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Featured Application: The effect of an electromagnetic field, induced upon the motion of glycerol
through polymeric pipes, on the aggregation state and functional activity of enzymes should be
taken into account in the development of novel highly sensitive biosensor systems intended for
studying structural and functional features of enzymes. The effect observed herein should also
be considered in studying hemodynamics in human body.

Abstract: Flow-based coiled systems, through which a heat transfer fluid (such as glycerol) is pumped,
are widely used for thermal stabilization of bioreactors and biosensor cuvettes and cells. Previously,
using horseradish peroxidase (HRP) as a model protein, we have demonstrated that the incubation
of a protein solution in a flow-based system over coiled pipe with flowing glycerol leads to a change
in the adsorption properties of the protein macromolecules. Herein, we have studied the effect of the
glycerol flow on the properties of HRP, the solution of which was placed differently: i.e., near either
the inflow or the outflow linear sections of the pipe, while the coiled section of the pipe was shielded
with a grounded metallic cover. Atomic force microscopy (AFM) has been employed in order to
visualize the HRP protein macromolecules adsorbed from its solution onto the mica substrate surface.
The quantity of adsorbed protein was estimated based on the AFM data. The enzymatic activity of
HRP was estimated by spectrophotometry. We demonstrate that a change in the properties of HRP
enzyme was observed after the incubation of its solution near the inflow/outflow linear sections
of the pipe with flowing glycerol. Namely, after the incubation of HRP solution near the inflow
section, a decrease in the protein adsorption onto mica was observed, but its enzymatic activity
remained unchanged in comparison to the control sample. In another case, when the HRP solution
was incubated near the outflow section, an increased protein adsorption was observed, while the
enzyme exhibited considerably lower activity.

Keywords: horseradish peroxidase; liquid flow; atomic force microscopy; protein aggregation;
enzymatic activity; triboelectric effect

1. Introduction

In bioreactors and bioanalytical devices, a thermal stabilization of measuring cells
and/or reaction vessels is often required to provide optimal process conditions. For this
purpose, biosensors and bioreactors can be equipped with flow-based systems with cir-
culating heat transfer fluid [1], such as water, ethylene glycol, glycerol, etc. Glycerol and
glycerol-containing solutions can be employed for thermal stabilization [2], since their
use allows one to vary the process temperature over a broad range from −43.5 ◦C [3] to
17 ◦C [4]. Coiled construction of flow-based systems is a popular technical solution realized
in bioanalytical equipment. To achieve optimal heat transfer, the reactor, cuvette, etc. is
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usually placed within the coil with circulating heat transfer fluid. Previously, we demon-
strated that the incubation of a protein solution over the coiled pipe with flowing liquid
leads to a change in adsorption properties of the protein macromolecules [5]. We discussed
that the flow of a non-aqueous liquid (such as glycerol) generates an electric charge [5,6].
This charge induces an electric field, which, in turn, can affect proteins’ properties.

Herein, we have studied the effect of glycerol flow on the properties of horseradish
peroxidase (HRP) model enzyme protein, the solution of which was placed near either the
inflow or the outflow linear sections of a flow-based system. In order to eliminate possible
interference from the electromagnetic field generated in the coiled section of the system,
the coil has been shielded with a grounded metallic cover.

The use of HRP protein in our experiments was justified in our previous papers [5,7,8].
Briefly, this protein was studied in much detail, and this is why it is often employed as a
model in studies of enzymes, including peroxidases which play important roles in living
systems [9]. In this way, for instance, myeloperoxidase participates in atherogenesis in
humans [10]. HRP, in turn, participates in the oxidation of many organic and inorganic
compounds by hydrogen peroxide [11]. HRP represents a 40- to 44-kDa [12,13] heme-
containing enzyme glycoprotein [14], containing 18 to 27% carbohydrate residues [13,15,16].

In order to investigate the effect of the glycerol flow on the adsorption properties
of HRP, atomic force microscopy (AFM) has been employed. This method allows one to
visualize proteins and their complexes at the single-molecule level [17–19]. The use of AFM
allowed us to reveal the effect of weak magnetic field [7] and flow-induced electromagnetic
field [5,8] on peroxidase aggregation. In parallel, the enzymatic activity of HRP has been
estimated by conventional spectrophotometry.

Many proteins are known to form aggregates, and HRP is one of them [20]. Previously,
we demonstrated that a change in the aggregation state of HRP occurs after the exposure of
its solution to a weak electromagnetic field [7]. That is, the aggregation state of HRP macro-
molecules can represent an indicator in order to reveal whether or not an electromagnetic
field affects biological macromolecules. Generally, a change in the aggregation state of a
protein due to an external influence characterizes alterations in its spatial structure. Such
alterations can lead to changes in protein’s functionality and, hence, induce pathologies in
an organism as a whole.

Thus, let us, again, emphasize that the present study is aimed at the revelation of
the effect of glycerol flow on the properties of HRP (whose solution was placed near
either the inflow or the outflow linear section of a coiled polymeric pipe) by AFM and
spectrophotometry. In this way, a considerable change in the adsorption properties of
this enzyme after incubation of its solution near the inflow section of the pipe has been
found. Moreover, both the adsorption properties and the aggregation state of HRP have
been revealed to change along with its enzymatic activity after incubation of the enzyme
solution near the outflow section of the pipe. This is the main result obtained in our study.
The data obtained herein are to be considered in studies of proteins and their complexes
with the use of flow-based analytical systems. Our results can find their application in the
development of highly sensitive biosensor systems intended for studying structural and
functional features of enzymes. Our data can also be useful in studying hemodynamics in
human. The latter can be affected by protein aggregation, which can cause such pathologies
as cardiovascular [21] and oncological [22] diseases.

2. Materials and Methods
2.1. Experimental Setup

Figure 1 schematically illustrates the experimental setup used in our experiments.
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a coil. The coil is shielded with a grounded metallic cover. Glycerol is pumped through the pipe. 

The coiled section of the flow-based thermal stabilization system was imitated with 
a coiled polymeric pipe. An Eppendorf-type test tube (containing 1 mL of HRP protein 
solution) modeled a measuring cell. The cell was incubated near either the inflow or the 
outflow linear sections at the distance of L2 = 1 cm of the flow-based system in positions 
shown in Figure 1. In both cases, the distance between the cell and the coil was L1 = 20 cm. 
To avoid interference from the electromagnetic field induced in the coil, the latter was 
shielded with a grounded metallic cover. It should be emphasized that only the coiled 
section was ground shielded, while the linear section was only covered with the heat in-
sulator layer of <1 cm in thickness. 

In our experiments, peroxidase from horseradish (HRP-C; Cat.# P6782, Sigma, St. 
Louis, MO, USA) was used. A total of 1 mL of 10−7 M buffered protein solution (10 µM 
HRP in 2 mM Dulbecco’s modified phosphate buffered saline (PBSD) (pH 7.4, Pierce, Wal-
tham, MA, USA) was placed into a 1.7-mL Eppendorf-type test tube, which modeled a 
measuring cell. Glycerol was pumped through the pipe at a volumetric flow rate of 9 L/s 
and a temperature of 65 °C. The increased temperature of glycerol provided its lower vis-
cosity required for pumping the liquid at the desired flow rate. The spiral pipe was heat-
insulated with a polymeric shield in order to conduct the measurements in the solution 
cuvette at the room temperature (RT). The cell with the HRP solution was incubated in 
the setup for 40 min. Then, this solution was analyzed by AFM and spectrophotometry. 
In the control experiments, the protein solution was incubated at a distance of 10 m from 
the setup for 40 min. 

2.2. AFM Measurements 
The AFM experiments were performed as described in our previous paper [5] by the 
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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
near either the inflow or the outflow linear section of the silicone pipe, whose central section forms a
coil. The coil is shielded with a grounded metallic cover. Glycerol is pumped through the pipe.

The coiled section of the flow-based thermal stabilization system was imitated with
a coiled polymeric pipe. An Eppendorf-type test tube (containing 1 mL of HRP protein
solution) modeled a measuring cell. The cell was incubated near either the inflow or the
outflow linear sections at the distance of L2 = 1 cm of the flow-based system in positions
shown in Figure 1. In both cases, the distance between the cell and the coil was L1 = 20 cm.
To avoid interference from the electromagnetic field induced in the coil, the latter was
shielded with a grounded metallic cover. It should be emphasized that only the coiled
section was ground shielded, while the linear section was only covered with the heat
insulator layer of <1 cm in thickness.

In our experiments, peroxidase from horseradish (HRP-C; Cat.# P6782, Sigma, St. Louis,
MO, USA) was used. A total of 1 mL of 10−7 M buffered protein solution (10 µM HRP in
2 mM Dulbecco’s modified phosphate buffered saline (PBSD) (pH 7.4, Pierce, Waltham,
MA, USA) was placed into a 1.7-mL Eppendorf-type test tube, which modeled a measuring
cell. Glycerol was pumped through the pipe at a volumetric flow rate of 9 L/s and a
temperature of 65 ◦C. The increased temperature of glycerol provided its lower viscosity
required for pumping the liquid at the desired flow rate. The spiral pipe was heat-insulated
with a polymeric shield in order to conduct the measurements in the solution cuvette at
the room temperature (RT). The cell with the HRP solution was incubated in the setup for
40 min. Then, this solution was analyzed by AFM and spectrophotometry. In the control
experiments, the protein solution was incubated at a distance of 10 m from the setup for
40 min.

2.2. AFM Measurements

The AFM experiments were performed as described in our previous paper [5] by the
direct surface adsorption method [23] by using muscovite mica sheets (SPI, West Chester,
PA, USA) as AFM substrates. For the AFM sample preparation, a 7 × 15 mm piece of
freshly cleaved mica was immersed into 800 µL of 0.1 µM buffered solution of HRP in PBSD,
incubated either far away from the experimental setup (in control experiments), or near
the inflow or the outflow sections of the pipe (working experiments). The AFM substrate
was incubated in the HRP solution for 10 min at room temperature in a shaker at 300 rpm.
After the incubation, each substrate was washed in 1 mL of ultrapure water (obtained with
a Millipore Simplicity UV system, Millipore, Molsheim, France) and then dried.

The surface of the mica substrates with adsorbed HRP molecules was visualized by
AFM in tapping mode. In this mode, the action on the protein objects under study is gentle.
A Titanium multimode atomic force microscope (NT-MDT, Russia; this device pertains to
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the equipment of “Human Proteome” Core Facility of the Institute of Biomedical Chem-
istry, supported by Ministry of Education and Science of Russian Federation, agreement
14.621.21.0017, unique project ID RFMEFI62117X0017), equipped with NSG03 cantilevers
(“TipsNano”, Zelenograd, Russia; 47 to 150 kHz resonant frequency, 0.35 to 6.1 N/m force
constant). In each sample, the total number of imaged objects was no less than 500. The
number of frames obtained for each sample was no less than 10. The density of distribution
of the imaged objects with height (the density function ρ(h)) was calculated exactly as
described elsewhere [5,7,24]. Preliminary experiments were performed with the use of a
protein-free buffer instead of a protein solution; in the preliminary experiments, no objects
with height exceeding 0.5 nm were visualized on the substrate surface.

Processing of AFM data and calculation of the number of objects, visualized in the
AFM images, was performed as described in our previous papers [5,7,8,25].

2.3. Spectrophotometry Estimation of HRP Functional Activity

HRP activity monitoring was estimated exactly as described in our previous papers,
following the technique by Sanders et al. [26], employing 2,2’-azino-bis(3-ethylbenzothiazo
line-6-sulfonate) (ABTS; Sigma, St. Louis, MO, USA) as a reducing substrate.

3. Results
3.1. AFM Measurements

Figure 2 displays typical AFM images of mica substrate surface with HRP macro-
molecules, adsorbed from the analyzed solutions. In working experiments, the HRP
solution was incubated in the experimental setup near either the inflow or the outflow
section of the pipe. In control experiments, the protein solution was incubated far away (at
a 10 m distance) from the setup.

In the typical AFM image, obtained in the control experiment (Figure 2a), one can
clearly distinguish compact 1- to 1.2-nm-high objects. These objects can be attributed to
HRP macromolecules, since no such objects was detected on the surface of a mica substrate
incubated in a protein-free buffer.

In case of working experiments (Figure 2b,c), after the incubation of HRP solution
near either the inflow or the outflow section of the pipe, compact-shaped objects are also
observed, similar to the case with control experiments.

Figure 3 displays the distributions of AFM-visualized objects with height (density
function plots) ρ(h) (Figure 3a) and the histogram representing the absolute number of
visualized AFM-visualized objects, normalized per 400 µm2 area (Figure 3b).

The curves shown in Figure 3a indicate that in control experiments, the maximum
of the density function corresponds to 1.0 ± 0.2 nm. The molecular weight Mr of HRP is
40 to 44 kDa [12,13]. According to the previously reported data, AFM images of proteins
of similar molecular weight also have a height hmax of about 1 nm (putidaredoxin reduc-
tase, hmax = 1.8 nm [27], Mr = 45.6 kDa [28]; adrenodoxin reductase, hmax = 1.8 nm [29],
Mr = 54 kDa [30]). For this consideration, the 1-nm-high objects, visualized on mica surface,
can be attributed to monomeric HRP.

As regards the working experiments, when the protein solution was incubated near
the inflow linear section of the pipe, the characteristics of the density function were similar
to those obtained in control experiments. On the contrary, in the case of incubation near
the outflow linear section of the pipe, the maximum of the density function plot shifted to
the right (hmax ≈ 1.3 nm, Figure 3a, red line), and the contribution of the right distribution
wing increased. That is, an appearance of objects with increased heights, which can be
attributed to protein aggregates, was observed in the latter case.
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Figure 3. Results of processing of AFM data obtained for HRP solutions. (a) Typical plots of distri-
bution of the imaged objects with height ρ(h). (b) Absolute number of AFM-visualized particles, 
normalized per 400 µm2. The cell with HRP solution was placed far away at a 10-m distance from 
the experimental setup (control experiment, black line and bars), near the inflow (blue line and 
bars) or near the outflow (red line and bars) section of the pipe. 
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HRP (horseradish peroxidase) macromolecules and cross-sections, corresponding to the lines in the
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Figure 3. Results of processing of AFM data obtained for HRP solutions. (a) Typical plots of
distribution of the imaged objects with height ρ(h). (b) Absolute number of AFM-visualized particles,
normalized per 400 µm2. The cell with HRP solution was placed far away at a 10-m distance from
the experimental setup (control experiment, black line and bars), near the inflow (blue line and bars)
or near the outflow (red line and bars) section of the pipe.
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As shown in Figure 3b, the absolute number of visualized objects (N400), obtained
in our experiments, varies considerably. Thus, in the control experiment, N400 amounted
to 4867 objects per 400 µm2. When the HRP solution was incubated near either the in-
flow or the outflow section of the flow-based system, N400 amounted to 851 and 7780
objects per 400 µm2, respectively. That is, the number of mica-adsorbed HRP macro-
molecules, observed in working experiments, significantly differs from that obtained in
control experiments.

3.2. Spectrophotometry Measurements

Figure 4 displays the results of spectrophotometry-based estimation of HRP enzymatic
activity by the reaction using 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS)
substrate. As seen from Figure 4, in comparison with the control HRP solution, no signifi-
cant change in the ABTS oxidation rate was observed after the incubation of HRP solution
near the inflow section of the pipe. On the contrary, after the incubation of its solution near
the outflow section of the flow-based system, the enzymatic activity of HRP significantly
(by about 18%) decreased.
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Figure 4. Spectrophotometry-based estimation of HRP enzymatic activity. Characteristic time
dependencies of change in solution absorbance at 405 nm obtained for control HRP sample and for
HRP samples incubated in the experimental setup. The measuring cell (containing HRP solution)
was placed either far away at a 10-m distance from the experimental setup (control experiment, black
line), near the inflow (blue line) or near the outflow (red line) section of the pipe. Experimental
conditions: HRP:ABTS:H2O2 = 10−9 M:3 mM:2.5 mM. T = 23 ◦C.

4. Discussion

This study looks into how glycerol flow through a polymeric pipe affects the properties
of a model enzyme protein, the solution of which was placed near either the inflow or
the outflow sections of the pipe. We have shown that after placing the enzyme solution
near the linear sections of the pipe with flowing glycerol, changes in its properties are
observed. Namely, after the HRP solution was incubated near the pipe inflow, a decreased
adsorption of the protein onto mica was observed, being approximately 5.5 times lower
than that observed for the control solution incubated far away from the pipe. At that, the
enzymatic activity of the protein did not change. On the contrary, in the case when the HRP
solution was incubated near the pipe outflow, an increased (approximately 1.6 times higher)
protein adsorption was observed, while the enzymatic activity decreased considerably (by
approximately 18%).

The data obtained indicate that the glycerol flow affects the physicochemical properties
of HRP macromolecules. At that, the effect of the flow in different sections of the pipe
varies. This is supposed to be caused by a difference in the intensity of the influence, which
leads to variations in the character of protein structure deformations. Thus, a decreased
protein adsorption in the case when the solution was incubated near the inflow pipe section
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is apparently caused by a decrease in electrostatic interaction between negatively charged
surface groups of the mica substrate (whose zeta potential makes up −75 mV [31]) and
positively charged groups on the surface of HRP (which represents a basic protein with an
isoelectric point of about 9 [32]). Electrostatic interactions often play a governing role in
protein adsorption [33]. Accordingly, the weaker the electrostatic interaction between the
protein molecules and the substrate surface is, the lower the amount of the surface-adsorbed
protein. Another cause of the observed decrease in the HRP adsorption can consist in an
increased contribution of repulsion forces between negatively charged surface groups of
the substrate and negatively charged groups of the protein globule. That is, an effect of
a change in the local structure of the protein globule’s surface areas, which determine its
interaction with the substrate surface, has been revealed. At that, the spectrophotometry
data indicate no change in the protein’s functional activity. This indicates that the changes
in the enzyme protein structure do not affect its active site.

In another case, when the HRP solution was incubated near the outflow section of the
pipe, an increase in the number of objects on the substrate surface was observed, whereas
their height increased from 1 nm up to 2 to 2.5 nm. That is, both protein adsorption
properties and its aggregation state have changed (the content of aggregates has increased).
Moreover, the spectrophotometry measurements also revealed a change in the HRP func-
tional activity, which was found to decrease in comparison with the control experiment.
This is why we can assume a different influence of glycerol flow on the protein in this case.
This influence leads to a different kind of protein structure change, which affects not only
the surface of the enzyme globule, but also its active site.

The data on the effect of the glycerol flow through the pipe on the properties of a
protein are confirmed by the results obtained in our previous studies. Namely, in our
previous paper [5], we studied the protein properties after the incubation of its solution
near the similar coiled system with flowing glycerol, but over the coil (i.e., in a different
position). In the latter case, a change in protein adsorption properties was also observed [5].
We discussed that a charge is being generated in the course of the flow of non-aqueous
liquids such as glycerol [6]. This charge, accordingly, induces an electric field, which
affects the protein properties. Such an effect can be observed for both water (and aqueous
solutions [34–37]) and non-aqueous liquids [6,38]. We also demonstrated that the properties
of a protein in a solution are affected by the flow of water flow through a coiled pipe [8].
The results obtained in the present study indicate that the liquid flow affects the properties
of a protein in a solution even if the main (coiled) section of the pipe is ground shielded (as
shown in Figure 1).

The results obtained herein are to be taken into consideration when conducting a
highly sensitive analysis with using biosensor systems. Moreover, possible influence of the
environment in terms of considering the particular characteristics of biosensor construction
is important to interpret the data obtained in the analysis. Our results can also be used in
modeling pathological processes associated with enzyme-mediated formation of functional
multi-protein complexes, as well as for modeling hemodynamics in small vessels.

5. Conclusions

By AFM and spectrophotometry, glycerol flow through the flow-based system was
found to affect the physicochemical properties of HRP enzyme protein. Namely, both the
protein adsorption properties and its enzymatic activity change under the influence of the
glycerol flow. The intensity of this influence was shown to depend on the location of the
cell with the protein solution relative to the flow-based system’s pipe sections. The results
obtained herein should be considered in biochemical and biomedical studies performed
with the use of bioreactors and/or biosensors which contain flow-based systems.
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