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Featured Application: It is important to take into account the effect of the incubation of aqueous
enzyme solutions near pyramidal structures on their adsorption properties revealed herein in the
development of highly sensitive biosensor systems, especially enzyme-based ones.

Abstract: The incubation of a solution of horseradish peroxidase (HRP) enzyme either below the
apex or near the base of an inversely oriented square pyramid (inverted square pyramid; ISP) has
been found to influence the enzyme’s aggregation and adsorption properties. The HRP enzyme is
used herein as a model object due to its importance in analytical chemistry applications. Atomic
force microscopy (AFM) is employed to investigate the HRP’s adsorption on mica substrates at the
single-molecule level. Conventional spectrophotometry is used in parallel as a reference method for
the determination of the HRP’s enzymatic activity. Using AFM, we reveal a significant change in the
adsorption properties of HRP on mica substrates after the incubation of the HRP solutions either
above the base or below the apex of the ISP in comparison with the control HRP solution. The same
situation is observed after the incubation of the enzyme solution above the center of the ISP’s base.
Here, the enzymatic activity of HRP remained unaffected in both cases. Since pyramidal structures
of positive and inverted orientation are employed in biosensor devices, it is important to take into
account the results obtained herein in the development of highly sensitive biosensor systems, in
which pyramidal structures are employed as sensor (such as AFM probes) or construction elements.

Keywords: atomic force microscopy; peroxidase; protein aggregation; electromagnetic field; inverted
pyramid; enzyme-based biosensor; molecular absorption spectroscopy

1. Introduction

Single-molecule enzymology, which focuses on studying single enzyme molecules
instead of their large ensembles, is increasing in popularity [1,2]. This approach utilizes so-
called molecular detectors, which allow researchers to investigate enzymes with ultra-high
sensitivity [3]: atomic force microscopes [4–7], nanoelectronic detectors [8–11], nanopore-
based sensors [12,13], total internal reflection microscopes [2] etc.

It should be emphasized that enzymes are now widely employed in analytical chem-
istry [14–16]. For example, horseradish peroxidase (HRP) has been employed for the
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detection of various heavy metal ions using microplate-based colorimetric analysis [14]
and conventional spectrophotometry [15]. This enzyme has also been employed for the
amperometric detection of phenolic compounds [16]. The importance of the HRP en-
zyme in analytical chemistry applications determined its use in our present research as a
model object.

Pyramidal structures are employed in various biosensor devices [17–20]. Balezin et al. [21]
performed a theoretical study demonstrating a change in the spatial distribution of an elec-
tromagnetic field near pyramidal structures. Moreover, these authors demonstrated that a
change in the mutual orientation of a pyramid and in the direction of an incident electromag-
netic field lead to a change in the topography of the spatial distribution of electromagnetic
fields near the pyramid [21]. In our recent experimental study, a change in the aggregation
state of an HRP enzyme upon its adsorption on mica after the incubation of its solution near
such a structure was demonstrated using atomic force microscopy (AFM) [22]. One of the
advantages of AFM consists in its visualization of the objects under study at the level of
individual macromolecules [23]. Furthermore, this is the feature that makes AFM a very
useful tool in single-molecule enzymology [3,4]. Due to its extremely high, single-molecule
sensitivity, AFM is capable of revealing even subtle effects of external factors on the structure
of biological objects [24], including enzyme macromolecules [25]. As such, by using AFM, it
was demonstrated that electromagnetic fields of even a very low power density (of the order
of 10−12 W/cm2) can affect physicochemical properties of enzymes [26].

Regarding the interaction of electromagnetic fields with pyramidal structures, on the
one hand, the incubation of HRP solution near a pyramidal structure has been shown to lead
to the disaggregation of the enzyme [22]. Such an effect was ascribed to the concentration
of an external electromagnetic field in certain points of space at the expense of a resonant
interaction of the pyramidal structure with the field [21]. On the other hand, not only
normal but also inverted pyramidal structures have been reported to be employed in
biosensor devices [17,20]. Moreover, it should be noted that the effective scattering surface
of a pyramidal structure can depend on the angle of incidence of the electromagnetic waves,
and, accordingly, the spatial distribution of the electromagnetic fields near this structure
can depend on its spatial orientation. In this regard, it is of interest to determine whether
the incubation of an enzyme solution in the vicinity of an inverted pyramidal structure has
an influence on its properties.

Herein, the influence of the incubation of an HRP enzyme solution near an inverted
pyramidal structure (ISP) on the enzyme’s adsorption properties was studied using AFM,
while spectrophotometry was employed as a reference method. We performed these
experiments in order to study whether the incubation of the enzyme solution near a
pyramidal structure with different spatial orientation influences the enzyme’s properties.
The incubation of the HRP solution near the ISP’s apex and above its base was found to
induce an increased aggregation of the enzyme upon its adsorption on mica. The increased
aggregation of HRP manifested itself in the form of an increase in both the height and
lateral sizes of the AFM-visualized objects adsorbed on mica in comparison with those
observed in control experiments. Here, the enzymatic activity of HRP remained unchanged
in all experiments.

Since pyramidal structures of both normal and inverted orientation find their ap-
plication in the construction of various biosensors, the results reported herein should be
taken into account in the development of novel biosensor devices, including AFM-based
systems employing pyramid-shaped tips. Our results can also be of use in the development
of noise-protection systems for biosensors, including anechoic chambers with pyramidal
elements.

2. Materials and Methods
2.1. Chemicals and Protein

HRP protein was purchased from Sigma (Cat. #6782). 2,2′-azino-bis(3-ethylbenzothia-
zoline-6-sulfonate) (ABTS) was purchased from Sigma (Cat. #A1888). Salt mixture for the
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preparation of Dulbecco’s modified phosphate-buffered saline (PBSD) was purchased from
Pierce (USA). Disodium hydrogen orthophosphate (Na2HPO4), citric acid and hydrogen
peroxide (H2O2) were all of analytical or higher purity grade, and they were purchased
from Reakhim (Moscow, Russia). In all our experiments, ultrapure deionized water (of
18.2 MΩ×cm resistivity), obtained using a Simplicity UV system (Millipore, Molsheim,
France) was used.

2.2. Experimental Setup

Figure 1 displays a representation of the setup used in our experiments.
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Figure 1. Experimental setup. Numbers indicate the main units of the setup: the ISP (1) and the test
tube with the enzyme solution. The tube was placed either below the ISP’s apex (2) or above its base
(3). L1 and L2 represent the distance between the tube and the ISP’s apex or the center of its base,
respectively.

The ISP was made from dielectric (textolite) sheets coated with 2 mm layers of copper
in order to provide efficient reflection of electromagnetic radiation. The height and the
apex angle of the ISP were 130 mm and 52◦, respectively. The size of the pyramid was
selected so that the resonance occurs in the microwave range [21]. The Eppendorf-type
tubes containing 1 mL of 0.1 µM solution of HRP in 2 mM PBSD buffer were placed either
1 cm below the ISP’s apex or 1 cm above the ISP’s base (positions 2 and 3 in Figure 1,
respectively) and incubated there for 40 min. The distance between the pyramid and the
samples, and the incubation time were the same as those in our previous study [22], so only
the spatial orientation of the pyramid was changed. At the same time, control solutions of
the enzyme were incubated at a much longer (three meters) distance from the ISP. The room
in which the experiments were performed was not shielded from external electromagnetic
radiation. At the same time, we did not use any additional equipment to intentionally
generate electromagnetic radiation. After the incubation, mica substrates were immersed
into the solutions of the enzyme in order to study its adsorption on mica using AFM. Each
experiment was performed in at least three technical replicates. In parallel, the enzymatic
activity of HRP against its substrate ABTS was estimated spectrophotometrically. These
procedures are described below.
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2.3. HRP Adsorption on Mica Substrates for AFM

In our experiments, adsorption of the HRP enzyme was performed directly from its
solutions on mica substrates following the technique developed by Kiselyova et al. [27]
analogously to [22,25,26]. The implementation of this technique is schematically shown in
Figure 2.
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Figure 2. Schematic illustration of the direct surface adsorption of HRP from its aqueous solutions on
mica substrates to study its adsorption using AFM.

In brief, both working solutions (incubated near the ISP) and control solutions (incu-
bated three meters away from the ISP) were treated in one and the same way as follows:
A freshly cleaved mica substrate (7 × 15 mm) was immersed into the test tube containing
1 mL of 0.1 µM HRP solution and incubated therein for ten minutes in a shaker at 600 rpm
and at room temperature. Then, the substrates were rinsed with ultrapure water and dried
in air.

We performed our experiments with 0.1 µM HRP solutions since, at higher concen-
trations, the adsorbed enzyme forms layer structures on the substrate surface, making the
visualization of single enzyme molecules impossible.

Preliminary experiments were performed with the use of protein-free ultrapure water
instead of protein solution; in these experiments, no objects with height greater than 0.5 nm
were observed.

2.4. Atomic Force Microscopy Measurements

AFM measurements were performed in air analogously to our previous papers [22,25,26].
The AFM images were obtained with a Titanium multimode atomic force microscope (which
pertains to the equipment of the “Human Proteome” Core Facility of the Institute of Biomedi-
cal Chemistry, supported by the Ministry of Education and Science of the Russian Federation,
agreement 14.621.21.0017, unique project IDRFMEFI62117X0017; NT-MDT, Zelenograd, Rus-
sia) equipped with NSG10 cantilevers (“TipsNano”, Zelenograd, Russia; 47–150 kHz resonant
frequency, 0.35–6.1 N/m force constant). The microscope was operated in intermittent con-
tact mode. The microscope was preliminarily calibrated using a TGZ1 calibration grating
(NT-MDT, Russia; step height 21.4 ± 1.5 nm). The atomic force microscope was operated
with the standard NOVA Px software (NT-MDT, Moscow, Zelenograd, Russia) supplied with
the microscope.

For each substrate incubated in the HRP solution, the number of frames was ≥10, and
the number of objects imaged in each sample was ≥500. The AFM images were obtained,
treated and exported in ASCII format with the standard NOVA Px software (NT-MDT,
Moscow, Zelenograd, Russia).

The relative density of the distribution of the imaged objects with height ρ(h) was
calculated as reported by Pleshakova et al. [28] as follows:

ρ(h) = (Nh/N) × 100% (1)
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In Equation (1), Nh is the number of AFM-imaged objects with height h, while N is the
total number of AFM-imaged objects [28]. The so-calculated distributions are presented in
the form of ρ(h) curves (density function plots [28]).

The aggregation state of the HRP enzyme was characterized using parameter α, which
was calculated as the ratio between the relative content of aggregates and that of monomers:

α = ρ2(h)/ρ1(h) (2)

where ρ1 and ρ2 are the values of the density of distributions, corresponding to monomeric
and oligomeric (aggregated) HRP, respectively. For mica-adsorbed HRP, the density func-
tion plot ρ(h) typically has two characteristic peaks corresponding to aggregated and
monomeric HRP, respectively [25]. Accordingly, the α value was used to characterize the
ratio between the content of aggregates and monomers.

In order to determine the relative content of HRP monomers and aggregates after
adsorption on mica substrates, we performed an approximation of the experimental ρ(h)
curves using the root mean square method [7]:

ρ(h) = ρ1(h) + ρ2(h) = K1
(h−m1)

2

b2
1

exp

(
−(h−m1)

2

2b2
1

)
+ K2

(h−m2)
2

b2
2

exp

(
−(h−m2)

2

2b2
2

)
(3)

where K1, m1 and b1 are the parameters of the distribution corresponding to monomers,
and K2, m2 and b2 are those corresponding to aggregates.

The number of AFM-visualized objects, normalized per 400 µm2 area of the substrate
surface (Nnorm), was calculated according to [28] as follows:

Nnorm = (N × 400)/(n × a2) (4)

where N is the number of objects visualized in one and the same experiment, n is the
number of frames obtained in this experiment, and a is the linear frame size (µm).

In order to check whether the noise resulting from the unspecific adsorption from
buffer solution is within its normal range (which typically makes up 500 objects per
400 µm2 [29]), blank experiments with the use of pure buffer instead of HRP enzyme
solution were performed. No objects with height >0.5 nm was observed on the mica surface
in the blank experiments.

Objects visualized on the substrate surface using AFM were calculated using special-
ized AFM data processing software developed in the Institute of Biomedical Chemistry in
collaboration with the Foundation of Perspective Technologies and Novations. Based on
these calculations, the relative density of the distribution of the imaged objects with height
ρ(h) and histogram showing the height distributions of the number of AFM-visualized
objects normalized per 400 µm2 area of the substrate surface (Nnorm(h)) were plotted.

2.5. Spectrophotometric Estimation of Enzymatic Activity

The functional activity of the HRP enzyme was estimated using a standard assay
with ABTS as reported by Sanders et al. [30]. ABTS is commonly employed as an HRP
substrate for the determination of the functional activity of this enzyme [31]. The assay was
performed at pH 5.0 as recommended by the ABTS substrate manufacturer (Sigma) [31].
A 30 µL volume of 0.1 µM HRP solution was pipetted into a 3 mL quartz cell with a
pathlength of 1 cm (Agilent, Germany), containing 2.96 mL of 0.3 mM ABTS solution
in phosphate–citrate buffer (51 mM Na2HPO4, 24 mM citric acid, pH 5.0), and stirred
thoroughly. Accordingly, the final HRP concentration in the cell was 1 nM. After that, a
8.5 µL volume of 3% (w/w) hydrogen peroxide was pipetted into the cell, and spectrum ac-
quisition was started immediately. The enzymatic activity of HRP was calculated according
to the manufacturer’s recommendations [31].
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3. Results
3.1. Analysis of AFM Data

Figure 3 displays typical AFM images (left) and corresponding cross-section profiles
(right) of HRP adsorbed on mica from its solutions incubated either 1 cm below the ISP’s
apex (Figure 3a), 1 cm above the ISP’s base (Figure 3b) or three meters away from the ISP
(Figure 3c; control sample).
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Figure 3. Typical AFM 2D (left) and 3D (right) images of HRP adsorbed on mica from its solutions
incubated either 1 cm below the ISP’s apex (a), 1 cm above the ISP’s base (b) or three meters away
from the ISP (c) (control sample). The scan size of all the images is 2 µm × 2 µm, Z scale is from 0 to
2 nm.

In all the AFM images shown in Figure 3, compact objects with heights >0.5 nm are
visualized on the substrate surface. These objects can be attributed to adsorbed HRP. At
the same time, no such objects were visualized on the mica surface in blank experiments
with protein-free buffer.

Figure 4 displays ρ(h) curves (Figure 4a) and Nnorm(h) histograms (Figure 4b) obtained
after analysis of AFM data obtained in our experiments for HRP adsorbed on mica from
the solutions incubated 1 cm below the ISP’s apex (red), 1 cm above the ISP’s base (green)
or three meters away from the ISP (black; control sample).
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Figure 4. Results of processing the AFM data. ρ(h) curves (a) and Nnorm(h) histograms (b) obtained
after analysis of AFM data obtained in our experiments for HRP adsorbed on mica from the solutions
incubated 1 cm below the ISP’s apex (red), 1 cm above the ISP’s base (green) or three meters away
from the ISP (black; control sample).

The ρ(h) curve obtained in the control experiments (Figure 4a, black curve) has two
characteristic maxima at 1.0 ± 0.2 nm (hmax1) and 1.8 ± 0.2 nm (hmax2). In our previous
papers, we justified that the objects of ~1.0 nm height correspond to a mica-adsorbed
monomeric form of HRP, while the objects of 1.8 nm and greater heights correspond to its
aggregated form [25,26]. In the control experiments, the α ratio amounted to ρ2/ρ1 = 0.37.

In contrast to the control HRP solutions, a significant increase in the α ratio was
observed for the solutions incubated 1 cm below the ISP’s apex (Figure 4a, red curve):
ρ2/ρ1 = 0.6. This clearly indicates an increased aggregation of the enzyme adsorbed on
mica from these solutions.

For the HRP solution incubated 1 cm above the ISP’s base, several maxima are observed
(Figure 4a, green curve). That is, while hmax1 is still observed at 1.0 ± 0.2 nm, hmax2 shifts
to lower heights (1.4 ± 0.2 nm). Apart from these two peaks, a substantially broadened
(1.8–3 nm) peak with the maximum shifted to 2.4 ± 0.4 nm (hmax3) is observed (Figure 4a,
green curve). The ρ(h) curve obtained for this solution indicates a decrease in the content of
1.0 nm-high monomeric HRP down to ρ(hmax1) = 20%. This is in contrast to the case with
the control solution, for which ρ(hmax1) = 37% was obtained.

The approximation of the experimental ρ(h) curves allowed us to determine the
integral relative content of the HRP aggregates after adsorption on mica substrates in our
experiments. Table 1 summarizes the results of this approximation.

Table 1. Maximum heights of the ρ(h) curves and relative content of HRP aggregates after adsorption
on mica.

HRP Samples hmax1, nm hmax2, nm % of Oligomers

Below the ISP’s apex 1.2 ± 0.2 1.8 ± 0.2 38 ± 4

Above the ISP’s base 1.0 ± 0.2 1.4 ± 0.2; 2.4 ± 0.4 45 ± 10

Control sample 1.0 ± 0.2 1.8 ± 0.2 27 ± 4

It should be noted that the number of mica-adsorbed objects Nnorm normalized per
400 µm2 is approximately similar in all (working and control) experiments with HRP
solutions (Figure 4b).
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3.2. Enzymatic Activity of HRP

The functional activity of the HRP enzyme was estimated using spectrophotometry in
both working experiments (in which the enzyme solution was incubated either at a 1 cm
distance below the pyramid’s apex or in the center of its base) and control experiments
(in which the solution was kept 10 m away from the pyramid), as described in the Ma-
terials and Methods Section. Figure 5 displays the time dependencies of the change in
absorbance of 0.3 mM ABTS solution containing 1 nM HRP and 2.5 mM hydrogen peroxide
(A405(t) curves).
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According to the A405(t) curves obtained, virtually no difference in the enzyme’s
functional activity was observed in our experiments. This indicates that the incubation of
the HRP solution near the pyramid does not affect the enzyme’s activity against ABTS. In
our experiments, the enzymatic activity of HRP was ~46 U/(mL enzyme).

4. Discussion

The influence of the incubation of an enzyme solution near an inverted pyramidal (ISP)
structure on the enzyme adsorption properties was studied using AFM with the example of
horseradish peroxidase. First, adsorption of HRP on mica from control solutions, incubated
three meters away from the ISP, was studied. The number of mica-adsorbed objects,
normalized per 400 µm2 of the substrate surface, was calculated, and density functions ρ(h)
were plotted. Based on the ratio α between the relative content of monomeric HRP and that
of oligomeric HRP on the mica surface, the aggregation state of the enzyme in the control
solutions was estimated. Second, in the same way, these data were obtained for the HRP
solutions incubated either 1 cm below the ISP’s apex or 1 cm above the center of the ISP’s
base, and they were compared with the data for the control solutions.

For the HRP enzyme solution incubated for 40 min below the ISP’s apex, an increased
aggregation of HRP macromolecules upon the enzyme’s adsorption on mica was observed
in comparison with the control solution. Indeed, the relative content of oligomeric HRP
increased up to 38 ± 4% (from 27 ± 4% in the case of the control solution; Table 1).
Furthermore, the α value, which characterizes the ratio between the relative content of
aggregates and that of monomers, increased from 0.37 to 0.6, clearly indicating an increased
enzyme aggregation. Moreover, an increase in the contribution of objects with a height of
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1.8 nm or more to the right wing of the relative distribution of adsorbed HRP with height
was observed. These high objects are attributed to aggregated forms of HRP [22,25,26].

For the HRP solution incubated 1 cm above the ISP’s base, an increased enzyme
aggregation was observed: the relative content of aggregates increased up to 45 ± 10%
(Table 1).

At the same time, no change in the normalized number of the mica-adsorbed objects
was observed for the HRP solutions incubated below the apex or above the base of the ISP
(Figure 4b).

Such changes in the adsorption properties of the HRP enzyme after the incubation
near the ISP can be explained by an alteration in the spatial structure of the enzyme globule.
This, accordingly, leads to a change in the interaction of HRP macromolecules both with
the mica substrate surface, with each other (both in the solution and on the surface) and
with the water solvent. Furthermore, alterations in the structure of the HRP globule do not
affect its enzymatic activity against ABTS, which remained unchanged after the incubation
of its solutions near the ISP. In this regard, it must be emphasized that spectrophotometry
represents a macroscopic method, in which a signal, produced by a large number of
enzyme macromolecules, is recorded. At the same time, AFM operates at the level of single
macromolecules. Under the action of the AFM tip, a nanomechanically assisted excitation
of an enzyme can be observed [32].

The effects on enzyme aggregation, observed in our present study, are most likely
caused by a rather complex process connected with the influence of external re-distributed
electromagnetic radiation on the enzyme. The latter, in turn, is surrounded by ice-like
water structures in the solution. These structures can change under the action of the
electromagnetic radiation of various wavelengths due to a change in the ratio between
para- and ortho-isomers of water in the water/enzyme system [33]. That is, the observed
effect is likely caused indirectly, being connected to a change in the ratio between para- and
ortho-isomers of water in the hydration shell around the enzyme globule. Accordingly,
other water-dissolved enzymes can also be affected by electromagnetic radiation upon their
incubation near a pyramidal structure.

The effects observed herein differ from those of a normally oriented pyramidal struc-
ture, which were reported previously [22]. Such a difference in the effects on the protein
solution from oppositely oriented pyramids can be due to the following circumstances:
Firstly, a change in the mutual orientation of a pyramid and in the direction of an incident
electromagnetic field lead to a different topography of the spatial distribution of the electro-
magnetic field near the pyramid [21]. According to the theoretical study by Minin et al. [34],
the influence of pyramidal structures consists of the induction of changes in the topography
of external electromagnetic fields near the pyramid at wavelengths comparable to the size
of its face. This takes place at the expense of both refraction and reflection from the face
of the pyramid. Moreover, a strong dependence of the effective scattering surface on the
angle of incidence on the plane (which can be a model of the base of the pyramid) was
shown [35]. It was emphasized that this effect can be also observed for more complex
geometric solids [35]. Thus, the difference in the effects of pyramidal structures upon
their different orientation in space on biological objects was grounded theoretically and
confirmed in our experiments with the example of HRP.

The results obtained herein can be of use in the development of systems for the
concentration of electromagnetic waves and in AFM studies employing pyramid-shaped
tips [36]. Thus, AFM probes of pyramidal shape can have an impact on physicochemical
properties of proteins or other biological objects studied in such biosensors, and this is what
should be studied in the future. Our results can also be of interest for researchers developing
various biosensors in which pyramidal structures are employed as either construction or
sensitive elements.
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5. Conclusions

The effect of an inverted pyramidal structure, simulating AFM pyramid-shaped tips,
on physicochemical properties of an enzyme was demonstrated with the use of HRP as
a model object. An increase in HRP aggregation upon adsorption of its macromolecules
on mica AFM substrates from buffered solutions of this enzyme was observed. Our
experiments indicate that the orientation of the pyramidal structure influences the effect
on the HRP enzyme resulting from the incubation of its solution near this structure. The
results obtained can be of use in the development of biosensor devices intended for the
study of enzymes, proteins and other biological objects.
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