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Abstract: The effect of a dielectric conical structure on the adsorption properties of an enzyme on
mica was studied by atomic force microscopy (AFM) with the example of horseradish peroxidase
(HRP). The cone used was a cellulose cone with a 60° apex angle. Namely, AFM allowed us to reveal
an increase in the enzyme’s aggregation during its adsorption onto mica from the solution incubated
near the cone apex for 40 min—as compared with the control enzyme samples incubated far away
from the cone. In contrast, no change in the HRP adsorption properties was observed after shorter
(10 min) incubation of the sample near the cone. The enzymatic activity of HRP was found to be
the same for all the enzyme samples studied. Our findings should be considered upon designing
biosensors (in particular, those intended for highly sensitive diagnostic applications) and bioreactors
containing conical structural elements. Furthermore, since HRP is widely employed as a model
enzyme in studies of external impacts on enzymes determining food quality, our data can be of
use in the development of food-processing methods based on the use of electromagnetic radiation
(microwave treatment, radiofrequency heating, etc.).

Keywords: atomic force microscopy; horseradish peroxidase; cellulose; conical structure; electromagnetic
field; protein aggregation; enzyme adsorption; biosensor

1. Introduction

The influence of electromagnetic and magnetic fields on biological systems is con-
sidered in numerous papers. This influence manifests itself not only at the macroscopic
level (that is, at the level of the entire organism [1,2]), but also at the level of enzymes [2-9].
Electromagnetic fields of even relatively low power were demonstrated to affect the ag-
gregation [9] and other properties of enzymes [5]. Data on the influence of geometric
bodies of various shapes on enzyme systems in background electromagnetic fields are
beginning to appear in the literature [10-13]. Namely, Balezin et al. [10] considered the
calculations of changes in the spatial topography of an electromagnetic field in a pyramid,
which was made of a dielectric material. These authors raised the question about the
concentration of electromagnetic fields near pyramidal structures of both nanometer (and
this is related to atomic force microscopy (AFM) probes) and much larger objects. Moreover,
changes in the topography of background electromagnetic fields were reported to affect the
physicochemical properties of enzymes incubated near pyramidal structures [9,13]. It was
also demonstrated that incubation near spherical elements can also affect the properties
of enzymes [12]. In this connection, the question is whether the structures of other shapes
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(different from pyramidal and spherical ones) influence an enzyme’s properties. It is neces-
sary to address this problem, since it is associated with the development of enzyme-based
biosensors. This issue is also important in designing specialized rooms for experiments
with highly sensitive equipment. Namely, the use of conical shape elements in the con-
struction of anechoic chambers, which are designed to suppress external electromagnetic
interference when working with highly sensitive equipment [14], should be emphasized.
Highly sensitive biosensors such as nanowire detectors [15-17] are just the case in this
respect. The use of elements of conical shape in biosensors was also reported [18,19].

In our present work, the influence of a conical dielectric structure on an enzyme
was studied by AFM. Owing to its ultra-high height resolution, this method allows one
to reveal even subtle changes in the properties of biological objects (including enzymes)
upon studying their surface [12,20] down to the level of single macromolecules [9,12,21].
For instance, AFM was successfully used to reveal the effect of weak electromagnetic
fields on an enzyme [9]. A cellulose cone was used as a model of a dielectric structure.
Cellulose, being the main component of wood, has unique advantages as a material for use
in biosensors and energy sources, as was emphasized by Fraiwan and Choi [22]. Cellulose
is an inexpensive, biodegradable and flexible material with a large surface area, thus
representing an excellent solution for manufacturing biobatteries [22]. Although the use of
disposable cellulose biosensors in disease detection, health monitoring and environmental
pollutant detection has been reported, the ability to access an external energy source
further enhances their diagnostic capabilities [23]. Moreover, cellulose is employed for
electromagnetic shielding [24]. In this connection, it is important to emphasize that cellulose
was reported to interact with alternating electromagnetic fields at both the colloidal [25,26]
and macroscopic [25] level.

As regards food-processing applications, peroxidases are responsible for enzymatic
browning, which directly affects food quality [6,7,27,28], and the effects of treatment with
the use of microwave [6] and radiofrequency [7,28] radiation on these enzymes thus rep-
resent an actual phenomenon in modern food science. In our experiments, we used the
horseradish peroxidase (HRP) model enzyme. This 40 to 44 kDa [29,30] enzyme glyco-
protein with relatively high carbohydrate content [31-33] is comprehensively character-
ized [29-34]. This is why it represents a very convenient model in studying external impacts
(such as microwave [6] and radiofrequency [7] electromagnetic radiation, or the action of
gas plasma [27,35-37]) on peroxidase-mediated processes in food [6,7,27,35-37].

Herein, the effect of a conical cellulose structure on the HRP enzyme was studied at
the nanoscale for the first time. In our experiments, samples of buffered HRP solution
were incubated near the cellulose conical structure. After the 40 min incubation, the
enzyme was adsorbed from these samples onto the surface of mica substrates, whereon
they were subsequently visualized by AFM. We have demonstrated that the incubation
of a solution of HRP near the apex of a cellulose conical structure for 40 min leads to a
change in the enzyme aggregation state on mica. Since cellulose is known to interact with
electromagnetic fields [24-26], the effect observed can well take place as a result of the
interaction of a cellulose conical structure with the background electromagnetic field. In
this respect, our study is just one step further towards the understanding of this interaction,
its effects and its applications. Our findings reported herein should be considered in the
development of biosensors intended for highly sensitive protein detection in order to
correctly account for the changes in the properties of the studied biological macromolecules
in the course of the measurements.

2. Materials and Methods
2.1. Chemicals and Protein

Peroxidase from horseradish (Cat. #6782) and its substrate 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS; Cat. #A1888) were purchased from Sigma (St.
Louis, MO, USA). Disodium hydrogen orthophosphate (NayHPOy), citric acid and hydro-
gen peroxide (H,O;) were all of analytical or higher-purity grade, and were purchased
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from Reakhim (Moscow, Russia). Dulbecco’s modified phosphate-buffered saline was
prepared by dissolving a salt mixture, commercially available from Pierce (Waltham, MA,
USA), in ultrapure water. All the solutions used in our experiments were prepared using
deionized ultrapure water (with 18.2 MQ) x cm resistivity), obtained with a Simplicity UV
system (Millipore, Molsheim, France).

2.2. Experimental Setup

In the study, a setup schematically shown in Figure 1 was used. An Eppendorf-type
test tube with 1 mL of a 10~7 M solution of horseradish peroxidase in 2 mM PBSD buffer
(pH =7.4) was placed at a 2 cm distance from the apex of the cellulose cone. In the control
experiments, the test tubes were placed far away from the setup (at a >10 m distance, but in
the same room). The material of the cone was wood, and its geometry was as follows: the
cone base diameter was 220 mm, and the apex angle was 60—analogous to the geometry of
conical elements used in anechoic chambers used for electromagnetic shielding [14].

Figure 1. Experimental setup. Numbers indicate the main elements of the setup: (1) is the test tube
with 0.1 uM HRP solution in 2 mM PBSD buffer, and (2) is the cellulose cone. The distance between
the test tube and the cone apex is L =2 cm.

The HRP solutions were incubated either in the vicinity or far away from the cone
for either 10 or 40 min. To determine the physicochemical properties of HRP after the
incubation, the solutions were subjected to AFM and spectrophotometric analysis with the
use of well-established techniques reported in our previous papers [9,11-13].

2.3. Atomic Force Microscopy

In the course of the AFM experiments, the enzyme was captured onto the surface of
mica substrates by direct surface adsorption [38] following the well-established technique
described in our previous papers [9,11-13]. The relative density of the distribution of
the imaged objects with height p(h) was calculated as described by Pleshakova et al. [39].
The change in protein aggregation was analyzed as reported by Ivanov et al. [13]. Blank
experiments were performed with the use of enzyme-free buffer instead of HRP solution,
and we did not observe any objects with heights > 0.5 nm in the blank experiments.

2.4. Spectrophotometry
We estimated the HRP enzymatic activity using ABTS, following the technique de-

scribed by Sanders et al. [40], in phosphate-citrate buffer [40,41] at pH 5.0 [40—42] as
described in our previous papers [9,11-13].

3. Results

Figure 2 shows typical AFM images of the mica substrate surface with adsorbed HRP
biomacromolecules adsorbed from their solutions incubated either far away (Figure 2a;
control experiment) or near the apex of the cone (Figure 2b; working experiment) for
40 min.
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Figure 2. Typical AFM images (left) and cross-section profiles (right) of HRP biomacromolecules
adsorbed onto mica. In the control experiment (a), the HRP sample was incubated at a >10 m distance
from the cone. In the working experiment (b), the HRP sample was incubated at a 2 cm distance from
the apex of the cone. The incubation time was 40 min. Scan size: 2 um x 2 pm. Panels on the right
show cross-section profiles corresponding to the lines in the images on the left.

The AFM images in Figure 2 clearly indicate the enlargement of HRP particles on
mica after the 40 min incubation of the enzyme sample near the cone apex in comparison
with the control sample. In both the control and working experiments, compact objects
with heights of 1 to 2 nm were observed on the surface. They can be considered HRP
biomolecules, since such objects were not observed in the blank experiments. Moreover,
for the samples incubated near the cone apex for 40 min, higher (up to 3 nm, Figure 2b,
right panel) objects were observed. Furthermore, many of the mica-adsorbed particles were
much more extended laterally in comparison with the control sample. The latter can be
attributed to HRP aggregates. In contrast, at a shorter incubation time (10 min), there was
no difference between the AFM images obtained for the control sample and the sample
incubated near the cone.

Figure 3 displays plots of the relative distribution of the AFM-imaged objects with the
height p(h) obtained for the samples incubated for 40 min (the distributions obtained for
the shorter incubation time of 10 min did not differ from the control one and are therefore
not shown).
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Figure 3. Plots of p(h) distributions for the HRP samples incubated either near the cone apex (at
L =2 cm, working experiment; blue curve) or far away from the cone (at L > 10 m, control experiment;
red curve).

As can be seen from Figure 3, in the working experiment, the maximum of the p(h)
distribution corresponded to hyy = (1.6 £ 0.2) nm, while in the control experiments,
hmax = (1.0 £ 0.2) nm was obtained. Accordingly, the 40 min incubation near the cone
apex led to a considerable shift in the distribution maximum to the right in comparison
with the control experiments. However, the full width at half-maximum (FWHM) in the
working experiments was 0.8 nm, while in the control experiments, a 0.4 nm FWHM was
obtained. The molecular weight of HRP is 40 kDa [29,30]. The AFM images of monomeric
biomolecules with approximately the same molecular weight have heights of 1-1.2 nm,
depending on the experimental conditions [9]. Based on this, it can be claimed that the
objects of ~1 nm height correspond to monomeric HRP, and it is this form of the enzyme
that is adsorbed on the surface in both the working and the control experiments. However,
in the working experiment, the distribution FWHM is much broader and, at the same time,
the contribution of higher objects (which contribute to the right wing of the distribution,
h > 1.4 nm) increases. The distribution width in the left wing indicates that the monomeric
form of the enzyme, as well as aggregates of a higher degree of oligomerization (at which
the height of objects increases), was observed. The increased contribution of objects to
the right wing of the distribution in the working experiments indicates that the number
of objects with a high degree of oligomerization increased in comparison with that for
the control sample. The results of the AFM experiments indicate that the adsorption
properties of HRP were affected after the incubation at a 2 cm distance from the cone apex
for 40 min. Namely, such an incubation led to an increase in the degree of the aggregation
of mica-adsorbed enzyme. After the incubation of the enzyme sample near the cone, the
amount of aggregated HRP (including higher-order aggregates with i > 1.8 nm) increased
considerably—as compared with the control sample incubated far away from the cone.

As regards the spectrophotometry measurements, the enzymatic activity of HRP was
similar for all the samples studied.
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4. Discussion

The results of our study indicate that the incubation of the HRP enzyme solution near
the apex of the cellulose conical structure for 10 min does not affect the HRP’s properties. In
contrast, a longer incubation time (40 min) results in a change in the degree of the enzyme
oligomerization on the mica surface. This indicates an effect of the incubation time on the
properties of the enzyme. At the same time, no effect on the enzymatic activity of HRP
is revealed.

The change in the degree of HRP oligomerization is likely to be caused by a change in
the topology of the background electromagnetic field near the conical structure. Indeed,
a theoretical investigation performed by Balezin et al. showed that a square pyramid
can concentrate an electromagnetic field in the area of the pyramid’s base [10]. A cone,
in turn, also pertains to pyramid-like figures [43]. Namely, a cone represents a pyramid
with a circular base [43]. The latter can be considered a polygon with an infinite number
of sides [44]. Accordingly, the cone is also expected to interact with the background
electromagnetic field, thus altering its topography, since such an effect has been observed
for a square pyramid [11,13]. It has been shown that electric and electromagnetic fields
of even low intensity can substantially alter the ratio between ortho- and para-isomers
of water [45-47]. Artmann et al. demonstrated that the hydration shell of a biological
macromolecule predominantly contains para-H,O [48]. In our experiments, the background
electromagnetic field could well be concentrated by the cellulose cone, thus affecting the
hydration of the enzyme globule by altering the ratio between ortho- and para-H,O in
this shell. Additionally, the adsorption properties of the enzyme were changed at the
expense of altered enzyme hydration [49,50]. This is how we explain the effect observed in
our experiments.

The adsorption of macromolecules from their solution onto a solid substrate is deter-
mined by the interaction between the substrate (in our case, mica) surface and the surface
of a hydrated enzyme globule, as well as by the interaction of the enzyme macromolecules
with adjacent macromolecules in the solution, and with the solvent molecules [51]. This
is why a change in enzyme hydration leads to a change in its oligomeric state on mica.
Accordingly, there is a change in the contribution of aggregates of various orders to the
relative distribution of AFM-visualized objects.

The results of our work can be of use in the development of biosensors intended
for highly sensitive analysis, since a change in the hydration of biomacromolecules can
result in a change in the functional properties [49,50]. The results obtained should also be
considered in direct measurements using biosensors with conical constructive elements in
order to protect the highly sensitive biosensors from external electromagnetic interference
by means of anechoic chambers with conical elements. Since HRP is widely used as a
model enzyme in studies of external impacts on enzymes determining food quality, our
data can also be useful in the development of food-processing methods.

5. Conclusions

An effect of a conical cellulose structure on the enzyme adsorption at the nanoscale
was revealed by AFM. The 40 min incubation of a 0.1 uM aqueous solution of HRP enzyme
at a 2 cm distance from the cellulose cone was found to cause a considerable increase in
the formation of higher-order enzyme aggregates on mica. This effect is explained by the
interaction of the cellulose cone with the background electromagnetic field, which is con-
centrated by the cone and acts on the enzyme hydration shell, thus influencing the enzyme
adsorption on mica. HRP is widely used as a model in studies concerning applications of
electromagnetic radiation (including radiofrequency and microwave ones) for the treatment
of food products on the enzymes determining food quality. Our findings can also find
application in the development of food-processing methods. Our study is one step further
towards the understanding of the interaction of electromagnetic radiation with cellulose,
its effects and its applications, and should be taken into account in the development of
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novel electromagnetic shielding materials. Our results should also be considered in the
development of biosensors and bioreactors intended for working with enzymes.
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