
while the control enzyme sample was placed three meters away from the coil. The enzyme
concentration of both the working and the control solution was 0.1 pM, and the volume of each
sample solution was 1 mL. The enzyme solutions were incubated in the designated locations for 40
min. After the incubation, the solutions were subjected to parallel AFM and spectrophotometric
analysis.

Samples for AFM measurements were prepared by direct surface adsorption [36] as described
in our previous papers [15-17,22]. The mica AFM substrates with surface-adsorbed HRP particles
were scanned with a Titanium atomic force microscope (NT-MDT, Zelenograd, Russia; the
microscope pertains to the equipment of “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: REMEFI62117X0017). At least ten scans were obtained
for each AFM substrate studied. Blank experiments were performed with the use of protein-free
buffer. No objects with heights exceeding 0.5 nm were observed in the blank experiments. Atomic
force microscope operation, treatment of the AFM images obtained (flattening correction etc.) and
exporting the AFM data to ASCII format were performed using a NOVA Px software (NT-MDT,
Moscow, Zelenograd, Russia) supplied with the microscope. The number of the visualized particles
in the obtained AFM images was calculated with a specialized AFM data processing software
developed in IBMC. The distribution of the AFM-visualized objects with heights (density functions),
and the number of particles visualized by AFM (normalized per 400 um?) were calculated as
described by Pleshakova et al. [37].

Spectrophotometry measurements were performed according to well-established technique
described previously [15,17,22]; this technique, based on the interaction of the HRP enzyme with its
substrate ABTS in slightly acidic (pH 5.0) phosphate-citrate buffer, was originally reported by
Sanders et al. [38]. The spectrophotometric measurements were carried out with an Agilent 8453
spectrophotometer at 405 nm.
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3. Results

3.1. Atomic force microscopy

Figure 1 displays typical AFM images of HRP adsorbed onto mica from control enzyme solution
(which was incubated three meters away from the coil; Figure 1a) and from working enzyme solution
(which was incubated at a 2 cm distance from the coil’s side).

X1 (line 161)

]
o
«
i
«
P
i
=
N
i,
!
p
&
=
!
=
=
o
o
o
o

0 02 04 06 08 10 12 14 16 1820

£ w0
e
E‘-
c n
o
: o
0 02 04 06 08 10 12 14 16 1.8 2.0 0 0.20.4060.81.01.21.41.61.82.0
um um

2 o
e
E\_
[=
n
)
s o
0 02 04 06 08 10 12 14 16 18 0 0.20.40.60.81.0121.41.61.82.0
um um

(b)

Figure 1. Typical AFM images of HRP adsorbed onto mica from control enzyme solution incubated
three meters away from the coil (a) and from working enzyme solution incubated at a 2 cm distance
from the coil’s side (b). Panels on the right display cross-section profiles corresponding to the lines in
the respective AFM images on the left.

The images in Figure 1 indicate that HRP is adsorbed on mica in the form of compact objects. In
order to find out whether there was an effect on HRP aggregation in our experiments, let us analyze
the results of AFM data processing.

Figure 2 displays density functions’ plots obtained for working (red curve) and control (blue
curve) enzyme samples.
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Figure 2. Density function plots obtained for working HRP sample (incubated at a 2 cm distance from
the coil’s side; red curve) and for control HRP sample (incubated three meters away from the
experimental setup; blue curve).

By analyzing the shape of the density functions’ plots, one can observe an increase in the content
of high (>1.4 nm) objects in the working enzyme sample in comparison with the control one. As was
justified previously [22], these high objects can be attributed to aggregated form of mica-adsorbed
HRP. Accordingly, this allows us to make a conclusion that the incubation of 0.1 uM HRP solution
near the side of a shielded coil with flowing glycerol induces aggregation of the enzyme upon its
adsorption onto mica.

Figure 3 displays absolute distribution of the number of particles, visualized by AFM on mica
substrates, with height.
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Figure 3. Number of AFM-visualized particles, normalized per 400 pm?, obtained for working HRP
sample (incubated at a 2 cm distance from the coil’s side; red bars) and for control HRP sample
(incubated three meters away from the experimental setup; blue bars).
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The data presented in Figure 3 indicate that the number of particles adsorbed from the working
enzyme sample (red bars; No=2800 particles per 400 pm?) and that of particles adsorbed from the
control enzyme sample (blue bars; Ns«o=4800 particles per 400 pm?) are of the same order of
magnitude.

3.2. Spectrophotometric estimation of HRP enzymatic activity

Figure 4 displays absorbance vs. time curves recorded at 405 nm for working (red curve) and
control (blue curve) enzyme samples.
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Figure 4. Absorbance at 405 nm vs. time curves recorded for working HRP sample (incubated at a 2
cm distance from the coil’s side; red curve) and for control HRP sample (incubated three meters away
from the experimental setup; blue curve).

From Figure 4, one can see that the enzymatic activity of HRP after its incubation near the coil
with flowing glycerol is higher than that of the enzyme in the control sample. The phenomenon of
HRP enzymatic activity enhancement by external electromagnetic field has been previously observed
by Yao et al. [32] after radio frequency treatment of this enzyme at 50°C.

4. Discussion

In our present research, we have studied the influence of glycerol flow, organized in a ground-
shielded cylindrical coil, on the properties of horseradish peroxidase enzyme. Adsorption properties
of the enzyme have been investigated by AFM, while its enzymatic activity against ABTS substrate
has been assessed by spectrophotometry.

In our experiments reported, AFM has allowed us to reveal an increase in the HRP aggregation
on mica. Moreover, a slight increase in the enzymatic activity of HRP has been observed after the
incubation of the enzyme near the coil. It is to be emphasized that the coil with flowing glycerol has
been ground-shielded. Accordingly, the effect observed in our experiments cannot be attributed to
the action of a transverse electromagnetic radiation, which could take place if the coil was not ground-
shielded. Accordingly, the phenomena revealed in our experiments can be explained by formation of
a longitudinal field by the flow of glycerol. The effect of such a field, intentionally formed by means
of a specialized generator, on the enzyme was observed for the first time by Ivanov et al. [22]. Therein,
it was noted that such electromagnetic fields, which have a specific topology [39-42], can influence
biological objects (including enzymes) at even very low power densities comparable with the
background radiation level [22]. The effect of the field on both the enzyme aggregation and its
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enzymatic activity can be explained by the change in the structure of the enzyme’s hydration under
the action of the field.

Indeed, the structure of hydration shell was shown to be one of the factors influencing the
functioning of biological macromolecules [43]. And in case of enzymes, their enzymatic activity can
well be affected by alterations in their hydration shells [43—45]. And this is what we have observed in
our experiments with HRP enzyme. This is how we explain the effect of glycerol flow on HRP enzyme
in our particular case.

5. Conclusions

The flow of a dielectric fluid (glycerol) through a ground-shielded cylindrical coil has been
found to affect physicochemical properties of HRP enzyme, whose 0.1 uM solution has been
incubated at a 2 cm distance from the coil for 40 minutes. Namely, such an incubation has led to an
increased aggregation of the enzyme on mica, as has been revealed at the single-molecule level by
AFM. Moreover, its enzymatic activity against ABTS has been found to increase after the incubation
near the coil — as compared with the control enzyme sample incubated three meters away from the
coil. The results obtained can be of use in the development of triboelectric generators, and should be
taken into consideration in the development of novel flow-based based biosensors and bioreactors
with surface-immobilized enzymes.
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