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Abstract 

Heme-containing enzymes play vital functions in living organisms, including humans. Here we 
demonstrate two indirect effects of (electric discharge)-treated stainless steel on a model enzyme — 
horseradish peroxidase (HRP). The first effect is the complete loss of the enzyme’s adsorption after 
its incubation in grounded stainless steel chamber, which has been preliminarily subjected to electric 
discharge in air at atmospheric pressure. The second one is the formation of enzyme aggregates in 
the sample incubated in another grounded chamber two meters away from the discharge-treated one. 
At that, the HRP’s enzymatic activity is found to be unaffected in the both cases. These effects may 
be explained by the occurrence of knoĴed electromagnetic fields (KEMF). By using high-speed atomic 
force microscopy (HS-AFM), we reveal the relatively high surface mobility of cytochromes P450cam 
and P450 102A1 (BM3), whose isoelectric point (pI) values are acidic; at that, thymidylate synthase 
(TYMS) with near-neutral pI adsorbs strongly. Thus, HRP is the best model object, since its basic pI 
provides quite strong adsorption on mica. Since (electric discharge)-processed materials have found 
applications in medicine, we expect that the effects discovered will be considered in future 
biomedical applications of (electric discharge)-based technologies. 

Keywords: electric discharge; atomic force microscopy; peroxidase; cytochrome P450; enzyme 
aggregation; enzyme adsorption; knoĴed electromagnetic field 
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1. Introduction 

Gas discharges occur upon passing of electric current through a gas at various gas pressures 
ranging from atmospheric one down to several Pascales [1–3]; at that, the gas turns into either 
partially or fully ionized state, which has been called plasma [1]. To date, both the gas discharge as a 
phenomenon and the plasma (produced from the initial plasma-forming gas) as a medium have 
found numerous technological applications. The applications of gas-discharge plasma include – but 
are not limited to - water purification [4,5], surface decontamination [6] and sterilization [7,8]. Gas 
discharges, in their turn, are applied, for instance, for precise machining of conductive materials 
(metals and alloys) [9], including steel [10,11]. Regarding the laĴer, the use of electric discharge 
machining (EDM) for fabrication of medical tools should be emphasized9,12. Technologies based on 
gas discharges have also found many other applications in medicine, including surface treatment of 
both inorganic and organic materials [13]. 

Interaction of an electric discharge with biological macromolecules can be either direct or 
indirect (Figure 1a) [14]. The direct interaction implies direct contact of the gas-discharge plasma with 
the biological macromolecules. In contrast, an interaction of discharge-processed materials with the 
biological macromolecules without their direct introduction into the discharge area represents the 
indirect interaction [15,16]. While direct effects of electric discharge on biological macromolecules 
were already reported [17,18], the indirect ones are poorly studied. Typical example of the laĴer is 
the dissolution of a sample in plasma-processed water [16]. 

 

(a) 

 
(b) 

Figure 1. Schematic illustration of direct and indirect action of electric discharge on an enzyme sample (a), and 
implementation of the indirect action of electric discharge in our experiments (b, not to scale). 
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Direct effects of gas discharges and gas-discharge plasma on biomolecules, including enzymes, 
are well known [17,18], though research in this direction is actively continued. In contrast, as we are 
aware, indirect effects of (electric discharge)-processed solid materials on biomolecules are yet 
unknown. At that, electric discharges are used for processing of conductive materials (including steel 
[10,11] intended for medical applications [9,12], thus implying indirect interaction of electric 
discharge on biological tissues and macromolecules — including enzymes. The laĴer is what we 
consider herein. 

Atomic force microscopy (AFM) was shown to be a useful approach to single-molecule imaging 
of heme-containing enzyme [19,20]. AFM allows one to reveal even minor effects of magnetic [21,22] 
and electromagnetic [23,24] fields on their physicochemical properties. Heme-containing enzymes 
catalyze many vital processes in living organisms. In general, high-valent iron-oxo heme proteins 
catalyze oxidation of various compounds by either molecular oxygen or hydrogen peroxide [25]. 
Namely, monooxygenases of cytochrome P450 superfamily play key roles in oxygenation of faĴy 
acids and various xenobiotics by molecular oxygen [26,27]. Heme-containing peroxidases, in their 
turn, participate in oxidation of various compounds by hydrogen peroxide [28]. The key roles of the 
processes, catalyzed by heme-containing enzymes, determines the importance of studies concerning 
the influence of various external factors on the functioning of heme-containing enzymes. These 
factors include (though are not limited to) [29,30] electromagnetic fields, which may affect enzyme 
structure and functionality [23,31,32]. 

In order to justify the choice of HRP as a model enzyme in experiments on the investigation of 
indirect effects of (electric discharge)-treated stainless steel on heme-containing enzymes, we use the 
illustrative examples of enzymes with acidic and near-neutral isoelectric point (pI) values. The data 
obtained for HRP are compared with the effect caused by direct exposure of the enzyme to 10 nW/cm2 
knoĴed electromagnetic field (KEMF). The first effect of the discharge-processed steel is the complete 
loss of the enzyme’s adsorbability after its incubation in grounded stainless steel container, which 
has been preliminarily subjected to electric discharge in air at atmospheric pressure. The second effect 
is the formation of enzyme aggregates in the sample incubated in another grounded container two 
meters away from the discharge-treated one. At that, the HRP’s enzymatic activity is found to be 
unaffected in the both cases. Direct exposure to KEMF is shown to induce considerable aggregation 
of the enzyme, do not affecting its activity. These effects may be explained by the occurrence of KEMF 
[23]. Since (electric discharge)-processed materials find their application in medicine [13], we expect 
that the effects discovered herein will be considered in future biomedical applications of (electric 
discharge)-based technologies. 

High-speed atomic force microscopy (HS-AFM) developed by Professor T. Ando et al. [33,34] 
represents a powerful tool, which allows one to visualize dynamic processes in enzyme systems 
(including heme-containing enzymes) [35] with high time resolution. By HS-AFM, Takeda et al. 
demonstrated real-time visualization of adsorption of cytochrome C [35]. Continuous successful 
work on improving the spatial resolution and reducing noise of HS-AFM imaging is being 
performed, as was quite recently demonstrated by Sato et al. [36]. Herein, by HS-AFM, we 
experimentally demonstrate high surface mobility of two different cytochromes of P450 superfamily 
— P450cam and cytochrome P450 102A1 (P450 BM3) — in buffer with physiological pH 7.4; the 
isoelectric point (pI) values of these enzymes are acidic [37,38]. This is in contrast to the case with 
thymidylate synthase (TYMS), whose pI is near-neutral [39]. This is how we motivate the choice of 
horseradish peroxidase (HRP) with basic pI as a model enzyme in the investigation of effect of electric 
discharge-treated steel on a heme-containing enzyme in subsequent experiments reported herein. 
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2. Results 

Firstly, cytochromes P450cam and P450 BM3 were studied by HS-AFM. Figure 2 displays HS-
AFM images clipped from videos recorded by HS-AFM scanning of mica with adsorbed enzymes. 

 

Figure 2. HS-AFM observation of cytochrome P450cam (a) and cytochrome P450 BM3 (b) adsorbed on mica. In 
a, yellow and white triangles point at different P450cam molecules, which move rapidly along the mica surface 
and sometimes form instable aggregates with other stronger adsorbed molecules. Circle marks instable enzyme 
aggregate in the right area of the images. In b, white triangles point at different P450 BM3 molecules, which 
occur in the images owing to their fast moving along mica surface. A group of moving P450 BM3 molecules is 
circled in the left area of the images. The images are clipped from videos recorded at 100 ms per frame and 100 
nm  100 nm frame size. 

For the both cytochromes, the images clipped from successfully captured HS-AFM videos and 
shown in Figure 2 indicate the presence of many weakly adsorbed enzyme molecules, which form 
unstable aggregates on the mica surface at physiological pH, thus hindering correct determination of 
the enzyme aggregation state under experimental conditions (see Supplementary videos S1 and S2 
for cytochrome P450cam and P450 BM3, respectively). 

The high mobility of cytochromes P450cam and P450 BM3 on mica under our experimental 
conditions can be explained by the fact that at pH 7.4, the molecules of these enzymes bear a negative 
net charge. Indeed, the experimentally determined pI value of cytochrome P450cam is 4.55 [37]; 
reductase domain of P450 BM3 has a pI near 5 [38], while theoretical pI of the whole enzyme is ~5.34. 
The surface of bare mica, in its turn, also was reported to bear a pH-independent negative charge, 
whose value is determined by the mineral’s crystalline laĴice and is equal to −2.1e per nm2; in 
addition, dissociation of potassium ions on mica surface can also make a contribution to its charging 
[40]. These facts imply electrostatic repulsion between the mica surface and the P450cam and P450 
BM3 enzyme molecules at near-neutral pH. Videos recorded by HS-AFM, however, show that 
molecules of the both enzymes do approach the mica surface and form aggregates on it, though the 
adsorption is quite weak, and the aggregates are unstable. These results can be well explained by 
heterogeneous properties of enzyme molecules’ surface [41,42] and the so-called cooperative effect 
discussed by Luo and Andrade [42]. Namely, an enzyme can adsorb onto mica even if pH exceeds 
the enzyme’s pI owing to the presence of local positively charged areas on the surface of enzyme 
molecules [42]. And this is what we observe in our HS-AFM experiments with the both cytochromes. 
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The case with TYMS shown in Figure 3 is in contrast with the situation observed with 
cytochromes and discussed above. 

 
Figure 3. HS-AFM observation of TYMS adsorbed on mica. The images are clipped from video recorded at 520 
ms per frame and 400 nm  400 nm frame size. 

Indeed, TYMS molecules virtually do not move after their adsorption on mica (see Figure 3 and 
Supplementary Video S3). TYMS was reported to have near-neutral pI of 6.7 [39], and this explains 
its strong adsorption observed in buffer with pH of 7.4. 

Accordingly, tighter adsorption of an enzyme of interest is strongly required in order to correctly 
determine alterations of its aggregation state under an external action. In this respect, alteration of 
acidity of the medium is one of the ways towards promoting the enzyme adsorption: namely, the use 
of moderately acidic acetate buffer often favours the electrostatically driven enzyme adsorption [43]. 
In our study, we aim at maintaining the pH at near-physiological values [23]. In this case, proper 
selection of the model enzyme is required. 

The results described above confirm the right choice of HRP as a model in further experiments. 
The pI of HRP-C isozyme makes up 8.9 [44]. This value is much higher than those of the both 
cytochromes studied by HS-AFM and provides quite strong adsorption on mica, allowing us to 
correctly determine the enzyme’s aggregation state on mica by conventional AFM. In order to reveal 
yet unknown effects of stainless steel, subjected to electric discharge in air at atmospheric pressure, 
on HRP, we employed the well-established method of combined use of conventional atomic force 
microscopy and spectrophotometry [23]. The discharge was generated in a completely grounded 
metal volume (Figure 1b) with a RESINBLOK 2000 20 kV, 50 Hz AC high voltage generator (F.a.r.t. 
S.p.A.; Italy). The discharge was generated in the grounded stainless steel chamber for 15 minutes, 
and then the chamber was cooled down to room temperature in order to avoid heating of the enzyme 
sample. Then, an Eppendorf-type test tube with 1 mL sample of 0.1 µM solution of HRP was placed 
into the chamber onto a foamed polyurethane gasket, and the chamber was covered with a grounded 
2-mm-thick steel cap. In this way, the discharge chamber represented a ground-shield for the working 
enzyme sample (WS), which was incubated therein for 40 minutes. At the same time, two reference 
enzyme samples were incubated in similar fully grounded steel chambers, which were not subjected 
to the discharge. One of these chambers with reference enzyme sample RS1 was placed two meters 
away from the one subjected to the discharge, while the other one with reference enzyme sample RS2 
was placed a separate room ten meters away from the experimental setup. The control enzyme 
sample CS was also incubated in the same room as the RS2 sample. All the four HRP samples were 
then analyzed by AFM and spectrophotometry employing the technique developed and described in 
our previous studies [23,24,29]. And the results of our analysis were quite surprising (Figures 4 and 
5a). 
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(a) (b) 

(c) (d) 

Figure 4. Typical AFM images of mica substrate surface obtained in AFM analysis of HRP in either of the 
following samples: control sample CS incubated 10 m away from the experimental setup (a), reference sample 2 
RS2 incubated setup in ground-shielded chamber 10 m away from the experimental setup (b), reference sample 
1 RS1 incubated in the ground-shielded chamber 2 m away from the experimental setup (c), and working sample 
WS incubated in ground-shielded chamber after its treatment to electric discharge (d). The size of all images is 2 
µm × 2 µm.  
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(a) (b) 

Figure 5. Distributions of HRP particles, adsorbed on mica, with height. (a) Distributions obtained for samples 
studied in experiments with electric discharge. Line colour indicates curves obtained for the control sample CS 
incubated 10 m away from the experimental setup (black), reference sample 2 RS2 incubated setup in ground-
shielded chamber 10 m away from the experimental setup (blue), and reference sample 1 RS1 incubated in the 
ground-shielded chamber 2 m away from the experimental setup (red). No particles adsorbed from the working 
sample WS incubated in ground-shielded chamber after its treatment to electric discharge. (b) Distributions 
obtained for samples studied in experiments with KEMF. (b) Line colour indicates distributions obtained for the 
control sample CS incubated 10 m away from the experimental setup (black), and for the sample irradiated in 
10 nW/cm2 KEMF at a 0.64 m distance from the emiĴer (magenta). 

In the case of both the control sample CS and the reference sample RS2, which were placed ten 
meters away from the experimental setup, the enzyme adsorbed onto mica in the form of compact 
objects, whose height typically did not exceed the 1.2 nm value (Figure 4a,b; Figure 5a, black and blue 
curves). As was determined previously, these objects represent monomeric HRP adsorbed on mica 
[9]. The content of oligomeric HRP in the both samples, incubated at the 10 m distance from the setup, 
was negligible. In contrast, the RS1 sample incubated at shorter (2 m) distance from the setup 
contained considerable (23%) amount of oligomeric HRP particles of 1.4 nm height (Figure 5a, red 
curve). Typical AFM image of HRP, adsorbed on mica from the RS1 sample, clearly indicates the 
presence of extended objects on the mica substrate – in contrast to the samples incubated at longer 
(10 m) distance from the setup (Figure 4c). These extended objects correspond to large high-order 
HRP aggregates. Moreover, the results of the analysis of the working sample WS were quite amazing, 
since no enzyme at all was detected on the mica surface: the mica surface was quite flat (Figure 4d). 
We should emphasize that the enzymatic activity of HRP against ABTS substrate in all samples 
studied was approximately equal (Figure 6). 
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(a) (b) 

Figure 6. Kinetic curves obtained upon estimation of enzymatic activity of HRP in the samples studied against 
ABTS. (a) Curves obtained for samples studied in experiments with electric discharge. Line colour indicates 
curve obtained for the control sample CS incubated 10 m away from the experimental setup (black), reference 
sample 2 RS2 incubated setup in ground-shielded chamber 10 m away from the experimental setup (blue), 
reference sample 1 RS1 incubated in the ground-shielded chamber 2 m away from the experimental setup (red), 
and working sample WS incubated in ground-shielded chamber after its treatment to electric discharge (green). 
(b) Curves obtained for samples studied in experiments with KEMF. Line colour indicates curve obtained for 
the control sample CS incubated 10 m away from the experimental setup (black), and for the sample irradiated 
in 10 nW/cm2 KEMF at a 0.64 m distance from the emiĴer (magenta). 

3. Discussion 

The results of our experiments can be explained in the following way. Action of an electric 
discharge on metal materials, including steels, induces occurrence of stress [10,11,45,46], which 
persists after the discharge action is finished. The well-known cause of discharge-induced stress is 
uneven heating/cooling during the electric discharge. Here, we should emphasize the relationship 
between thermal effects of electric discharge action on metals and the stress: while local heating effect 
is utilized in EDM [10] the reverse process was also discussed [47]. At atomic level, the internal stress 
in metal represents a distortion of its laĴice; the stress also changes the metal’s microstructure [48]. 
As a result, mechanical energy is accumulated in the microstructure of the metal in the form of elastic 
deformation. Furthermore, electric discharges are accompanied by electromagnetic emission. At that, 
Song et al. emphasize that external electric or magnetic fields (which are known to be interconnected) 
can transfer high energy directly to the electronic scale of metal materials, changing spin, energy level 
arrangement and trajectory of electrons in the metal [48]. In other words, the action of electric 
discharge on a metal can induce transfer of its atoms to their excited states. And the reverse process 
of transfer of atoms from their excited states to the unexcited one is known to be accompanied by 
electromagnetic radiation. The action of the laĴer on the enzyme, in its turn, can be the very cause of 
the observed disappearance in the enzyme’s adsorbability. Indeed, HRP is known to be quite 
sensitive to electromagnetic radiation, though its effects on the enzyme can sometimes be revealed 
by only single-molecule investigation [23,24]. 

In the experiments reported, we observed the aggregation of the enzyme in the RS1 sample 
incubated at the 2 m distance from the experimental setup, despite the sample was ground-shielded. 
This phenomenon can be explained by the specific topology of KEMF [49,50] emiĴed by the 
discharge-treated steel chamber located two meters away. Unlike transverse electromagnetic fields, 
knoĴed ones are able to pass through metallic shields, even if the laĴer are grounded [50]. Previously, 
we demonstrated that knoĴed electromagnetic field (KEMF) of even very low (1 pW/cm2) power 
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density induces aggregation of HRP incubated at a comparable (0.64 m) distance from the emiĴer23. 
In order to prove our explanation, herein, we repeated our experiments with KEMF at ten thousand 
times higher (10 nW/cm2) power density. Upon AFM analysis of the enzyme sample exposed to 
KEMF, considerable amount of 2-nm-high HRP aggregates has been revealed (Figure 5b, magenta 
curve) in comparison with the control enzyme sample incubated ten meters away from the KEMF 
emiĴer (doĴed black curve). At that, the maximum of the respective distributions of mica-adsorbed 
HRP particles with height shifted to the 1.4 nm value, indicating aggregation of the enzyme in KEMF-
treated sample. And similar to both the recent experiments with discharge-processed steel and the 
previously reported experiments with KEMF at lower 1 pW/cm2 power density, KEMF was found to 
have no effect on the HRP’s enzymatic activity against ABTS (Figure 6b) [23]. These results and the 
fact that the RS1 sample was completely ground-shielded (Figure 1b) confirm our explanation of the 
effect of the discharge-processes steel on the enzyme placed at a distance of two meters. 

The observed changes in adsorbability of HRP on mica can be explained by the alterations in the 
surface structure of enzyme globules [29]. These alterations affect all of the following interactions: 
enzyme-enzyme, enzyme-solvent and enzyme-(AFM substrate surface) [29]. These interactions are, 
to a great extent, determined by the structure of hydration shell surrounding the HRP enzyme 
globule [51,52]. It is to be emphasized that only hydration shell of the enzyme has undergone 
structure alterations in our experiments, while its active site remained unaffected. This is how we 
explain the results obtained in our experiments with HRP. 

One should emphasize that action of magnetic field can induce more dramatic alterations in the 
structure of heme-containing enzymes, causing changes in enzymatic activity32. In our experiments 
with HRP, no change in enzymatic activity is revealed, supporting our conclusion that only outer 
hydration shell of the enzyme globules is affected. The laĴer obviously influences the enzyme-
enzyme, enzyme-(AFM substrate surface) and enzyme-solvent interactions, while not affecting the 
active site and the conformation of the peptide chains. The high stability of the HRP’s spatial structure 
can be explained by high carbohydrate content, which makes up 18 to 27% [44]. The situation with 
other heme-containing enzymes such as cytochromes P450cam and P450 BM3 may be quite different, 
but further work on careful selection of experimental conditions is required owing to high surface 
mobility of these enzymes at physiological pH. This is the subject of future studies, and herein we 
just demonstrate the great potential of HS-AFM in the revelation of surface mobility of heme-
containing enzymes with acidic pI values. Since the surface mobility is directly determined by 
enzyme-(AFM substrate surface) interactions, HS-AFM represents an excellent tool for studies of 
effects of electromagnetic fields on heme-containing enzymes. 

The growing application of electric discharge-processed and plasma-processed materials for 
medical applications [9,12,13] determines the great importance of effects discovered herein for future 
development of applications of (electric discharge)-based technologies in biomedicine. In this 
connection, a wide range of applications of HRP in biotechnology and medicine should be mentioned 
[53]. Regarding its biomedical applications, we should emphasize the wide use of HRP as a reporter 
enzyme in diagnostic systems53 — including nanowire-based ones [54], which are known to have a 
great potential in highly sensitive revelation of various disease biomarkers (such as proteins — 
including enzymes —and nucleic acids) in humans [55,56]. The high sensitivity of nanowire and 
nanoribbon-based systems, which reaches just several charges per one sensor element, is achieved 
thanks to the very high surface-to-volume ratio of nanowire and nanoribbon sensor elements [57]. 
This fact emphasizes the importance of the in-deep studies of indirect effects of materials, which were 
subjected to electric discharge action and are intended for biomedical applications, on heme-
containing enzymes [9,12]. Our experiments demonstrate promising application of HS-AFM in this 
area. However, our HS-AFM experiments with cytochromes of P450 superfamily reveal the strong 
need for further research in this direction in order to carefully determine optimal experimental 
conditions for each enzyme of interest.  
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4. Materials and Methods 

Enzymes. Peroxidase from horseradish (HRP-C; Cat. # P6782) and its substrate, diammonium 
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), were purchased from Sigma (St. Louis, 
MA, USA). 

Cytochrome P450cam was kindly donated by Professor G. Hui Bon Hua (French Institute of 
Health and Medical Research, France). The initial enzyme sample was received in the form of 1.8 mM 
stock solution in 100 mM potassium phosphate buffer (pH 7.0), which was stored at minus 80°C. 

Wild-type cytochrome CYP102A1 was kindly donated by Professor A.W. Munro (University of 
Manchester, UK); the enzyme was expressed and prepared as described by Neeli et al.27. This enzyme 
was also expressed by Dr. Anna W. Grudo. The initial enzyme samples were received in the form of 
40 µM stock solution. Aliquots of the stock solutions were stored at -80°C until their use in 
experiments. 

Thymidylate synthase (TYMS) was purchased from Novus Biologicals (USA; Cat. #NBP1-30310; 
1-133 aa; 36 kDa molecular weight). An aliquot of the original preparation was diluted by Dulbecco’s 
modified phosphate buffered saline to the desired concentration. 

Chemicals. Disodium hydrogen orthophosphate (Na2HPO4, analytical grade), citric acid (of 
highest purity, “of reference purity”) and hydrogen peroxide (H2O2, analytical grade) were 
purchased from Reakhim (Moscow, Russia). Dulbecco’s modified phosphate buffered saline (PBS-D; 
pH 7.4) was prepared by dissolving the salt premix purchased from Pierce (USA) in water. All 
aqueous solutions used in our experiments were prepared using ultrapure deionized water of 18.2 
MΩcm resistivity, purified with a Simplicity UV system (Millipore, Molsheim, France). The 
solutions used in the AFM and HS-AFM experiments were additionally checked by AFM in order to 
confirm absence of particles with ≥1 nm size in them. 

HS-AFM experiments. Either of the enzymes (cytochrome P450cam, P450 BM3, or TYMS) was 
adsorbed onto a freshly cleaved mica substrates by direct surface adsorption [58]. A 2-µL droplet of 
a 0.25 µM enzyme solution in 10 mM Dulbecco’s modified phosphate buffered saline (PBS-D; pH 7.4) 
was dispensed on a mica substrate and incubated thereon for three minutes, and then washed off 
with ultrapure water. The so-prepared substrate was placed into the measuring cell of a RIBM high-
speed atomic force microscope (manufactured by Professor T. Ando’s scientific group in Japan and 
installed in IBMC, Moscow, Russia) containing 2.5 mM PBS-D (pH 7.4). HS-AFM scanning was 
performed in liquid using gold-coated NanoWorld probes (curvature radius <10 nm; probe beam 
length 2.5 µm; cantilever resonant frequency in air and liquid ~1.5 MHz and 0.9 MHz, respectively; 
spring constant ~0.6 N/m). 

Conventional AFM experiments. In experiments with HRP, we used 0.1 µM solution of the enzyme 
in 2 mM PBSD prepared by sequential tenfold dilution of its 10 µM stock solution. The laĴer was 
prepared by dissolution of a certain amount of the lyophilized enzyme preparation in 2 mM PBSD. 
At each dilution step, the solution was kept in a Thermomixer Comfort shaker (Eppendorf, Germany) 
for 0.5 hour at 600 rpm and 23°C. The PBSD buffer was prepared by dissolution of salt premix, 
purchased from Pierce (USA), in water. All solutions used in all experiments reported were prepared 
with ultrapure deionized (18.2 МΩ × cm) water obtained by purification of distilled water with a 
Simplicity UV system (Millipore, Molsheim, France). 

Experimental setup and experiments with electric discharge. The high-voltage discharge was 
generated using a RESINBLOK 2000 high-voltage pulse generator (F.a.r.t. S.p.A.; Italy), which 
generates 20 kV, 50 Hz AC voltage. One of the generator’s output contacts was connected to an 
electrode made of high purity electrical copper (electrode dimensions: length 180 mm, diameter 1.2 
mm). The second output contact of the generator was connected to the boĴom of a grounded stainless 
steel chamber (chamber dimensions: diameter 58 mm, height 72 mm, wall thickness 2 mm, floor 
thickness 3 mm; chamber material: AISI 304 stainless steel). The copper electrode was fixed in a 
textolite holder. The connection of the generator to the discharge chamber is schematically shown in 
Figure 7. 
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Figure 7. Schematic representation of connection of the generator to the discharge chamber. 

In the experiments, 20 kV, 50 Hz AC voltage was supplied to the generator’s output contacts, 
and the copper electrode was lowered into the center of the chamber until stable arc discharge was 
obtained between the electrode and the chamber surface. The discharge was allowed to pass through 
air at atmospheric pressure for four minutes. Then, the generator was powered off, and the camera 
was allowed to cool down to room temperature (23°C) for one minute. The temperature of the camera 
walls was controlled with a FY-10 thermocouple-based digital thermometer. The discharge treatment 
and camera cooling cycles were repeated three times. After the third cycle, a polyurethane foam 
gasket was laid into the camera, and a 1.5-mL Eppendorf type polypropylene test tube containing 
one milliliter of 0.1 µM enzyme solution was laid onto the gasket. The inner space of the chamber 
was ground-shielded by covering the chamber with a grounded steel disc (disc dimensions: diameter 
100 mm, thickness 2 mm; disc material: St-3 carbon steel). The WS working enzyme sample was kept 
in this chamber for 40 min. At the same time, test tubes with the RS1 and RS2 reference samples were 
put into exactly the same grounded chambers, which were not subjected to the discharge, and were 
placed two and ten meters away from the discharge-treated one. Tube with the control enzyme 
sample was kept outside the grounded chamber ten meters away from the experimental setup. 

Experimental setup and experiments with KEMF. Detailed description of the experimental setup 
employed for irradiation of enzyme samples in KEMF was given in our pioneer paper [23]. Briefly, 
the setup contained an emiĴer antenna representing a five-leafed wire knot fixed on a central rod. 
The laĴer was connected to a half-wave vibrator with balancing and matching U-knee using a 50-Ω 
cable [9]. The KEMF parameters were set with a USB-TG44A Tracking Generator (Signal Hound, 
USA), and the radiation power was controlled with a USB-SA44B Spectrum Analyzer (Signal Hound, 
USA). Under the experimental conditions, no heating of the enzyme samples was observed, as was 
controlled with a FY-10 thermocouple-based digital thermometer. In comparison with the previously 
described experiments [23], the only difference was the KEMF power density, which amounted to 10 
nW/cm2 in our experiments reported herein — that is, ten thousand times higher than the 1 pW/cm2 
value in our pioneer work [23]. The distance between the emiĴer antenna and the test tube with the 
enzyme samples was 0.64 m, i.e., comparable to the 2 m value between the electric discharge-treated 
chamber and the chamber with the RS1 sample. 

Analysis of the enzyme samples. All the enzyme samples treated in the experiments described 
above were studied employing a combined AFM and spectrophotometry analysis technique 
described in our previous papers23,24,29. Briefly, for AFM analysis, AFM substrates were prepared by 
direct surface adsorption58 of HRP from either of the HRP samples onto bare mica. For each enzyme 
sample studied, a 7 mm  15 mm mica substrate was immersed in an Eppendorf-type test tube 
containing 0.8 mL of the studied enzyme solution, and incubated therein for ten minutes in a 
Thermomixer Comfort shaker (Eppendorf, Germany) at 600 rpm and 23°C, then rinsed with 
ultrapure water and dried in air.23 The mica substrates were scanned with a Prima atomic force 
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microscope (NT-MDT, Zelenograd, Russia) equipped with with NSG10 cantilevers (“TipsNano”, 
Zelenograd, Russia; from 140 to 390 kHz resonant frequency, from 3.1 to 37.6 N/m force constant, tip 
curvature radius 10 nm). The microscope was calibrated by height using a TGZ1 calibration grating 
(NT-MDT, Zelenograd, Russia; step height 21.4 ± 1.5 nm). AFM operation, obtaining and treatment 
of the AFM images, and exporting the resulting data in ASCII format were performed with a standard 
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 automatically using 
an AFM data processing software custom-developed in IBMC (Rospatent registration no. 
2010613458). Based on the so-obtained AFM data, distributions of the enzyme particles, adsorbed on 
mica, with height were calculated and ploĴed as described in our pioneer work [23]. The number of 
2 µm  2 µm frames obtained for each substrate was ≥10. 

Spectrophotometry. In parallel with the AFM analysis, spectrophotometry analysis of the enzyme 
samples was being performed [23,24,29]. Briefly, the activity of the enzyme against ABTS was 
estimated using an assay developed by Sanders et al. [59] Absorbance of a reaction solution 
containing the enzyme, ABTS and H2O2 at 1 nM, 0.3 mM and 2.5 mM concentrations, respectively, in 
phosphate-citrate buffer (51 mM Na2HPO4, 24 mM citric acid, pH 5.0) [59] was monitored with an 
Agilent 8453 spectrophotometer (Agilent Deutschland GmbH, Waldbronn, Germany) in 1-cm-long 
quarĵ cell for five minutes at 23°C. The volume of 0.1 µM enzyme solution used in each 
spectrophotometry measurement was 30 µL. At least three independent measurements were 
performed for each sample studied. Statistic calculations were performed as described elsewhere [60]. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org: Supplementary Video S1: HS-AFM observation of cytochrome P450cam; 
Supplementary Video S2: HS-AFM observation of cytochrome P450 BM3; Supplementary Video S3: HS-AFM 
observation of TYMS. 
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