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Featured Application: The influence of an electromagnetic field, which is induced upon the
motion of water through polymeric communication pipes, on the aggregation state of proteins,
should be taken into account in the development of novel highly sensitive biosensor systems
intended for the early diagnosis of diseases. This effect observed herein should also be considered
in the development of specified models of hemodynamics.
Abstract: The influence of liquid motion in flow-based systems on the aggregation state of an
enzyme and on its enzymatic activity was studied, with horseradish peroxidase (HRP) as an example.
Our experiments were carried out in a setup modeling the flow section of the biosensor communication
with a measuring cell containing a protein solution. Studies were conducted for a biosensor measuring
cell located along the axis of a spiral-moving liquid flow. The aggregation state of the protein was
determined with an atomic force microscopy-based sensor (AFM sensor). It has been demonstrated
that upon flowing of water through silicone biosensor communications, an increased aggregation of
HRP protein was observed, but, at the same time, its enzymatic activity did not change. Our results
obtained herein are useful in the development of models describing the influence of liquid flow in
biosensor communications on the properties of enzymes and other proteins. This is particularly
important for the development of serologic protein biosensors, which are beginning to be used for
the early diagnosis of oncological diseases (such as brain cancer, prostate cancer, breast cancer etc.).
The results obtained herein should also be taken into account when considering possible changes in
hemodynamics due to increased protein aggregation.
Keywords: horseradish peroxidase; atomic force microscopy sensor; protein aggregation

1. Introduction
In biosensor systems, spiral-coiled communications with a flowing aqueous medium are often
used for thermal stabilization. Such communications are employed both in miniaturized biosensor
systems and in large bioreactors [1]. Upon the flowing of water through spiral-wound communications,
triboelectric effects occur [2–6]; the occurrence of such effects leads to the generation of an electric current.
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In turn, the motion of electric charges (i.e., the electric current) is known to induce electromagnetic
fields. Despite these fields being weak, they nevertheless can influence biological objects. As is known,
weak electromagnetic radiation, whose power is in the range of ~10−4 W, has an influence on human
body (though this influence is weak)—so-called non-thermal effects [7,8]. Studying these effects is
of great importance, since weak radiation is beginning to be used in medicine for disease treatment.
For instance, pilot research is being undertaken to study the therapeutic effect of electromagnetic
radiation of non-thermal power in cancer [7]. At the same time, the influence of weak electromagnetic
radiation on enzyme systems is still insufficiently studied. So, a number of studies have concerned the
aggregation state of proteins in biosensor systems [9,10], but the influence of inductive electromagnetic
fields was not considered. On the other hand, it was demonstrated that a triboelectric effect appears
upon flowing of water in polymeric pipes, which leads to a generation of charge [2–6]; accordingly,
an electromagnetic field is induced. In modern biosensors, polymeric materials are widely used in
fluidic communications, in thermostabilization systems etc.
Recent experimental studies showed that the triboelectric effect is observed not only for pure
(deionized or distilled) water, but also for tap water [11–13] and even for 0.6 M NaCl and seawater [11,12],
whose resistivity is low.
At that, obviously, biosensors are fabricated in the form of compact devices, to save materials,
working space etc. Since an electric field is induced upon the flowing of a liquid through communication
components, the influence of this field can spread beyond these components. Accordingly, it is of
interest to find out the relationship between the process of the flowing of a liquid sample and the
properties of the sample located, for instance, in the measuring cell.
Thus, in our present study, typical conditions occurring in a biosensor or in a bioreactor have
been modeled, and the influence of flowing of water through spiral communications of a biosensor on
the properties of a protein, with an example of a well-studied protein—horseradish peroxidase (HRP)
enzyme—has been investigated. HRP pertains to heme-containing enzymes [14]. These enzymes play
an important role in various metabolic processes in human [15]. Moreover, HRP is often employed
in biosensor analysis as an enzymatic tag [16,17]. These are the reasons why this protein has been
chosen as a model object for our study. In our present research, HRP has been employed as an
object of study, since this protein is a well characterized enzyme often used as a model in studies of
a wide class of peroxidases. The study of peroxidases is of great interest due to the fact that these
enzymes are well represented in plant and animal tissues [18] and play an important functional role
in the organism. Peroxidase catalyzes the oxidation of a broad spectrum of organic and inorganic
compounds by hydrogen peroxide [19]. In particular, one should point out an important role of
myeloperoxidase, which participates in atherogenesis in humans [20]. The molecular weight of HRP
heme-containing glycoprotein is 40 to 44 kDa [21,22]. It is known that many enzymes, including
horseradish peroxidase [23], form aggregates. It was demonstrated that a change in the aggregation
state of HRP is observed upon the influence of electromagnetic fields with 100 Hz to 100 kHz frequencies.
So, aggregation of this protein was observed in alternating magnetic field with 40 kHz frequency at
various intensities from 510 to 1230 kA/m [24]. Neither a constant magnetic field nor alternating electric
field with the frequency within the range from 100 Hz to 100 kHz caused any change in the aggregation
state of HRP; however, a significant aggregation was observed in the case of the combination of these
fields [25].
In this way, the aggregation state of HRP biomolecules can be used as an indicator of the effect of
electromagnetic fields on biological molecules. A change in the aggregation state of an enzyme due to
an external physicochemical impact—such as electromagnetic, thermal, and chemical—characterizes
a change in its spatial structure. The latter can lead to changes in its functional properties and, as a
consequence, to a pathological state of the whole organism.
To study the effect of the electromagnetic field on HRP aggregation, an atomic force
microscopy-based sensor (AFM sensor) has been employed. The use of the AFM-based approach
for studying the effect of weak knotted electromagnetic fields on the aggregation state of HRP was
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demonstrated in our recent study [26]. In this way, one more reason why this protein has been chosen
as a model object for our present study is the fact that the aggregation state of HRP is rather sensitive to
the influence of weak electromagnetic fields. The importance of data obtained upon monitoring protein
aggregation consists of the possibility of the registration of minor effects, as every (even insignificant)
change in protein structure can affect the aggregation state of the macromolecules. At that, changes in
the structure are pronounced as an integral effect, which is connected with both the interaction between
proteins in their aggregates and the protein–surface interactions. To study protein aggregation, light
scattering-based methods such as dynamic light scattering (DLS) and multi-angle light scattering
(MALS) are commonly employed. It is to be noted that these methods are used for the determination of
protein aggregation in solution. In our present study, we employed AFM to determine the possibility
of protein aggregation on the surface, since in such a case it is possible to observe additional effects of
interaction of the protein with the AFM substrate surface. Due to such effects, the results obtained
by DLS can differ from those obtained by AFM. In addition, it should be noted that, to ensure the
intensity of the scattered light is not lower than the DLS device sensitivity threshold, DLS experiments
often require much higher protein concentrations than those used in AFM experiments [27]. At the
same time, concentration effects can significantly influence the HRP aggregation state [23,28]. This is
another reason why the results obtained by AFM and by DLS can differ. In the framework of the
present study, our task consisted of the revelation of changes in the protein’s properties under the
influence of electromagnetic field induced by the water flow at the single-molecule level. Due to
the above-listed factors, these changes can be indistinguishable while using DLS; these changes,
however, manifest themselves upon using AFM, when the signal from individual macromolecules is
detected [29,30]. AFM allows one to visualize individual enzyme molecules [29,30], which is important
for single molecule enzymology. To monitor the aggregation state of HRP in solution before and after
its exposure to the field, atomic force microscopy visualization of HRP macromolecules, adsorbed
from this solution onto atomically smooth substrate surface, was performed. In parallel, the enzymatic
activity of HRP was monitored by conventional spectrophotometry. In our research, these two methods
were employed together, as it was assumed that weak electromagnetic field can influence the properties
of HRP as discussed above. However, in cases when this change does not affect either the active site
or chromophoic groups of the enzyme, it is difficult to reveal such changes by measuring the kinetic
parameters of the enzyme reaction.
Herein, we modeled the measuring cell of a biosensor (or a bioreactor vessel) using a standard
polypropylene tube filled with HRP solution, while the polymeric communication was modeled with a
silicon pipe, spiral-wound onto a glass cylinder to form a coil, through which tap water was pumped
(see Figure 1). Such a geometry is often used in thermostabilization of biosensors’ elements, including
measuring cells, and in a number of other cases. The cell was placed over the spiral-wound pipe
parallel to the coil axis (over the coil) (Figure 1). Our AFM data indicated that in the case when the cell,
containing HRP solution, was placed over the coil, an increase in the HRP protein structures (that is,
HRP aggregation) was observed. At that, according to the spectrophotometric data, enzymatic activity
of HRP did not change.
Moreover, to study the inductive field (induced by the motion of water) along the communication
axis, kinetic studies were conducted to measure the action of this field on a metal disk suspended on a
cobweb thread along the axis of this communication. This system modeled highly sensitive torsion
balance, commonly used in physics to study the induced fields by monitoring the torsion of a disc.
It was obtained that the inductive field influences the position of the disc, making it spin. This motion
was recorded on a video.
The results obtained herein should be taken into account in the analysis of the structure of proteins
and their complexes studied using biosensors, in the development of serological diagnostics based on
protein markers of diseases requiring early diagnosis, such as brain cancer, prostate cancer, etc. These
data can also be of use in the study of hemodynamics in the human body.
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Figure 1. Schematic representation of the experimental setup employed for studying the effect of liquid
flow on the properties of a protein. The measuring cell with the enzyme solution was placed over the
Figure 1. Schematic representation of the experimental setup employed for studying the effect of
coil; “water flow” marks indicate start and end section of the silicone pipe, which was spiral-wound
liquid flow on the properties of a protein. The measuring cell with the enzyme solution was placed
onto a glass cylinder to form a coil; water was pumped through the coiled pipe.
over the coil; “water flow” marks indicate start and end section of the silicone pipe, which was spiralwound onto
glass cylinder to form a coil; water was pumped through the coiled pipe.
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2.3. AFM Sensor Measurements
The AFM sensing experiments were carried out as described in our recent study [26]. Briefly, HRP
was non-covalently immobilized onto the surface of bare muscovite mica sheets (SPI, USA) from 800 µL
of 0.1 µM aqueous HRP solution by direct surface adsorption method [31]. The protein concentration
used in AFM sensing experiments was determined by the inherent limitations of the AFМsensing
technique: at higher concentrations, the investigated molecules formed continuous layers on the mica
surface, thus hindering the visualization of individual objects [31].
The mica surface with adsorbed HRP molecules was visualized with an AFM-based sensor
according to the previously developed technique [26]. The AFM images were recorded in tapping
mode in air employing a Titanium multimode atomic force microscope (which 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
RFMEFI62117X0017; NT-MDT, Zelenograd, Russia) equipped with NSG10 cantilevers (“TipsNano”,
Zelenograd, Russia; 47 to 150 kHz resonant frequency, 0.35 to 6.1 N/m force constant). The calibration
of the microscope by height was carried out on a TGZ1 calibration grating (NT-MDT, Russia; step
height 21.4 ± 1.5 nm). The total number of imaged objects in each sample was no less than 200, and
the number of frames for each sample was no less than 10. Analogously to one of our recent papers,
the density of distribution of the imaged objects with height ρ(h) was calculated as ρ(h) = (Nh /N) ×
100%, where Nh is the number of imaged proteins with height h, and N is the total number of imaged
proteins [32]. Preliminary experiments were performed with the use of protein-free ultrapure water
instead of protein solution; in these experiments, no objects with >0.5 nm height were registered.
AFM sensor operation, obtaining AFM images, their treatment (flattening correction etc.) and
exporting the obtained data in ASCII format were performed using the standard NOVA Px software
(NT-MDT, Moscow, Zelenograd, Russia) supplied with the atomic force microscope. The number of
the visualized particles in the obtained AFM images was calculated automatically using specialized
AFM sensor data processing software developed in Institute of Biomedical Chemistry.
2.4. Spectrophotometric Estimation of Enzymatic Activity of HRP
HRP activity monitoring was estimated according to the technique described in detail by Sanders
et al. [33] employing (ABTS) as reducing substrate. ABTS is commonly employed for the determination
of HRP enzymatic activity, and the enzymatic assay reaction should be performed at pH 5.0 [34].
Briefly, the rate of change in solution absorbance at 405 nm was measured employing an Agilent
8453 UV-visible spectrophotometer (Agilent Technologies Deutschland GmbH, Waldbronn, Germany).
Then, 30 µL of 10−7 M HRP solution was added into a 3-mL quartz cuvette (pathlength 1 cm, Agilent,
USA) containing 2.96 mL of 0.3 mM ABTS solution in phosphate-citrate buffer (51 mM Na2 HPO4 ,
24 mM citric acid, pH 5.0) and stirred. In this way, the final HRP concentration in the cuvette was
10−9 M. Finally, 8.5 µl of 3% (w/w) H2 O2 was added into the cuvette. Spectrum acquisition was started
immediately upon the addition of H2 O2 .
3. Results
3.1. Results of AFM Sensor Measurements
Figure 2 displays typical AFM images of the mica surface with HRP biomolecules adsorbed from
the working solutions and from the control solution, and corresponding cross-section profiles indicated
by the lines in the images. Figure 3 displays the density functions of distribution of the imaged objects
with height ρ(h), plotted based on the AFM data summarized for each sample.

comparable sizes: putidaredoxin reductase, hmax = 1.8 nm [27], Mr = 45.6 kDa [35]; adrenodoxin
reductase, hmax = 1.8 nm [36], Mr = 54 kDa [37]. Our data obtained herein are also in coincidence with
the results obtained in our previous studies by AFM [26,28]. For these considerations, one can
conclude that the objects with ~1.6-nm height, observed upon AFM scanning, can be attributed to
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Figure 2. Results of atomic force microscopy (AFM) analysis for horseradish peroxidase (HRP)
Figure typical
2. Results
atomic
microscopy
(AFM)
analysis
horseradish
(HRP)
solutions:
AFMofimages
of force
the mica
surface with
adsorbed
HRP for
particles
(left) andperoxidase
corresponding
solutions: typical indicated
AFM images
mica images
surface
with The
adsorbed
HRP
(left)
and
cross-section
by linesofin the
the AFM
(right).
measuring
cellparticles
(containing
HRP
Appl. Sci. 2020, profiles
10, x
7 of 12
corresponding
cross-section
profiles
indicated
by lines
the
AFM images
(right).
The measuring
solution)
was placed
either far away
at a 10-m
distance
fromin
the
polymeric
pipe coil
(control
experiment)cell
HRP(b).
solution) was placed either far away at a 10-m distance from the polymeric pipe coil
(a) (containing
or over the coil
(control experiment) (a) or over the coil (b).

Figure 3. Results of processing of data obtained upon the AFM analysis of HRP solutions. Typical plots
of distribution
the imaged
objectsofwith
ρ(h).
Thethe
cell
withanalysis
HRP solution
placed
either far
Figure 3. of
Results
of processing
dataheight
obtained
upon
AFM
of HRP was
solutions.
Typical
away plots
at a 10-m
distance from
polymeric
(control
experiment,
black
line) or
over
the coil
of distribution
of thethe
imaged
objects pipe
with coil
height
(h). The
cell with HRP
solution
was
placed
either far away at a 10-m distance from the polymeric pipe coil (control experiment, black line) or over
(red line).
the coil (red line).

As seen from Figure 2a, in the control experiment, when the cell containing HRP solution was
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indicates a non-monotonic dip of the (h) curve near this point. The latter indicates that there is an
additional contribution from objects with high heights (i.e., aggregates of biomolecules) to the right
wing of the distribution in the region of heights above 2.2 nm. That is, it has been observed that HRP
biomolecules, adsorbed from the control solution, present on the AFM chip in the form of a mixture
of monomers and aggregates.
Figure 2b displays typical AFM images of the mica surface with HRP biomolecules adsorbed

Appl. Sci. 2020, 10, 4560

7 of 11

of compact objects with heights from 1.0 to 4.0 nm. The ρ(h) plot (Figure 3, black line) indicates that
the maximum number of molecules have a height of 1.6 ± 0.2 nm. The molecular weight of HRP
is known to be 40 to 44 kDa [21,22]. Furthermore, other proteins with similar Mr were reported to
have comparable sizes: putidaredoxin reductase, hmax = 1.8 nm [27], Mr = 45.6 kDa [35]; adrenodoxin
reductase, hmax = 1.8 nm [36], Mr = 54 kDa [37]. Our data obtained herein are also in coincidence
with the results obtained in our previous studies by AFM [26,28]. For these considerations, one can
conclude that the objects with ~1.6-nm height, observed upon AFM scanning, can be attributed to
HRP monomers.
At the same time, the ρ(h) plot for the control sample has an inflection point near 2.2 nm,
which indicates a non-monotonic dip of the ρ(h) curve near this point. The latter indicates that there is
an additional contribution from objects with high heights (i.e., aggregates of biomolecules) to the right
wing of the distribution in the region of heights above 2.2 nm. That is, it has been observed that HRP
biomolecules, adsorbed from the control solution, present on the AFM chip in the form of a mixture of
monomers and aggregates.
Figure 2b displays typical AFM images of the mica surface with HRP biomolecules adsorbed
from the solution placed in the cell over the coil (see Figure 1). As seen from Figure 2b, objects with
heights from 1 to 5 nm are visualized. The analysis of ρ(h) function obtained for this sample (Figure 3,
red line) indicated that the distribution maximum is 1.4 ± 0.2 nm, what coincides with analogous
values obtained for the other sample. However, a significant increase in the contribution to the right
wing of the distribution—that is, an increased number of objects with heights from 2.2 to 4.2 nm—is
observed. The appearance of objects with heights in the range from 2 to 4 nm on the mica surface
after its incubation in the analyzed sample indicates an increase in the protein aggregation rate in the
analyzed solution.
3.2. Results of Spectrophotometric Measurements
Measurements of enzymatic activity of HRP using the reaction with ABTS substrate were carried
out for all the samples (control and working), as described in Materials and Methods. Typical time
Appl. Sci.
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Figure 4. Spectrophotometric measurements of enzymatic activity of HRP. Characteristic time
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Monitoring of the Effect of an Inductive Field on Macroscopic Objects
It has been found that an inductive field, arising from the motion of water, can act on a metallic
disc, causing its mechanical movement. That is, after starting the water flow through the polymeric
pipe coil, a rotation of this disc, which was placed into the glass cylinder (see Figure 1), was observed.
In our experiments, a rotation of the disc by 520 degrees anti-clockwise for about 7 min was observed,
followed by a 225-degree rotation in the opposite direction for 15 min; after that, the disc exhibited
minor movements during the rest of the observation time. The complete video record of the full
experiment after starting the water flow can be found in the Supplementary movie files (two versions
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3.3. Monitoring of the Effect of an Inductive Field on Macroscopic Objects
It has been found that an inductive field, arising from the motion of water, can act on a metallic
disc, causing its mechanical movement. That is, after starting the water flow through the polymeric
pipe coil, a rotation of this disc, which was placed into the glass cylinder (see Figure 1), was observed.
In our experiments, a rotation of the disc by 520 degrees anti-clockwise for about 7 min was observed,
followed by a 225-degree rotation in the opposite direction for 15 min; after that, the disc exhibited
minor movements during the rest of the observation time. The complete video record of the full
experiment after starting the water flow can be found in the Supplementary movie files (two versions
of the movie—either a real-time record and a 100X-accelerated video—are provided).
4. Discussion
In the present research, we have studied the effect of water motion through a polymeric pipe.
The results obtained indicate the effect of the water flow on a protein solution placed along the axis of
a coiled communication. In this way, according to the results of our experiments, through the AFM
analysis of the solution placed along the axis of the polymeric communication pipe upon the flow of
water through this pipe, formation of large objects with heights from 2 to 4 nm (Figure 3, red line) is
observed. This increase in the heights of the AFM-visualized objects corresponds to an increase in
protein aggregation.
The cause of the effect of the flow on protein aggregation is possibly connected with the arising
of an inductive field upon the motion of water through the pipe—for instance, due to a generation
of charge in the moving liquid [5,11,12] and, accordingly, induction of an electromagnetic field. It is
interesting to emphasize that, while the change in protein aggregation is clearly observed with the
AFM sensor, the enzymatic activity measured by spectrophotometry remains virtually unchanged.
The latter means that this influence impacts the spatial structures of the protein, while not affecting
its active site. Let us note that the effects of HRP aggregation in the presence of alternating magnetic
fields were previously observed by Sun et al. [25]. In our case, alternating magnetic field arises in
the moment of starting the liquid flow, which causes a change in the current generated upon the
motion of liquid owing to triboelectric effect; the latter was discussed earlier by us and by other
authors [2–6,11–13,38]. It should be emphasized that herein, we have studied the effect of a flow
of tap water through a coiled polymeric communication pipe. According to the results reported by
Xu et al. [11] and by Zhao et al. [12], despite the resistivity of tap water being much lower than that
of a purified (distilled of deionized) one, its flow along a polymeric surface is expected to produce a
considerable triboelectric effect. As was noted in the introduction, Xu et al. observed a considerable
triboelectric effect caused by the falling of liquid drops onto a poly(tetrafluoroethylene) (PTFE) surface.
The ionic strength of tap water used by Xu et al. was 3.1 mM, which is of the same order of magnitude
as the water employed in our experiments. Let us note that the triboelectric effect observed by Xu et al.
upon dropping tap water onto PTFE allowed the authors to attain a 50 W/m2 output power; at that, a
~140 V voltage was generated. This was sufficient to power 100 LEDs. The authors also demonstrated
that such a system is even capable of producing electric power when using seawater, allowing them to
generate a ~20 V voltage.
As regards our study, we observed the influence of a triboelectric effect of moving tap water not
in a drop-by-drop, but in a more efficient jet flow mode with a 4 m/s flow speed.
Let us note that the intensity of the inductive field, arising upon the motion of liquid, is sufficiently
high, an example of the effect of which could be observed in the rotation of a disc, hung on a cobweb
thread inside a cylinder with a spiral-wound communication pipe with flowing water. Such a behaviour
is possibly caused by an interference between the inductive fields arising upon the flow of water
through the polymeric pipe and those arising on the metal disc. The intensity of these fields is
significant, the effect of which manifests itself in mechanical rotation of the disc.
The results obtained indicate the effect of water flowing through polymeric communications
on an enzyme located near these communications. These results should be taken into account in
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the development of models describing the physicochemical properties of proteins (including their
aggregation state) and in biosensor systems. This is particularly important to be taken into account
in highly sensitive biosensors for diagnostics of oncological diseases, such as brain cancer, prostate
cancer, breast cancer, ovarian cancer. These results are also of importance for modeling pathological
processes connected with the participation of enzymes in the formation of functionally important
multiprotein complexes—for instance, inflammatory processes in the body with the participation
of myeloperoxidase, which is present in the form of dimers in these complexes [39]. Evidently,
if peroxidase changes its aggregation state under the influence of an electric field, then the influence of
radiation on the course of inflammation-associated pathological process is also possible. Moreover,
protein aggregation can lead to hemodynamic difficulties in small vessels.
5. Conclusions
Herein, with the example of HRP protein, studied with an AFM sensor, it has been shown that a
water flow, formed in the flow sections of biosensors, has an effect on the enzyme—namely, the change
in its aggregation state has been observed. It has been demonstrated that the flow of water through a
coiled polymeric communication pipe impacts the physicochemical properties of the protein. This
effect manifests itself in the form of an increase in the degree of HRP aggregation upon its adsorption
onto the bare muscovite mica surface. This indicates that water, flowing through the coiled pipe,
influences the spatial structures of the protein. At the same time, no influence of the water flow on the
functional activity of the protein was registered, as its enzymatic activity, estimated by conventional
spectrophotometry, remained unchanged. The results reported herein are of importance for the
correct interpretation of data obtained during the studies involving proteins (including enzymes)
in flow-based biosensor systems. These results should be taken into account in the development of
models describing protein aggregation and hemodynamics. Our results are also important for the
development of novel highly sensitive biosensors intended for the diagnosis of diseases connected
with protein aggregation—in particular, inflammatory processes, neurodegenerative diseases, and
oncological diseases.
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