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Abstract: Glycerol has found its applications as a heat-transfer fluid in heat exchangers, and as
a component of functional liquids in biosensor analysis. Flowing non-aqueous fluids are known
to be able to induce electromagnetic fields due to the 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. An 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 that their application can be found in biotechnology, food technology
and life sciences applications, considering the development of triboelectric generators, enzyme-based
biosensors and bioreactors with surface-immobilized enzymes. Our work can also be of interest for
scientists studying triboelectric phenomena, representing one more step toward understanding the
mechanism of the indirect action of the flow of a dielectric liquid on biological macromolecules.

Keywords: horseradish peroxidase; glycerol; enzyme aggregation; enzymatic activity; liquid 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 abovementioned applications can be used for the organization of a fluid flow.

Regarding biosensor systems, biological macromolecules under study are either in-
troduced 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 interact-
ing with the biological macromolecules. Regarding bovine serum albumin (BSA), Dobson
et al. demonstrated that the direct action of a fluid flow on biological macromolecules can
induce their aggregation [8]. It should be emphasized that the fluid flow can also act on
biological macromolecules indirectly. In other words, the fluid flow can affect biological
macromolecules even when there is no direct mechanical contact between the molecules
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and the flow. Below, we consider one of the possible mechanisms of the indirect action of
the fluid flow on enzymes.

The flow of both aqueous [9–15] and non-aqueous [16–21] fluids can well cause the
triboelectric generation of electric charge [9–21]. This widely employed phenomenon is
the development of the so-called triboelectric generators [11–14,18]. It should be empha-
sized that, despite the fact that aqueous fluids are used for this purpose, in the majority
of cases [11–14], the successful development of oil-employing triboelectric devices was
recently reported [18]. Yoo et al. have found that, in the case of glycerol, the triboelectric
generation of charge is very significant in comparison with the majority of other liquids
tested [21]. In this context, it should be borne in mind that triboelectrically induced fields
can influence biological macromolecules [15–17], exhibiting an indirect action of a fluid
flow on these macromolecules. Additional attention should also be paid in the case of the
triboelectric effect of fluid flow through pipes [9,21], including pipe coils, which are used
as heat exchangers in bioreactors [22]. Heat exchangers are key components of bioreactors
operating with enzymes [23,24]. Since glycerol, which was found to be triboelectrically
active [21], is often used as a heat transfer agent [1], further research is required in order to
investigate the possible effects of its flow on biological molecules, including enzymes. And
this is the aim of our study.

The effect of an external triboelectrically induced field on biological macromolecules
is often manifested in the form of the aggregation of these macromolecules under the field
action [15–17]. Atomic force microscopy (AFM) represents a powerful method, which
allows one to investigate the aggregation of biological macromolecules [25–27], includ-
ing enzymes [15–17,28–34] with high (up to single-molecule) resolution. This feature of
AFM allows one to even reveal subtle effects, which are indistinguishable by macroscopic
methods such as spectrophotometry [29].

AFM is widely employed for studying the aggregation state of various enzymes.
In [31], AFM has allowed to determine the ratio between monomers and oligomers of
cytochrome CYP102A1, whose oligomers were reported to have a higher enzymatic activity
than its monomers [35]. Namely, with the use of an AFM probe with typical (10 nm) tip
curvature radius, this ratio was found to be 0.5:0.5. Moreover, the use of a supersharp AFM
probe with tip curvature radius of 2 nm has allowed the determination of the ratio between
different oligomers of this enzyme (dimers/trimers/tetramers = 0.3:0.1:0.1). This example
clearly illustrates the excellent suitability of AFM for enzyme aggregation studies. Fur-
thermore, Baron et al. [32] discussed the influence of isopropanol on enzyme–enzyme and
enzyme–surface interactions on the adsorption of lipase (isolated from Bacillus megaterium
CCOC P2637) on polypropylene and silicon substrates. These authors have demonstrated
that the addition of isopropanol to a buffered aqueous solution of the lipase promotes
its disaggregation, forcing its adsorption onto hydrophilic surfaces. With the example
of glutamate dehydrogenase, Blasi et al. [33] and Zhang and Tan [34] demonstrated the
applications of AFM for the characterization of enzyme-functionalized surfaces.

Horseradish peroxidase (HRP) represents a ~44 kDa [36] enzyme glycoprotein, whose
structure is stabilized by carbohydrate chains [37,38]. Since this enzyme is comprehen-
sively characterized in the literature [39], many authors have used it as a model object
for studying the effect of electric [40], magnetic [41–44] and electromagnetic [15–17,45–48]
fields on enzymes. Previously, we reported the successful use of AFM for the revelation of
HRP aggregation under the influence of flow-induced electromagnetic fields [15–17]. Sun
et al. [43,44] employed AFM for the investigation of the influence of alternating magnetic
fields on HRP adsorption onto mica, and revealed that the action of the field on the enzyme
forces it to form complex extended structures on the substrate surface. Wasak et al. [41]
studied the effect of low-frequency rotating magnetic fields on HRP. These authors have
found an increase in the enzymatic activity of HRP against o-dianisidine at 1 Hz and 20 Hz
magnetic field frequencies (at which the activity increased by 8% and 12%, respectively),
while the action of the field of other frequencies studied (2; 5; 10; 30; 40 and 50 Hz) were found
to deactivate the enzyme. Emamdadi et al. [42] observed a very significant enhancement in
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the enzymatic activity of HRP against pyrogallol after its 30 min incubation in a 52 mT static
magnetic field. Regarding radio frequency electromagnetic fields, Fortune et al. [45] have
observed no nonthermal effect on HRP after the action of either a 13.56 MHz, 915 MHz or
2.45 GHz frequency. Of note, Yao et al. [46] have recently reported very interesting results
regarding the activation of HRP by its radio frequency (27.12 MHz) heating at 50 ◦C.

Our present research is aimed at studying the indirect effect of glycerol flow through
a cylindrical coil heat exchanger on HRP. With this purpose, we have employed the well-
established approach based on AFM and spectrophotometry [15,17,28] 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, an 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. It is to be emphasized that HRP has found
numerous applications in biotechnology as a catalyst [49], and in diagnostics as a reporter
enzyme [50]. Accordingly, our results can also find application in the development of
water purification systems [51,52], food treatment methods [46] and biomarker detection
systems [53], considering the development of enzyme-based biosensors [53] and bioreactors
with surface-immobilized enzymes [52].

2. Materials and Methods
2.1. Chemicals and Protein

HRP enzyme (peroxidase from horseradish; Cat. #6782) and its substrate 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) were purchased from Sigma. Disodium
hydrogen orthophosphate, citric acid and hydrogen peroxide were purchased from Reakhim
(Moscow, Russia). An amount of 2 mM Dulbecco’s modified phosphate-buffered saline (PBSD
buffer) was prepared from a salt mixture purchased from Pierce (Waltham, MA, USA). Ultrapure
deionized water (with 18.2 MΩ × cm resistivity) was used in all the experiments. The
water was purified using a Simplicity UV system (Millipore, Molsheim, France). Glycerol
was purchased from Glaconchemie GmbH (Merseburg, Germany).

2.2. Experimental Setup

Experimental setup used in our present research was analogous to that described
in detail in our previous papers [16,17]. The difference was that the coil was covered
with ground-shielded aluminum foil in order to provide proper shielding of transverse
electromagnetic radiation. The schematic drawing of the experimental setup is presented
in Figure S1. The coil is schematically shown in Figure 1, and Figure S2 displays its
photographic image.

In brief, glycerol was continuously pumped through a polymeric (silicone) coiled pipe
at a flowrate of 9 L/s. The fluid was warmed up to 65 ◦C in order to provide enough
fluidity, making its pumping possible at a desired flowrate. The entire pipe (both the coiled
and the linear sections) was additionally covered with a heat insulator to prevent undesired
heating of the enzyme samples, since heating can affect the enzyme properties [46,47]. In
this way, the temperature of the enzyme samples was kept at 25 ◦C.

In our reported experiments, 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 distance between the coil and the working enzyme solution (2 cm)
was approximately two times greater than the diameter of the test tube. This was the
shortest distance from the coil, at which we could avoid direct physical contact between the
test tube and the coil. The control sample was placed at the longest available distance from
the coil. This distance in control experiments was limited by the size of the laboratory room
and was 150 times greater than that in working experiments. The enzyme concentration of
both the working and the control solution was 0.1 µM in 2 mM PBSD buffer (pH 7.4), and
the volume of each sample solution was 1 mL. The enzyme solutions were incubated in
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the designated locations for 40 min. After the incubation, the solutions were subjected to
parallel AFM and spectrophotometric analysis.
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control HRP solutions.

2.3. AFM Experiments—Preparation of Substrates for AFM

Samples for AFM measurements were prepared by direct surface adsorption [54] as
described in our previous papers [15–17,28]. In brief, one 7 mm × 15 mm piece of freshly
cleaved muscovite mica (AFM substrate; Structure Probe, Inc., West Chester, PA, USA) was
immersed into the test tube with the HRP sample to be studied, and kept therein for ten
minutes upon shaking at 600 rpm and at room temperature. Then, the substrate was rinsed
with ultrapure water and air-dried.

Blank experiments were performed with the use of pure enzyme-free buffer instead of
HRP solution.

2.4. AFM Experiments—AFM Scanning

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 no.
14.621.21.0017, unique project ID: RFMEFI62117X0017). NSG10 AFM probes (“TipsNano”,
Zelenograd, Russia) with tip curvature radius of 10 nm (resonant frequency: 47 to 150 kHz;
force constant: 0.35 to 6.1 N/m) were employed for AFM scanning. At least ten scans were
obtained for each AFM substrate studied. Regarding the blank experiments, no objects
with heights exceeding 0.5 nm were observed.

Microscope operation, treatment of the AFM images obtained (flattening correc-
tion, 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 relative distribution of the AFM-visualized objects with height ρ(h) (density
function), and the number of particles visualized by AFM (normalized per 400 µm2) were
calculated for each sample studied as described by Pleshakova et al. [55].

Namely, ρ(h) was calculated as follows:

ρ(h) = (Nh/N) × 100%, (1)
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where Nh is the number of distinct particles, imaged by AFM, with height h; and N is the
total number of imaged distinct particles [55].

The number of particles N400, normalized per 400 µm2 area of the substrate surface,
was calculated as:

N400 = N × 400/(n × d2), (2)

where N is the number of visualized objects for one and the same sample; n is the number
of AFM scans performed for one and the same sample; and d is the linear dimension of the
AFM scan (µm).

2.5. Spectrophotometric Determination of HRP Enzymatic Activity

Spectrophotometry measurements were performed according to a well-established
technique described previously [15,17,28]; this technique, based on the interaction of the
HRP enzyme with its substrate ABTS in slightly acidic (pH 5.0, as recommended by the
enzyme manufacturer [56]) phosphate-citrate buffer, was originally reported by Sanders
et al. [57]. When ABTS was used as HRP substrate, the use of phosphate-citrate buffer was
reported to be a good practice [58]. The spectrophotometry measurements were carried
out with an Agilent 8453 spectrophotometer (Agilent Deutschland GmbH, Waldbronn,
Germany) at 405 nm. The absorbance A405 of phosphate-citrate buffer containing 1 nM HRP,
0.3 mM ABTS and 2.5 mM H2O2, was measured at 405 nm during the time t = 5 min. The
results were presented in the form of A405(t) curves. The enzymatic activity was calculated
based on the first 200 s of measurement as described previously [59].

3. Results
3.1. Atomic Force Microscopy

Figure 2 displays typical AFM images of HRP adsorbed onto mica from the control enzyme
solution (which was incubated three meters away from the coil; Figure 2a) and from the working
enzyme solution (which was incubated at a 2 cm distance from the coil’s side; Figure 2b).
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The representative images in Figure 2 indicate that HRP is adsorbed on mica in the
form of compact objects. The results of processing the entire AFM data allowed us to
determine whether there was an effect on HRP aggregation in our experiments.

Figure 3 displays ρ(h) plots obtained for working (red curve) and control (blue curve)
enzyme samples.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 6 of 14 
 

 

 

(a) 

 

(b) 

Figure 2. Typical AFM images of HRP adsorbed onto mica obtained in the case of control enzyme 
solution incubated three meters away from the coil (a) and in the case of 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 representative images in Figure 2 indicate that HRP is adsorbed on mica in the 
form of compact objects. The results of processing the entire AFM data allowed us to de-
termine whether there was an effect on HRP aggregation in our experiments. 

Figure 3 displays ρ(h) plots obtained for working (red curve) and control (blue curve) 
enzyme samples. 

 

Figure 3. Density function ρ(h) 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 justified previously [28], these high objects can be attributed to an
aggregated form of mica-adsorbed HRP. Accordingly, this allows us to make a conclusion
that the incubation of 0.1 µM HRP solution near the side of a shielded coil with flowing
glycerol induces an aggregation of the enzyme upon its adsorption onto mica.

Figure 4 displays the absolute distribution of the number of particles, visualized by
AFM on mica substrates, with height.
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The data presented in Figure 4 indicate that the number of particles adsorbed from the
working enzyme sample (red bars; N400 = 2800 particles per 400 µm2) and that of particles
adsorbed from the control enzyme sample (blue bars; N400 = 4800 particles per 400 µm2)
are of the same order of magnitude.

3.2. Spectrophotometric Determination of HRP Enzymatic Activity

Figure 5 displays A405(t) curves recorded at 405 nm for working (red curve) and control
(blue curve) enzyme samples.
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From Figure 5, one can see that the enzymatic activity of HRP after its incubation
near the coil with flowing glycerol is considerably higher than that of the enzyme in
the control sample. Indeed, the activity of the enzyme in the control sample was only
184 units/(mL enzyme), while that in the sample incubated near the coil’s side was
222 units/(mL enzyme), i.e., 20% higher. This is in contrast to the previously reported
case [17], in which the incubation of HRP near the outlet of the coil led to a 18% drop in its
activity against ABTS. The phenomenon of considerable (by up to ~14%) enhancement of
HRP enzymatic activity by external electromagnetic field has been previously observed by
Yao et al. [46] after a radio frequency (27.12 MHz) treatment of this enzyme at high power
(6 kW) and 50 ◦C. These authors also emphasized that a deactivation of the enzyme was
observed at higher (70 ◦C and 90 ◦C) temperatures. This is why we have performed our
best to provide proper heat insulation for the coil.

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. The
adsorption properties of the enzyme have been investigated by AFM, while its enzymatic
activity against ABTS substrate has been assessed by spectrophotometry.

Previously, in [60], it was noted that both moving and static objects can influence the
aggregation state of enzymes. This phenomenon is called the “Ivanov–Tatur effect” [60].
Particularly, the case with an enzyme incubated above a coil with flowing glycerol [16] was
emphasized [60].

According to our results, 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. These effects can be explained
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by the action of an electromagnetic field, which is induced by the flow of glycerol, on
the enzyme. The origin of this field can be explained by the occurrence of the so-called
triboelectric effect. Below, we consider this phenomenon in more detail.

In our experimental setup, the flow of glycerol through a polymeric pipe has been
organized. The flow of a liquid is known to be accompanied by friction between the liquid
and the pipe surface [61]. And this friction is known to be the driving force of the triboelec-
tric effect, which is also known as “friction-driven contact electrification” [62]. In general,
this effect occurs in solid–solid [62,63], liquid–solid [10–21], solid–gas [64] and liquid–
liquid [65] systems [62]. The motion of the triboelectrically generated charges induces an
electromagnetic field. The exact fundamental origin of the triboelectric generation of charge
was only recently explained from the viewpoint of thermoelectric physics [62]. Frictional
heat was found to be a fundamental factor characterizing triboelectrification [62,63]. Shin
et al. have explained the occurrence of a stronger triboelectric effect in insulating polymeric
systems by the combination of their properties, namely their low density and thermal
conductivity [62].

Based on the above information, the dielectric characteristics of the materials involved
in the triboelectric system represent one of the factors influencing the triboelectric effect.
Namely, stronger triboelectric effects were reported for the systems based on dielectric
materials, in contrast to weaker ones observed for conducting systems [62,66]. Additionally,
in this connection, we must emphasize that in our reported experiments, both the liquid
(glycerol) and the solid (silicone pipe) are dielectrics, thus favoring the occurrence of a
strong triboelectric effect.

Another important factor is the chemical composition of the triboelectric system
materials. With regard to the liquid–solid systems, the triboelectric effect was reported to
be dependent on the content of chemical groups in the liquid—apart from the dielectric
properties of the materials involved [21]. Namely, in their very recent work, Yoo et al.
found that in liquid–solid systems, hydroxyl groups enhance the triboelectric effect, while
hydrocarbon groups suppress it [21]. Among the liquids studied by these authors, the
strongest effect was observed for 70% sorbitol solution and glycerol (though the sorbitol
solution contained water). It is to be noted that pure hydrocarbons (such as hexane) were
not studied [21]. Nevertheless, the results reported by Yoo et al. revealed one more factor
explaining strong triboelectric effects observed with glycerol.

It is to be emphasized that in our experiments reported herein, the coil with flowing
glycerol has been ground-shielded. Thus, 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. The phenomena revealed in our experiments can be
explained by the 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. [28]. It was noted that such electromagnetic
fields, which have a specific topology [67–70], 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 enzymatic activity
can be explained by the change in the structure of the enzyme’s hydration shell under the
action of the field.

Indeed, the structure of the hydration shell was shown to be one of the factors in-
fluencing the functioning of biological macromolecules [71]. And in the case of enzymes,
their enzymatic activity can be well-affected by alterations in their hydration shells [71–73],
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.

HRP is known to readily form aggregates, particularly at micromolar concentrations [74].
Considering the temperature range from 15 to 40 ◦C, the content of aggregates in the case
of the adsorption of HRP on mica was found to be slightly higher at room temperature and
pH 7.4 [75]. Here, it should be emphasized that the aggregation of an enzyme does not
imply the loss of its activity. Although aggregated enzymes are often considered as less
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active than non-aggregated ones [76], the existence of a correlation between the enzyme
aggregation and enzymatic activity depends on the enzyme type. According to Gentile
et al., no aggregation-induced attenuation of catalytic activity was revealed for hexokinase
and alkaline phosphatase [77]. And in our experiments, we have observed an increase in
the aggregation of HRP on mica accompanied by a 20% increase in its activity against ABTS.

The structural stability of HRP is known to be dependent on such important factors as
temperature and pH [78]. The highest temperature stability of this enzyme was observed
at pH > 6.5. In order to avoid an interference of the pH on the enzyme structure, prior to
the incubation in the experimental setup, we had dissolved the enzyme in PBSD buffer
with pH 7.4. Generally, both the high temperature and the acidic pH are known to be the
factors inducing protein denaturation—that is, the partial or complete disarrangement of its
spatial structure. The considerable unfolding of HRP tertiary and secondary structures was
observed at acidic pH < 4.5 [78]. It is to be noted that pH directly influences the electrostatic
mechanism of enzyme adsorption [79]. In general, enzyme adsorption represents a complex
process, which involves the interactions of enzyme macromolecules with each other (that
is, enzyme aggregation), with the surface and with the solvent [80]. Based on these
considerations, we have conducted our experiments at room temperature and pH 7.4 in
order to confirm that the observed effects on the enzyme aggregation and activity are
only caused by the field generated in the experimental setup. The enzyme may behave
differently upon a change in either the pH, the ionic strength or the temperature [79], and
this should be studied in the future.

5. Conclusions

The flow of a dielectric liquid (glycerol) through a ground-shielded cylindrical coil
has been found to affect the physicochemical properties of horseradish peroxidase enzyme,
whose 0.1 µM solution has been incubated at a 2 cm distance from the coil for 40 min.
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 atomic force microscopy. Moreover, its en-
zymatic activity against 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) 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 develop-
ment of triboelectric generators, and should be taken into consideration in the development
of novel flow-based biosensors and bioreactors with surface-immobilized enzymes.

Supplementary Materials: The following supporting information can be downloaded at: https://
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