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Foreword to the Special Issue on Laser and optical technologies  

in biomedicine and ecology 

 

Dear Colleagues, 

 

For the sixth time, it is our pleasure to present you the Special Issue of the Journal of Biomedical 

Photonics & Engineering (J-BPE) with selected papers of the Biophotonics Workshop of the XVIII 

All-Russian Youth Conference-Contest on Optics and Laser Physics (Samara, November 10-14, 

2020). The conference-contest was organized by P.N. Lebedev Physical Institute (Samara Branch) 

and Samara National Research University and supported by Administration of Samara Region and 

Samara SPIE Student Chapter.  

The Biophotonics Workshop 2020 was held online, and its program included competitive oral 

and poster reports of young scientists from technical and medical universities and academician 

scientific organizations of Moscow, Nizhny Novgorod, Saratov, Orel, Irkutsk, Kaliningrad, 

St. Petersburg, Samara and Astrakhan, invited reports and brilliant lectures by leading scientists. A 

wide range of questions including optical applications in medicine, biology, and ecology was 

discussed at the Workshop. The lectures of Academician of the RAS Yu. N. Kulchin (Institute of 

Automation and Control Processes FEB of RAS, Vladivostok), Prof. E.A. Genina (Saratov State 

University), Prof. I. N. Zavestovskaya (National Research Nuclear University MEPhI, Moscow) 

and Prof. V. E. Pozhar (Scientific and Technological Center of Unique Instrumentation of RAS, 

Moscow) aroused great interest.  

The winner of the Biophotonics section in the Oral Presentations nomination became  

A. Sovetsky (Institute of Applied Physics of RAS, Nizhny Novgorod) whom paper with co-authors 

A. Zykov et al. is presented in the Special Issue of J-BPE. Their study as other papers presented in 

the Special Issue cover a wide range of laser and optics modalities for biomedical and ecological 

applications.  

Alexey Zykov et al. (Institute of Applied Physics of RAS, Nizhny Novgorod) proposed a 

computationally efficient and fairly realistic model of OCT-scan formation in spectral-domain 

optical coherence tomography. The model is based on the approximation of discrete scatterers and 

ballistic character of scattering. An important feature of the model is its ability to easily account for 

arbitrary scatterer motions and computationally efficiently generate large sequences of OCT scans 

for gradually varying configurations of scatterers. This makes the proposed simulation platform 

very convenient for studies related to the development of angiographic processing of OCT scans for 

visualization of microcirculation of blood, as well as for studies of decorrelation of speckle patterns 

in OCT scans due to random motions of scatterers. Examples demonstrating utilization of the 

proposed model for generation OCT scans imitating perfused vessels in biological tissues, as well 

as evolution of speckles in OCT scans due to random translational and rotational motions of 

localized scatterers are demonstrated.  

http://jbpe.ssau.ru/
http://jbpe.ssau.ru/
http://laser-optics.ru/
http://dx.doi.org/10.18287/JBPE21.07.010304
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Alida Alykova et al. from National Research Nuclear University MEPhI (Moscow Engineering 

Physics Institute) demonstrated the temperature measurements of silicon nanoparticles. The 

temperature was determined under laser photo-induced heating from the ratio of the intensities of 

the Stokes and anti-Stokes components of the Raman scattering. The obtained results of the 

dependence of nanoparticles temperature on the laser radiation intensity and the temperature 

dependence of the Raman line position may be used to determine the optimal regimes of photo-

hyperthermia enhanced by silicon nanoparticles for cancer therapy.  

Anastasia Kosheleva et al. from National Research Nuclear University “Moscow Engineering 

Physics Institute” shows the results of nanoparticles selectively heated by external action as agents 

for hyperthermia of some types of tumors. In their study the selective heating of suspensions of 

silicon nanoparticles using a device for electromagnetic high-frequency therapy is performed. 

Anna Neupokoeva et al. (Irkutsk State Medical University) describes the studying the impact of 

laser irradiation (λ = 532 nm) on human blood plasma. The structural changes in plasma were 

controlled by the crystallographic method with the mean crystallogram segment size as a numerical 

evaluation. In addition, the structural changes were explored by processing the speckle patterns 

obtained during laser radiation passes through plasma. Exposure to laser radiation for 20 min 

resulted in the 30% reduction of the crystallogram characteristic size with the dynamics of the 

structural changes coinciding with the dynamics discovered by speckle patterns processing. The 

crystallographic method revealed that laser induced structural changes in plasma remain for  

24–36 h after exposure. 

Natalia Rodenko et al. from Samara National Research University studied the Fourier spectra of 

the antibiotic exposed to a high-intensity pulsed magnetic field. The action was carried out at a 

frequency f = 40 kHz, with a number of pulses n = 1, at intensities of the pulsed magnetic field 

H = 0.09 * 106 А/m, Н = 0.50 * 106 А/m, Н = 0.82 *106 А/m. It was assumed that under the 

conditions of the pulsed magnetic field there may be a change in the structure of the drug molecule. 

The authors noted that an increase in the pulsed magnetic field power leads first to a decrease in the 

intensity of the band in the Fourier spectrum, and then – to its increase.  

Danila Tatarinov et al. (Kaliningrad State Technical University) highlights a chitosan-TiO2 

nanocomposites (NСs CS-TiO2) were development for the photocatalytic degradation of 

representatives of polycyclic aromatic hydrocarbons (PAHs). TiO2 nanoparticles were synthesized 

by laser ablation method and their sizes were determined by dynamic laser light scattering. 

Anthracene and pyrene in micellar solution were used as representatives of PAHs. The effect of 

TiO2 in the composition of prepared nanocomposites on the photodegradation of PAHs in model 

environments under UV irradiation was studied. The method of solid-phase luminescence was used 

to estimate the decrease in PAHs concentrations. The efficiency of using the nanocomposites for the 

photocatalytic degradation of anthracene and pyrene was demonstrated.  

The papers collected in the Special Issue highlights the potential of optical and laser technologies 

in modern medical, biological and ecological applications. 

 

 

http://dx.doi.org/10.18287/JBPE21.07.010303
http://dx.doi.org/10.18287/JBPE21.07.010306
http://dx.doi.org/10.18287/JBPE21.07.010302
http://dx.doi.org/10.18287/JBPE21.07.010305
http://dx.doi.org/10.18287/JBPE21.07.010301
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Applying of Chitosan-TiO2 Nanocomposites for 
Photocatalytic Degradation of Anthracene and Pyrene 

Danila A. Tatarinov*, Sofia R. Sokolnikova, and Natalia A. Myslitskaya 
Department of Physics, Kaliningrad State Technical University, 1 Sovetsky prospect, Kaliningrad 236022, Russia 

* e-mail: dan.tatarinov@mail.ru 

Abstract. In this work, chitosan-TiO2 nanocomposites (NСs CS-TiO2) were 
developed for the photocatalytic degradation of some representatives of 
polycyclic aromatic hydrocarbons (PAHs). TiO2 nanoparticles (NPs) were 
synthesized by laser ablation method and their sizes were determined by 
dynamic laser light scattering (DLLS). Anthracene and pyrene in micellar 
solution were used as representatives of PAHs. The effect of TiO2 in the 
composition of prepared nanocomposites on the photodegradation of PAHs in 
model environments under UV irradiation was studied. The method of solid-
phase luminescence (SPL) was used to estimate the decrease in PAHs 
concentrations. Based on the results of the studies carried out, pseudo-first 
order photodegradation kinetics were plotted. The efficiency of using the 
nanocomposites for the photocatalytic degradation of anthracene and pyrene 
was proved. © 2021 Journal of Biomedical Photonics & Engineering. 

Keywords: titanium dioxide nanoparticles; TiO2; photocatalyst; polycyclic 
aromatic hydrocarbons; PAH; pyrene; anthracene; chitosan; UV irradiation. 
Paper #3401 received 15 Jan 2021; revised manuscript received 5 Feb 2021; accepted for 
publication 16 Feb 2020; published online 21 Mar 2021. doi: 10.18287/JBPE21.07.010301. 

 
 
 

1 Introduction 
PAHs are compounds containing two or more fused 
benzene rings in the molecule. Compounds of this group 
are found everywhere in the environment. PAHs are 
dangerous pollutants and are classified as compounds 
with significant risk to human health [1]. PAHs are 
dangerous even in small amounts due to their 
bioaccumulative properties. It was found that the content 
of PAH group substances in the environment is exceeded, 
the risk of developing cancer increases many times [2]. 
In this regard, it is actually to study the methods of 
degradation of PAHs, in particular with photocatalytic 
reactions [3]. 

In this work, TiO2 was used as a photocatalyst, which 
has high photoactivity and demonstrates potential 
advantages in the oxidation of ecotoxicants, including 
PAHs, SO2, NO2, etc. [3, 4]. It is known that materials 
with the addition of TiO2 can significantly improve the 
state of the environment. For example, in the construction 
industry, research is being conducted to develop an 
innovative building material containing the TiO2 
photocatalyst. Photocatalysis technologies make possible 
the production of construction materials with advanced 
functions such as self-cleaning, air purifying and surface 

self-sterilization [5]. For example, concrete pavements 
with TiO2 to decompose airborne pollutants and 
antibacterial ceramic tiles were developed [6]. Moreover, 
the application of photocatalytic materials for barrier 
structures, road surfaces and tunnels can be useful in 
reducing the level of environmental pollution [7]. 

TiO2 is also used in the field of water treatment. When 
TiO2 is used to purify aqueous media, hydroxyl radicals 
are generated during photocatalysis, which act as an 
oxidizing agent. In this regard, toxic contaminants 
contained in the purified water decompose to inorganic 
components without the formation of secondary waste 
[8]. 

This article focuses on the possibility of developing 
and applying biopolymer nanocomposites using TiO2 for 
the photocatalytic degradation of PAHs in aqueous 
media. Pyrene (PYRE) and anthracene (ANTR) were 
chosen as representative compounds of PAHs. The 
process of photodegradation was studied under various 
experimental parameters. 

2 Backgrounds 
In the nature, TiO2 has three different types of crystal 
structure: anatase, rutile and brookite. It is known that 

mailto:dan.tatarinov@mail.ru
mailto:dan.tatarinov@mail.ru
https://dx.doi.org/10.18287/JBPE21.07.010301
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TiO2 NPs in the anatase phase with a band gap of 3.2 eV 
exhibit good photocatalytic activity. In case of absorption 
of a photon with an energy equal to or exceeding the band 
gap in TiO2, an electron transition from the valence band 
to the conduction band can occur. After this, the 
formation of electron-hole pairs occurs due to the formed 
free vacancies in the valence band. The created electron-
hole pair has a sufficient lifetime in the nanosecond range 
to transfer charge to adsorbed particles on the 
semiconductor surface [9]. Then, excited electrons in the 
conduction band and holes in the valence band 
recombine, followed by dissipation of energy in the form 
of heat. If suitable absorbers are available for trapping an 
electron or a hole, redox reactions can occur [10]. The 
scheme of the described photocatalytic processes is 
shown in Fig. 1. 

Photodegradation of PAHs in aqueous media with the 
addition of TiO2 has been actively studied recently. The 
authors of Ref. [11] have noted that TiO2 can effectively 
photocatalyze the oxidation of PAHs, such as anthracene, 
fluorene, and naphthalene, when irradiated with artificial 
light or sunlight. In Ref. [12], the photocatalytic 
degradation of a mixture of 16 PAHs in aqueous TiO2 
suspensions with a large surface area illuminated by UV 
light was studied. The authors of Ref. [13] have proved 
that the reaction of photocatalysis for pyrene with the 
addition of TiO2 occurs with the producing of some 
intermediate products (4-oxapyrene-5-one, 1,6- or 1,8-
pyrenediones, 4 , 5 - p h e n a n t h r e n e d i a l d e h y d e , 
cyclopenta[def]phenanthrene). As a result, pyrene can 

finally be mineralized to CO2, which is not a potential 
pollutant for the environment. 

To increase the efficiency rate of TiO2, the authors of 
Ref. [14] proposed the photocatalytic degradation of 
naphthalene in water using TiO2 on Raschig glass rings. 
In the study [15], the photocatalytic degradation of 
aqueous solutions of naphthalene and anthracene in a thin 
layer of TiO2 particles on glass substrates was studied. 
The authors of Ref. [16] have observed that the use of 
TiO2 in high concentrations for the photocatalytic 
degradation of PAHs becomes ineffective and the rate of 
photodegradation decreases with increasing TiO2 
concentration. This decrease could be connected with the 
fact that the titanium particles caused the diffusion of UV 
light and that reduces the absorption of light in the 
reaction media. In this regard, it can be efficient to use 
low TiO2 concentrations for the photocatalytic 
degradation of PAHs. 

In recent years, research into the practical use of 
polymers for the treatment of aqueous media has become 
actual. On their basis, ecological materials with various 
properties have been created, such as sorbents, films and 
filters, membranes for nano- and ultrafiltration, and 
functional composite materials [17]. Some biopolymer 
materials with nanodispersed TiO2 are used to improve 
the functional properties of nanocomposites and increase 
the photocatalytic activity of TiO2. One of the 
prospective biopolymers for solving such tasks is 
chitosan (CS) the product of chitin deacetylation [18]. 
 

 

	
Fig. 1 Scheme of PAHs photodegradation on nanocomposites chitosan-TiO2. 
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CS matrices show a high sorption capacity [19–20] 
and are effective sorbents of such compounds as heavy 
metal ions, dyes, PAHs, etc. CS has a high ability to 
chemical modification due to the presence of reactive 
amino and hydroxyl groups. This allows one to select the 
different characteristics of polymeric sorbent according 
to the tasks [21]. 

3 Materials and methods 
In this work, the processes of degradation of ecotoxicants 
of the PAH group were studied in aqueous media. 
Nanocomposites with the addition of TiO2 based on CS 
matrices have been developed. In Ref. [22], the authors 
modified the CS matrices to improve the mechanical and 
sorption properties. The high sorption capacity of the 
produced matrices was proved, which is of interest for 
studying the processes of photocatalytic degradation of 
some PAHs. 

In the study, CS (Diaham LLC, degree of 
deacetylation 95%, M = 1526.45 g/mol) was used as a 
basis for solid matrices. Also, the composition of the 
matrices includes polyvinyl alcohol and 
cetyltrimethylammonium bromide. The matrices were 
prepared as described in Ref. [22]. However, during the 
formation of the matrices, TiO2 nanoparticles (TiO2 NPs) 
with mass fraction ωTiO2 = 0.15, 0.5, and 1 wt. % of CS 
were added. 

TiO2 NPs were synthesized by laser ablation using a 
methodology similar to Refs. [23, 24]. A schematic of the 
installation for producing TiO2 NPs is shown in Fig. 2. 
For preparing a colloidal solution of TiO2 NPs, a pulsed 
YAG: Nd3+ laser was used (radiation wavelength 
λ = 532 nm, pulse duration τ = 11 ns, and pulse repetition 
rate ν = 10 Hz). A sample of thin plate Ti (99.9% pure) 
was immersed in distilled water and irradiated with a 
laser for t = 60 min. The output laser energy was 170 mJ. 
During irradiation, the cuvette was constantly moved to 
avoid crater formation in the titanium plate as a result of 
ablation. 

	
Fig. 2 Schematic of the installation for producing TiO2 
nanoparticles. 

The obtained TiO2 NPs were studied by dynamic 
laser light scattering (DLLS) (Fig. 3). The irradiation 
source was a helium-neon laser (W = 25 mW; 
λ = 632.8 nm; ray cross-sectional diameter 100 μm). The 
prepared samples were placed in a thermostat  
(t = 25 ± 0.1°C). The laser irradiation was scattered by 
TiO2 NPs participating in the Brownian motion. The 

scattered light was recorded by a photomultiplier tube 
with a photon counting system. The correlation function 
of the scattered light intensity was calculated using a 32-
bit 282-channel Photocor-FC correlator connected to a 
computer. The hydrodynamic radius of TiO2 NPs was 
calculated from the results of measuring the particle sizes 
using DLLS and processing the results with the DynaLS 
program. At the critical level of significance p = 0.05, the 
average size of TiO2 NPs was R = 270 ± 46 nm. 

	
Fig. 3 Schematic of the installation for determining the 
size of TiO2 nanoparticles by DLLS. 

In the study, PYRE and ANTR (Fluka, Germany) 
were used as model PAHs. PYRE has a characteristic 
fluorescence spectrum, which is represented by five well-
resolved main vibronic bands [25]. ANTR has a 
fluorescence spectrum similar to pyrene, but represented 
by four vibronic bands [26]. These representatives of 
PAHs are not highly toxic, which makes their use in 
laboratory studies relatively safe [25]. 

For solubilization of PYRE and ANTR an aqueous 
solution (distilled H2O, pH = 7) of sodium dioctyl 
sulfosuccinate was used at a concentration of 10-2 M. The 
concentration of selected PAHs representatives in the 
prepared solutions was 10-6 M. The pH values were 
controlled on a pH meter (F20-Standard, Mettler Toledo, 
USA). 

In the experiment, NCs CS-TiO2 and control matrices 
from CS without TiO2 NPs were manufactured. Samples 
with a size of 2 × 2 cm were prepared from the films. 
Shimadzu UV-3600 Plus spectrophotometer and 
Shimadzu UV probe data processing program were used 
for the recording and calculation of UV-visible 
absorption spectra of NCs CS-TiO2 and control samples. 

After that, static sorption of the samples was done in 
PAH solutions for 60 minutes under UV irradiation (UV 
lamp, power P = 26 W, wavelength range  
λ = 365–395 nm). 

The solid-phase luminescence (SPL) method was 
used to evaluate the kinetics of PYRE and ANTR 
degradation on NCs CS-TiO2. In this case, PAHs are 
determined on a solid matrix in the sorbent phase, 
providing sufficient detection sensitivity [22].  
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HORIBA Fluorolog-3 TCSPC modular system was 
used for luminescence analysis. Error of measured 
parameters consists of luminescence intensity 
measurement and emission monochromator errors. The 
error of monochromator emission ±0.5 nm was stated by 
the HORIBA manufacturer [27].  

Statistical processing of the experimental results was 
made according to the IUPAC method [28]. For a sample 
with size of n = 7, the standard deviation was calculated. 
Then the confidence interval was determined at the mean 
with a critical level of significance p = 0.05 and the 
standard error. Thus, for the values of photodegradation 
efficiency, the absolute error was 0.02–0.04. 

4 Results and discussion 
The results of UV-visible spectrophotometry of the  
CS-TiO2 samples are shown in Fig. 4. The obtained 
samples were studied: colloidal solution of TiO2 NPs, 
control samples of solid matrices of CS and NCs CS-
TiO2. 

 

Fig. 4 Absorption spectra: 1 – solid chitosan matrix;  
2 – TiO2 nanoparticles; 3 – nanocomposites  
chitosan-TiO2. 

The absorption spectrum TiO2 NPs (Fig. 4, Curve 2) 
consists of two bands: one about 230 nm, the second 
about 300 nm. According to the literature data [29], the 
absorption bands at these wavelengths are characteristic 
of the anatase phase of TiO2. The presented spectrum 
confirms the presence of the anatase phase and indicates 
a high degree of photocatalytic activity of prepared TiO2 
NPs. 

In Fig. 4, Curve 1 shows the absorption spectrum of 
the control matrix of CS. It is known that in the 
wavelength range of 250–300 nm, absorption maxima are 
characteristic of chitosan molecules. This is explained by 
the presence of a chromophore carbonyl group C=O 
formed during the deacetylation of chitin [30]. In Fig. 4, 
Curve 3 shows the absorption spectrum of the NCs  
CS-TiO2. In this case, the absorption band at a 
wavelength of 230 nm appears, which is characteristic of 
TiO2 NPs. This confirms the presence of TiO2 NPs in the 
prepared nanocomposites. 

A luminescent analysis of the manufactured samples 
was performed to study the processes of photocatalytic 
degradation of ANTR and PYRE using NCs CS-TiO2. 
The fluorescence spectra of ANTR (λex = 340 nm) and 
PYRE (λex = 320 nm) on NCs CS-TiO2 and control 
samples of CS after UV irradiation (t = 60 min) are 
shown in Figs. 5 and 6.  

 

Fig. 5 The fluorescence spectra of anthracene on 
nanocomposites chitosan-TiO2: 1 – ωTiO2=1 wt. %;  
2 – ωTiO2 = 0.5 wt. %; 3 – ωTiO2 = 0.15 wt. %;  
4 – anthracene on control chitosan matrix. 

 

Fig. 6 The fluorescence spectra of pyrene on 
nanocomposites chitosan-TiO2: 1 – ωTiO2 = 1 wt. %;  
2 – ωTiO2 = 0.5 wt. %; 3 – ωTiO2 = 0.15 wt. %; 4 – pyrene 
on control chitosan matrix. 

According to the results of luminescence analysis, it 
can be concluded that the intensity of fluorescence after 
static sorption on NCs CS-TiO2 under UV irradiation is 
less than the intensity of PAHs after static sorption on 
control matrices under UV irradiation. The obtained 
results can be explained by the fact that the TiO2 NPs in 
the composition of the manufactured nanocomposites 
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photocatalyze the oxidation of PAHs. The graphs also 
show that the efficiency of using NCs CS-TiO2 for 
photodegradation of ANTR and PYRE depends on the 
amount of TiO2. The highest degree of PAHs 
photodegradation is observed in samples with TiO2 
content ωTiO2 = 1 wt. % at t = 60 min under UV 
irradiation. 

PAH concentrations for the study of the degradation 
of ANTR and PYRE during photocatalytic reactions on 
NCs CS-TiO2 (ωTiO2 = 1% wt.) were determined by 
luminescence analysis. For example, in the study [31], 
the PYRE concentration on solid matrices was 
determined using a calibration graph. The authors found 
that the dependence of the SPL intensity on the PAHs 
concentration on the solid matrix is linear up to 
CPAHs = 2 × 10-8 g/l. Similarly, the study [32] describes a 
technique for evaluating the concentration ⋅of ANTR 
using luminescence analysis. In this paper, the 
concentrations of ANTR and PYRE were determined 
using similar methods to study the photodegradation 
kinetics on NCs CS-TiO2. 

The photodegradation graphs of ANTR and PYRE 
are shown in Fig. 7. This shows the ratio of Ct/C0 
concentrations on the time t. In this case, Ct is the 
concentration of PAHs due to UV irradiation t. Similarly, 
C0 is the initial concentration of PAHs before UV 
irradiation (t0 = 0 min). Graphs are presented for NCs 
CS-TiO2 (Fig. 7, Curves 2, 4) and respective solutions 
after static sorption onto NCs CS-TiO2 (Fig. 7, Curves 1, 
3). The graphs show that the efficiency of 
photodegradation of ANTR and PYRE on NCs CS-TiO2 
reaches 70 and 56%, respectively, after t = 60 min under 
UV irradiation. 

 

Fig. 7 Photodegradation graphs: 1 – pyrene solution; 
2 – pyrene on nanocomposites chitosan-TiO2; 
3 – anthracene solution; 4 – anthracene on 
nanocomposites chitosan-TiO2. 

Based on the literature data [33–34], the pseudo-first-
order kinetics for the photocatalytic degradation of PAHs 
is described by Eq. (1): 

− !С
!# = $%.	 (1)	

Then the degradation rate constant k and the half-life 
t1/2 during PAH degradation were calculated using the 
following equations: 

*+ $!
$"
= −$,; (2) 

,%/' = ()(')
, . (3) 

According to Eq. (2), pseudo-first-order kinetics 
graphs were plotted for the degradation of ANTR and 
PYRE under UV irradiation (Fig. 8). This shows the 
dependence of ln(Ct/C0) on the time of UV irradiation t. 
The kinetic parameters of the photocatalytic degradation 
of ANTR and PYRE were calculated. The calculation 
results are presented in Table 1. 

 

Fig. 8 Graphs of pseudo-first-order kinetics for PAHs 
degradation under UV irradiation: 1 – anthracene on 
nanocomposites chitosan-TiO2; 2 – anthracene solution; 
3 – pyrene on nanocomposites chitosan-TiO2; 4 – pyrene 
solution. 

Table 1 Kinetic parameters of photocatalytic degradation 
of ANTR and PYRE under UV irradiation. 

PAHs Sample 
type 

k 
(min-1) 

t1/2 
(min) 

R2 

PYRE 

Nanocom
posite 

0.0209 33.165 0.9907 

Solution 0.0177 39.161 0.9803 

ANTR 

Nanocom
posite 

0.0135 51.344 0.9862 

Solution 0.0117 59.243 0.9869 

The experimentally obtained values of the coefficient 
of determination R2 for photodegradation of ANTR and 
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PYRE on NCs CS-TiO2 are 0.9907 and 0.9862 
respectively. This proved that the photocatalytic 
degradation of ANTR and PYRE with a sufficient degree 
of accuracy (R2 > 0.95) corresponded to pseudo-first-
order kinetics. 

In general, the results of kinetic studies confirm that 
NCs CS-TiO2 are effective for degradation of ANTR and 
PYRE. For example, in Ref. [34], the photodegradation 
efficiency of PYRE (СPYRE = 0.5 × 10-6 M) in a solution 
of TiO2 NPs made according to the method [35] is 35% 
after 60 min under UV irradiation. Also, the authors of 
Ref. [36] obtained a value of the photodegradation 
efficiency of PYRE (СPYRE = 0.5 × 10-6 M) of 46% in a 
solution of pure TiO2 NPs with similar experimental 
conditions (power of UV lamp P = 150 W). 
Photodegradation of ANTR was investigated [37] under 
different conditions of the experiment with an initial 
concentration CANTR =1 × 10–6 M. The authors obtained 
the values of the photodegradation efficiency ANTR 
60% after 60 min under UV irradiation. 

As a result, in this work, it was possible to achieve 
better photodegradation of ANTR and PYRE due to 
application of the developed NCs CS-TiO2. This can be 
explained by the fact that modified CS solid matrices 
were used as the basis for them [22]. Previously, the 
authors proved their high sorption capacity, which is 
confirmed by the obtained value of the polarity index of 
the microenvironment of PYRE molecules. The polarity 
index is expressed as the ratio of the intensities of the first 
and third maxima of the fluorescence spectrum 
I1/I3 = 1.08. Also, a study [38] confirm the high 
adsorption capacity of TiO2, in this case the PYRE 
polarity index was I1/I3 = 0.98. This is explained by the 
fact that PAHs molecules are actively adsorbed on the 
hydrophobic surface of TiO2 during the whole 

photocatalytic reaction process due to their low solubility 
in water. 

5 Conclusion 
A series of experiments demonstrates the efficiency of 
the degradation of ANTR and PYRE in aqueous media. 
This is connected to the photocatalytic properties of TiO2 
under UV irradiation in the composition of modified CS 
matrices. In 60 min, 70% of ANTR and 56% of PYRE 
were photodegraded under UV irradiation on NCs CS-
TiO2. Such an effect is achieved due to the high 
adsorption capacity of the developed NCs CS-TiO2. 

Also, based on the results of the experiment, graphs 
of the pseudo-first order photodegradation kinetics were 
plotted. In the case of NCs CS-TiO2, the degradation rate 
constants k = 0.0209 min-1 for ANTR and 
k = 0.0135 min-1 for PYRE were calculated. The half-life 
values were t1/2 = 33.165 min for ANTR and t1/2 = 51.344 
min for PYRE. 

The developed NCs CS-TiO2 are prospective 
photocatalytic materials for the degradation of PAHs in 
aqueous media. They can be used for photodegradation 
of other dangerous PAHs, for example, 
b e n z ( a ) a n t h r a c e n e ,  b e n z o ( k ) f l u o r a n t h e n e , 
benz(a)pyrene, dibenzanthracene, etc. The method of 
manufacturing the developed nanocomposites does not 
require expensive equipment, and they are also 
convenient to use for photocatalytic reactions. After use, 
thin-film nanocomposites can be easily recycled without 
severe environmental pollution. 
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Abstract. This paper focuses on studying the impact of laser irradiation 
(O = 532 nm, power 15 mW) on human blood plasma. The structural changes 
in plasma were controlled by the crystallographic method with the mean 
crystallogram segment size as a numerical evaluation. In addition, the 
structural changes were explored by processing the speckle patterns obtained 
during laser radiation passes through plasma. Exposure to laser radiation of 
O = 532 nm for 20 min resulted in the 30% reduced the crystallogram 
characteristic size with the dynamics of the structural changes coinciding with 
the dynamics discovered by speckle patterns processing. The crystallographic 
method revealed that laser induced structural changes in plasma remain for 
24–36 h after exposure. © 2021 Journal of Biomedical Photonics & 
Engineering. 
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1 Introduction 
Laser irradiation is widely used in medical practice. 
Depending on the radiation properties, e. g. wavelength, 
intensity, it can have both adverse (tissue destruction, 
burns) and beneficial effects on the body (reparative 
process stimulation, reduced tissue swelling and 
inflammation, improved tissue metabolism) [1]. 

However, little research has been conducted on the 
mechanism of laser impact both locally and systemically. 
Recently there have been a number of studies suggesting 
that laser radiation interacts with blood proteins changing 
their structure and functional activity [2, 3, 4]. According 
to this hypothesis, laser radiation is able to interact with 
the proteins within blood cell elements (erythrocytes, 
leukocytes, etc.) as well as plasma proteins. However, the 
effect of laser radiation on the cell-free biological media 
has not been adequately researched. Its possible effect on 
the human blood plasma structure can be beneficial and 
find practical use in transfusion therapy. 

Nevertheless, the question of the stability level of 
structure changes remains open. It means that after some 
time the proteins partially restore the supramolecular 
structures when the relaxation process takes place. 
Studying the temporal characteristics of this process 

would make it possible to improve the frequency of laser 
procedures when treating patients. 

On the other hand, the advent of new methods of 
examining structural changes in fluids [5, 6] has opened 
opportunities for a more detail research into the changes 
occurring during laser radiation in fluids. For this reason, 
the aim of this paper is to study the dynamics of structural 
changes occurring in blood plasma undergoing laser 
radiation as well as investigation of the stability margin 
of these changes over time. 

2 Experimental study 

2.1 Materials and methods 
Human plasma was provided by Irkutsk Region Blood 
Transfusion Station (this organization holds the license 
of the Ministry of Healthcare of the Russian Federation 
for banking, storage and managing blood and its 
components as well as for operations in transfusiology). 
Human blood plasma was provided frozen. Before the 
experiments, plasma was allowed to thaw at room 
temperature. The source of laser radiation was a 303 LXi 
diode-pumped solid-state laser (made in China) with a 
532 nm wavelength. The source power was reduced by 
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means of a neutral light filter to 15 mW with the intensity 
of 50 mW/cm2. The threshold intensity for intravenous 
blood laser radiation is 1–1.5 mW/cm2, whereas the 
maximum intensity for biostimulation is about 
100 mW/cm2. The latter correlates with the sunlight 
intensity on a clear day [4]. Therefore, the mean intensity 
was chosen for the experiment. We also took into account 
the fact that plasma absorption is lower than that of whole 
blood. The choice of the wavelength for laser irradiation 
was determined by the following: most methodologies of 
laser irradiation make use of the red and infrared range. 
Even though the last ten years have seen the advent of 
specialized medical devices using the 532 nm 
wavelength [7] that is well absorbed by haemoglobin, the 
effect of the laser radiation within the green range 
remains underinvestigated [4]. 

Interaction of laser radiation with protein 
macromolecules can involve several processes: 
destabilization of the macromolecule hydration shell, 
change in the secondary and tertiary protein structure, 
change in the mobility of macromolecule subunits and 
their density, as well as dissolution of multi-molecule 
clusters into smaller formations. Most of these processes 
should result in the change of the inhomogeneity 
characteristic size in a solution.  

When the solution dries up, the first to fasten on the 
substrate are large macromolecule clusters (having a 
lower random velocity as a unit) that also act as nuclei 
(or crystallization centres) for crystal growing in the film. 
After that, epitaxial growth is taking place for low-
molecular fractions that later crystallize the surface of the 
dendrite-like backbone. Thus, a beam structure is built of 
the lamellas with epitaxial recrystallization on the beam 
section that acts as a substrate for the drying solution. 
Reduced lamellar beam thickness after laser irradiation 
demonstrates that in the irradiated solution the cluster 
sizes are reducing considerably, which results in nuclei 
size reduction during film drying [8]. 

The experimental study consisted of two stages: the 
first stage was investigating structural changes in blood 
plasma depending on laser exposure time; the second 
stage was investigating the stability of structural changes 
depending on the time after laser irradiation stopped. 

At each stage, four sets of experiments were 
conducted. First, each set of experiments involved 
selecting blood plasma samples that had not been 
subjected to radiation. Then the plasma was placed into a 
cuvette and subjected to laser radiation. After 1, 2, 5, 10 
and 20 min a 1 ml blood plasma sample was taken from 
the cuvette. The sample was poured on the slide. After 
drying, the sample was examined under a microscope at 
low magnification (10×) to record the obtained segments 
for each sample. Later on, calculations were made to 
define the statistical significance of the changes in a 
number of segments after exposure. 

At the second stage, the radiated plasma in the cuvette 
was placed into a thermostat (at the temperature of 37 °С) 
to simulate physiological conditions. Further, the 
contents were poured on the substrate again 24, 36 and 
48 h after laser exposure.  

Along with sample collection, to obtain 
crystallograms at temporal control points, recordings 
were made of the speckle pattern obtained during laser 
radiation passing through the plasma cuvette. The 
installation diagram is shown in Fig. 1: laser radiation 
when passing through the cuvette with the test fluid 
scattered forming a speckle pattern on the recorder (CCD 
camera – Genius iLook 320). As is well-known, the 
speckle size on the speckle pattern is inversely related to 
the characteristic inhomogeneity size in the exposed 
medium. That is why changes in the speckle 
characteristic size reflect the changes in the 
inhomogeneity size in the test fluid. 

To assess the speckle size, the wavelet analysis 
method was used. A section of 400 ´ 400 pixels was cut 
out of the speckle pattern, then a diagonal data line was 
selected on this section for wavelet transform. As the 
mother wavelet, the Morlet wavelet was used [9, 10]. 

Wavelet analysis makes it possible to determine the 
signal hidden periodicity. If a signal is a dependence of 
some parameter on time, the wavelet transform is able to 
determine not just the frequency but the characteristic 
change period of this process (a so-called time scale) as 
well as localization of this scale over time. If the test 
signal is the amplitude dependence on the spatial 
coordinates (as with our case), the wavelet analysis 
demonstrates the characteristic spatial period, i.e. the spot 
size of the speckle pattern. The results of the wavelet 
transform are presented as a skeleton: along the x-axis are 
the pixels of the original speckle pattern, along the y-axis 
is the spatial scale, i.e. a characteristic speckle size (also 
in pixels), the amplitude is marked in colour (black is 
zero, white is one).  

A true advantage of wavelet processing of speckle 
patterns is its speed and visual clarity. A limitation of this 
method is that it is able to process only one line of the 
whole speckle pattern, which can result in the loss or 
distortion of the information contained in the whole 
speckle field. The success of the wavelet analysis is also 
considerably dependent on the choice of the mother 
function – the more it is symbatic to the intensity 
distribution in the speckle spot the better is the result. 

 
Fig. 1 Scheme of obtaining speckle patterns: laser 
radiation from source 1 is passing through light filter 2 
and gets to fluid cuvette 3 where it interacts with structure 
inhomogeneities and forms a speckle pattern which is 
recorded by CCD camera 4. 

An alternative to the wavelet analysis method is 
calculating the coefficient of correlation between the test 
image and a regular structure of the chessboard type with 
a variable size of squares. The result of calculating the 
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correlation field is the array of the correlation coefficients 
that can be presented graphically as a surface with a 
number of peaks. The bigger the coefficient of auto-
correlation the higher is the peak [5, 6, 11]. 

It is worth mentioning that if the square size and the 
speckle characteristic size coincide, the correlation peaks 
of regular conical shape are alternating at regular 
intervals. If the chessboard square size and the speckle 
size do not coincide, the correlation peaks will deform 
and become double-humped or concatenate [6, 11]. 

2.2 Experimental data  
Crystallographic method of evaluating the 
inhomogeneity size has revealed that under laser 
radiation an oscillation behaviour took place. Drastic 
decrease in the segment size at short exposure times with 
further increase in the segment size (till the fifth minute) 
and then a smoother decrease (Fig. 2 demonstrates the 
averaged graph of changes for all sets). Statistical 
processing of the results of all 4 sets has demonstrated 
that these changes are not accidental. The crystallogram 
segment size decrease reaches 50% whereas the 
measurement error is 18–35% depending on the 
particular time point. Moreover, the behaviour 
(decrease – increase – decrease) was similar for all the 
sets, even though it had a different absolute value in each 
set.  

The results of wavelet analysis for the diagonal line 
of the speckle patterns are shown in Fig. 3: along the  
x-axis are the pixels of the original speckle pattern. Along 
the y-axis is the spatial scale, i.e. a characteristic speckle 
size in pixels. The amplitude is marked in colour (black 
is zero, white is one). 

Analysis of Fig. 3 shows that before laser exposure, 
two series of maximums are observed. For the 20 pixel 
scale and for the 30 pixel scale, which corresponds to the 
actual speckle size of 125–190 μm. After 5 min exposure, 
a clear series of maximums was defined (the speckle size 
is about 250 µm), however, at the same time the small-
scale component of about 10–15 pixels (the presence of 
60–90 µm speckles) had comparatively large amplitudes, 
which indicates a considerable instability of 
inhomogeneity sizes in the test solution. Further 
extending the time of laser exposure, increases the 
contribution of the large-scale components, which 
reflects the decrease in the inhomogeneity size in plasma. 
In general, it would be safe to say that the speckle 
characteristic size increases from 20–30 to 30–40 pixels, 
which corresponds to the actual change of the speckle 
size from 125–190 µm to 190–250 µm, i.e. 1.5–2 times. 
	

	
Fig. 2 Changes  in the crystallogram segment average 
size depending on the time of blood plasma laser 
exposure: along the y-axis is the crystallogram segment 
size in µm.  

	 	
(before exposure) 

 
(after 5 min) 

 

	 	
(after 10 min) (after 20 min) 

Fig. 3 The results of wavelet analysis of the diagonal line of the speckle pattern depending on the time of blood plasma 
laser exposure. 
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(before exposure) 

 
(after 5 min) 

 

	 	
(after 10 min) (after 20 min) 

Fig. 4 The results of calculating the correlation coefficient between the speckle pattern and a regular structure of the 
chessboard type with the square size of 25 ´ 25 pixels. Along the axes are the pixels of the original speckle pattern, the 
correlation coefficient amplitude is marked with colour: black is zero, white is one. 

	 	
(before exposure) 

 
(after 5 min) 

	 	
(after 10 min) (after 20 min) 

Fig. 5 The results of calculating the correlation coefficient between the speckle pattern and the regular structure of the 
chessboard type with the square size of 40 ´ 40 pixels. Along the axes are the pixels of the original speckle pattern, the 
correlation coefficient amplitude is marked with colour: black is zero, white is one. 
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The results of calculating the coefficient of 
correlation between the speckle pattern and a regular 
structure of the chessboard type are shown in Figs. 4–5. 
For convolution 2 chessboards were selected: with the 
square size of 25 ´ 25 and 40 ´ 40 pixels. Calculating the 
correlation field results in the array of the correlation 
coefficients that can be presented graphically as a surface 
with a number of peaks. The bigger the coefficient of 
auto-correlation, the higher is the peak. 

Coincidence of the speckle size with the chessboard 
square size forms a regular conical maximum whose top 
view is thus a clear round spot. Fig. 4 shows that the 
correlation field from the reference sample has 
characteristic twin maximums, which takes place when 
the speckle size is somewhat smaller than the chessboard 
square size. From the speckle pattern obtained after 
5 min laser exposure, we can observe some joined 
correlation peaks, which is characteristic in cases where 
the speckle size is somewhat larger than the chessboard 
square size. The most pronounced correlation peaks for 
convolution with the chessboard of 25 ´ 25 pixels can be 
observed for the speckle pattern obtained after 10 min 
laser exposure. For the correlation pattern after 20 min 
exposure, the maximum is rather diamond-shaped 
because there is a complex maximum in the form of the 
central peak with 4 additional maximums at its base. 
Such picture emerges when the speckle size does not 
agree with the size of the chessboard square size. 

Analysis of the correlation fields shown in Fig. 5 
demonstrates that before the exposure and at short 
(5 min) exposures, the characteristic speckle size is 
smaller than the chessboard square. This results in 
considerable deformation of the correlation peaks and 
emergence of the twin peak. With the increase in the laser 
exposure time to 10 min, the correlation maximums 
obtain a regular form indicating the agreement between 
the characteristic speckle size and the chessboard square 
size (40 pixels). In the case of the correlation field for the 
speckle pattern obtained after 20 min plasma irradiation, 
the maximums concatenate. This reflects further increase 
in the speckle characteristic size.  

Thus, the method of calculating the correlation 
coefficient between the speckle pattern and the regular 
chessboard-type structure has shown that the 
characteristic speckle size is gradually increasing, which 
reflects the decrease in the inhomogeneity size and is in 
good agreement with the results obtained by the 
crystallography method. 

The second stage of the experiment was aimed at the 
investigation of the relaxation processes and determining 
the time during which the structural changes caused by a 
single laser exposure remain in blood plasma. 
Investigating relaxation processes in protein solution 
[12] has shown that they lead to gradual increase in the 
protein macromolecule cluster sizes in a solution with the 
structural changes caused by laser radiation remaining 
for no longer than 24 h. On the strength of these data we 
suggested that in blood plasma the relaxation processes 
should proceed in a similar way. However, taking into 
account a more diversified composition of protein 

components in plasma compared to the model solution, 
we assumed that the processes of restoring the primary 
plasma structure should proceed slower, therefore the 
observation time was prolonged to 48 h. The results of 
investigating the plasma structural changes by the 
crystallography method are shown in Fig. 6 (the averaged 
data of 4 sets). 
	

	
Fig. 6 Changes in the crystallogram segment average size 
depending on the time after laser exposure to blood 
plasma: along the y-axis is the crystallogram segment 
size in µm. 

The experiment has revealed that the changes in 
plasma structure caused by laser exposure have an 
oscillation character that took place in all the 4 sets of the 
experiment. The measurement error was 6–17%, which 
is considerably less than the relative amount of change 
that was 30–50%. 24 h after the exposure starts, the 
system returns to the non-irradiated state. However, then 
the structure characteristic size decreases again and 
completely resets to the non-irradiated state no earlier 
than 48 h after the laser exposure ending. 

3 Discussion 
Since plasma is a cell-free protein solution, it is obvious 
that the target of laser exposure are proteins. In our 
opinion, there may be two different scenarios of 
interaction of laser radiation with protein molecules. 

As is well-known, at different levels of protein 
molecule arrangement there are chemical bonds of 
different strengths: the primary structure has peptide 
bonds (covalent bonds, strong); the secondary structure 
has hydrogen bonds (weak); the tertiary structure has 
hydrogen hydrophobic interactions (weak), and 
sometimes disulphide bonds (strong); the quaternary 
structure (for certain proteins) has ion, hydrogen, 
hydrophobic interactions (weak). The energy of the laser 
radiation quantum in the employed range is too small to 
break the peptide or disulphide bonds (whose energy is 
hundreds of kJ/mole) but is sufficient to break the 
hydrogen bonds (whose energy is tens of kJ/mole) or to 
destabilize the hydrophobic section because in these 
cases the bond energy is an order of magnitude less than 
that with covalent interaction [13, 14]. That is why laser 
radiation is capable of changing the secondary, tertiary 
and quaternary protein structures without affecting the 



A. V. Neupokoeva et al.: Study into Dynamics of Structural Changes Occurring in... doi: 10.18287/JBPE20.07.010302 

J of Biomedical Photonics & Eng 7(1)   30 Mar 2021 © J-BPE 010302-6 

primary structure, which results in both dissolved 
configuration of certain molecules and of larger 
supramolecular complexes into smaller ones. 

The second scenario is related to the presence of the 
hydration shell around the protein molecule. 
Consequently, laser radiation capable of energizing a 
protein molecule, is able to destabilize the hydration shell 
of the protein molecules making structural changes 
easier. Moreover, the radiation is capable of disturbing 
the thermodynamic equilibrium of the protein and 
breaking the weak bonds inside the molecule at the 
secondary and/or tertiary organisation level thus causing 
structural changes [14]. 

Refs. [2, 15] revealed the influence of laser radiation 
on the secondary and tertiary structures of blood proteins 
with blood haemoglobin as the main laser radiation 
acceptor. It is noted that the changes detected in whole 
blood are much more pronounced than the changes in 
plasma. However, our findings demonstrate the presence 
of structural changes in plasma. Therefore, we believe 
that the role of plasma proteins in the response of living 
bodies to laser radiation is no less crucial than the role of 
blood cell components. 

Ref. [16] suggests that pulsed magnetic field can 
cause conformational changes in the hydration shell of 
antibiotic molecules, which results in the changes of its 
activity. We believe that in the interaction between laser 
radiation and protein water solutions (which includes 
blood plasma), it is equally important to consider the role 
of the macromolecule hydration shell as well as the 
ability of the macromolecules themselves to make 
associates [17], which affects its functional activity. 

Therefore, the interaction of laser radiation with 
plasma proteins can be described as follows. First, the 
proteins receive additional energy in the form of laser 
radiation, which changes the balance of interaction forces 
between the protein and its hydration shell and enables 
the proteins to release from it. Without hydration shell 
they start interacting between themselves and with the 
charged ions forming large conglomerates. Concurrently, 
structural changes of protein molecule are taking effect. 
Due to excess energy, weak bonds are breaking, protein 
is changing its structure and its activity is altering. 

Thus, the oscillation changes in the structure 
characteristic size in plasma under the laser irradiation 
and in the relaxation process after laser exposure are 
connected with two contrary processes. On the one hand, 
destabilization of the hydration shell, increased mobility 
of certain parts of macromolecules and their charged 
groups lead to loosening of associates and possibility to 
interact with other protein molecules, thus making large 

associates. On the other hand, macromolecules, when 
disengaged from the associate and due to extra energy, 
are able to convolute themselves in such a way that their 
dipole moment is equal to zero and their further 
interaction with other macromolecules is reduced to 
minimum. After the fifth minute, we can observe that the 
process of building small closely-packed protein 
formations is dominating over the process of building 
large associates.  

Protein structural changes under laser radiation and 
may have a beneficial effect, because radiation itself does 
not typically cause serious damage. Some proteins will 
restore independently after a while, and, at the same time 
some proteins can get activated in the living system. For 
instance, laser radiation, being a stress factor, can 
facilitate heat-shock protein synthesis – a class of 
proteins synthesized when structural changes of normal 
protein molecules are detected and responsible for 
restoring the regular structure and assembly of other 
proteins; participating in the immune response [18, 19]. 
Therefore, changes in the functional activity of some 
proteins effect the structure and production of others, 
which, in total, ensures a complex immune response not 
only in the affected area but in the body as a whole.  

4 Conclusion 
When affected by laser radiation with 532 nm 
wavelength, blood plasma structure is changing and these 
changes have an oscillatory character: with a short 
exposure time (1–2 min), the characteristic structure size 
reduces, then begins to grow once more and after that (the 
exposure time over 10 min) gradually decreases again. 
Various techniques of recording structural changes, e.g. 
by means of crystallograms and of processing speckle 
patterns obtained during laser radiation through plasma, 
have shown similar results: under laser radiation, blood 
plasma undergoes a reduction to a factor of 1.5–2 in the 
characteristic size of inhomogeneities. Oscillation 
changes of inhomogeneity size are likely explained by 
two competing processes related to the changes in protein 
molecules themselves and their hydration shells when 
blood plasma is exposed to laser radiation. 

Examining the plasma structure relaxation processes 
after laser exposure has also revealed oscillation of the 
changes, which can call for further studies. 
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1 Introduction 
Silicon nanoparticles (Si NPs), including NPs of 
crystalline and porous silicon, are widely researched for 
biomedicine applications, in particular, as active 
elements of biosensors and as part of new drugs for 
theranostics (simultaneous diagnosis and therapy) of 
oncological and other socially significant diseases [1–6]. 
If the size of crystalline NPs is less than 10 nm, they 
exhibit photoluminescence in the biological transparency 
window (650–850 nm), which can be used for their 
visualization in cells and tissues [7–11]. The large Si 
nanoparticles (more than 10 nm) are in turn capable of 
providing nonlinear biovisualization mechanisms, such 
as two-photon luminescence and second harmonic 
generation, the combination of which makes it possible 
to effectively track both individual silicon NPs and their 
aggregation in different parts of the cell, while the 
resolution of such approach is sufficient to obtain 3D-
images [12]. 

The simultaneous use of the diagnostic functionality 
of silicon nanoparticles and their therapeutic properties 
predicts the development of new methods of theranostics, 
in particular, the theranostics of cancer [13]. One of the 

fast growing areas of nanobiomedicine is the use of NPs 
as sensitizers of various therapies. In particular, silicon 
NPs are used in photohyperthermia techniques as a 
promising nanomaterial with biocompatible and 
biodegradable properties [14, 15]. 

The development of hyperthermia techniques raises 
the problem of heating temperature determining. There 
are two main techniques to measure temperature – 
contact and non-contact. Contact techniques are based on 
achieving a thermal equilibrium state of the measuring 
temperature transmitter (temperature sensors) with the 
studied object during their direct contact. The 
disadvantages of the contact technique are the distortion 
of the measured object temperature under introducing a 
thermometer into it; the temperature of the converter 
always differs from the actual temperature of the 
measured object; the temperature measurement range is 
limited by the properties of the temperature sensors 
materials. In addition, the problem of temperature 
measuring the in Si NPs cannot be solved by contact 
technique. Non-contact temperature measurements are 
carried out by pyrometers and thermal imagers. Existing 
non-contact thermal imaging thermometers are based on 
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measuring the infrared radiation intensity in a non-
transparent region for living organisms [15, 16]. 

In the present work, we selected the Raman scattering 
spectroscopy method to Si NPs temperature monitor. As 
is known, the intensity of the Stokes and anti-Stokes lines 
depends on the temperature as a consequence of the 
Bose-Einstein statistics for the phonon [17]. 
Furthermore, the Raman scattering lines frequency 
changes with temperature due to the anharmonicity of 
lattice oscillations. In particular, this is realized at 
sufficiently intense photoexcitation causing the sample to 
heat up [18, 19]. We studied samples of nanocrystalline 
silicon (nc-Si) NPs as well as nanocrystalline 
mesoporous silicon (mPSi) films. The temperature 
change of the samples was achieved by changing the 
exciting laser radiation intensity. The experimental data 
obtained with nc-Si NPs and mPSi films confirmed the 
theoretical model developed in Ref. [19]. 

2 Experimental technique 
Powders of nc-Si were prepared by plasma-chemical 
synthesis using a plasmatron and pure (99.9 %) 
microcrystalline Si [1]. Aqueous suspensions were 
obtained by adding nc-Si to deionized water to achieve a 
concentration of 1 g/L. In the experiment, 50 µl drop 
planted on a metal substrate and dried was used. Silicon 
NPs have a spherical shape and a wide size distribution 
in the range from 10 to 150 nm. The size distribution has 
major maxima at 50–120 nm [4]. An argon laser with 
lex = 514.5 nm and a maximum power of 0.2 W was used 
as an exciting radiation source. The laser beam was 
focused on nc-Si sample with 3 μm diameter. 

MPSi samples were formed by electrochemical 
etching substrates of c-Si in an ethanol solution of 
hydrofluoric acid. The method consists in the formation 
of mesoporous silicon films with a thickness of 50 to 
100 μm, a porosity of 50 to 80%, and a pore size of 2 to 
5 nm on the surface of c-Si substrates p-type conductivity 
with a resistivity of 10 to 50 mOm × cm. The source of 
exciting radiation for the mPSi heating was a 
semiconductor laser with a wavelength lex = 633 nm and 
a maximum power of 70 mW. 

The Raman spectra of nc-Si samples were taken on 
the DFS-52 spectrometer in 90-degree scattering 
geometry. The receiver served working in the photon 
counting mode a cooled photomultiplier tube PMT–79. 
The diffraction grating of the spectrometer was 
1800 g/mm. The spectral resolution was 0.1 cm–1. The 
mPSi samples were investigated on a Confotec MR–350 
setup equipped with an optical microscope, which 
allowed us to obtain the micro-Raman spectra with a 
spatial resolution of the order of 1 μm and a spectral 
resolution of 1 cm–1. 

3 Results and discussion 
The Stokes and anti-Stokes Raman spectra of nc-Si 
samples at different powers are shown in Fig. 1. With the 
increase of the excitation power level, a shift in the 
spectra to lower frequencies region is observed, which is 

caused by the increase of sample temperature during 
photoinduced heating [19]. Simultaneously with the 
increase of the excitation power, a change in the ratio 
between the Stokes and anti-Stokes scattering 
components intensities is observed. 

 

 

Fig. 1 Raman spectra of nc-Si samples in Stokes (a) and 
anti-Stokes (b) scattering at lex = 514.5 nm. 

From the ratio of the Stokes and anti-Stokes 
components intensities, the NPs temperature can be 
estimated using the following formula [17, 20]: 

!!
!"
≈ #$% &ℏ()*+,	 (1) 

where IS и IA are Stokes and anti-Stokes lines intensities, 
ω is phonon frequency, k = 1.38	×	10−23 J/К, 
ℏ	= 1.05	×	10−34 J×s. Eq. (1) follows from the Bose-
Einstein statistics for phonons, neglecting the difference 
in the absolute values of frequencies and absorption 
coefficients of the Raman components [17]. 

Fig. 2 shows the dependence of the IS / IA value on the 
laser radiation intensity, which is almost linear. The 
decrease of the IS / IA value with the increase of the 
excitation intensity is explained by the photoinduced 
heating of nc-Si. From Eq. (1), the nc-Si temperature in 
the excitation region can be estimated by the formula:  
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Fig. 2 Dependence of the ratio of the Stokes and anti-
Stokes components intensities on the laser radiation 
intensity with lex = 514.5 nm. 

	
Fig. 3 Temperature dependence of the nc-Si sample on 
IS / IA at lex = 514.5 nm. The dots represent the 
experimental values. 

Fig. 3 shows the experimental values of the nc-Si 
temperature according to the Raman scattering data and 
the calculation values by Eq. (2). It can be seen that the 
experimental error is maximum in the low temperatures 
region, which corresponds to a very weak photoinduced 
heating of nc-Si, while the error decreases with 
increasing temperature. This is occurring due to the 
increase of the absolute the Raman signals intensities and 
the decrease of the measurement error of the IS / IA ratio. 
It should be noted that with the increase of the signal 
accumulation time, the measurement error of the latter 
value can be reduced to 1%, which will give an accuracy 
of the temperature determining of the order of 10–15% in 
the temperature range of 310–320 K.  

The dependence of the Raman line shift on the 
photoinduced heating temperature obtained from the 
analysis of the spectra in Fig. 1 is shown in Fig. 4. The 
Raman line temperature shift to the lower frequencies 
region is in good agreement with the literature data for 
crystalline and nanocrystalline silicon [18, 19]. The 
observed linear temperature dependence is convenient to 
analyze the Si NPs photoinduced heating. 

	
Fig. 4 Raman shift of the nc-Si sample as a function of its 
temperature at lex = 514.5 nm. 

The Stokes Raman spectra of mPSi samples at 
different powers are shown in Fig. 5. Fig. 6 shows the 
position of the Raman line maximum, taking into account 
the data in Fig. 4, as a function of the photoinduced 
heating temperature. It can be seen that, regardless of the 
type of nanostructures and the method of their 
preparation, an almost linear temperature dependence of 
the Raman peak position is observed. It should be noticed 
that the absolute positions of the Raman peak frequencies 
for nc-Si and PSi are 0.5–0.7 cm–1 less than those for the 
c-Si sample taken from the literature, which can be 
associated with both the accuracy of the Raman 
frequency determination and with the size effect for 
phonons in silicon nanocrystals [19].  

	
Fig. 5 Stokes Raman spectra of mPSi samples at 
lex = 632.5 nm.  
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Fig. 6 Raman shifts of the nc-Si sample (black squares) 
and mPSi (green rhombuses) as a function of 
temperature, and their approximation (dotted line). The 
red squares correspond to c-Si [19]. 

4 Conclusions 
The temperature effect of laser radiation on the Raman 
spectra of nc-Si and mPSi is studied. Measuring the ratio 
of the Stokes and anti-Stokes components intensities 
allows us to determine the temperature with a minimum 
error at temperatures above 350–400 K. It is found that 
with temperature increase during photoexcitation, the 

Raman line frequency decreases linearly, which makes it 
possible to use this dependence to accurately determine 
the temperature even at low heating. 

The results obtained can be used to determine the 
optimal regimes of photo-hyperthermia upon 
sensitization with silicon nanocrystals in cancer therapy. 
The optimal regime of hyperthermia in general, and 
photo-hyperthermia in particular, is defined by the 
advisable local temperature, which must be achieved to 
obtain a therapeutic effect in the selected area, on the one 
hand, and not leading to irreversible changes in healthy 
tissues, on the other hand. The temperature shift of the 
Raman spectrum components observed in silicon 
nanocrystals allows us to determine the photoinduced 
heating value with high precision, thus selecting the 
required radiation power individually in each case. 
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Abstract. A computationally efficient and fairly realistic model of OCT-scan 
formation in spectral-domain optical coherence tomography is described. The 
model is based on the approximation of discrete scatterers and ballistic 
character of scattering, these approximations being widely used in literature. 
An important feature of the model is its ability to easily account for arbitrary 
scatterer motions and computationally efficiently generate large sequences of 
OCT scans for gradually varying configurations of scatterers. This makes the 
proposed simulation platform very convenient for studies related to the 
development of angiographic processing of OCT scans for visualization of 
microcirculation of blood, as well as for studies of decorrelation of speckle 
patterns in OCT scans due to random (Brownian type) motions of scatterers. 
Examples demonstrating utilization of the proposed model for generation OCT 
scans imitating perfused vessels in biological tissues, as well as evolution of 
speckles in OCT scans due to random translational and rotational motions of 
localized (but not-point-like) scatterers are given. To the best of our 
knowledge, such numerical simulations of large series of OCT scans in the 
presence of various types of motion of scatterers have not been demonstrated 
before. © 2021 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 
Optical coherence tomography (OCT) has proven to be a 
powerful tool for characterization biological tissue and 
diagnostics of various pathologies. In addition to 
utilization of conventional structural OCT images and 
solving problems related to enhancement of speed OCT 
visualization, improvement of resolution, etc., much 
attention has been paid in recent years to the development 
of various extensions/modalities of OCT to enable 
additional types of contrast, in particular, realization of 
polarization-sensitive OCT imaging [1, 2]. In recent 
years, some other OCT-modalities are emerging in 
biomedical research and clinical practice and have 

already proved their high utility for a broad range of 
various biomedical applications. In particular, one can 
mention OCT-based angiography [3–6] (already 
translated to some clinical applications, e.g., [7, 8]), 
mapping of viscous properties of biological liquids 
[9, 10], visualization of deformations (for elastographic 
and other applications) [11–14] including combined 
application of a few modalities [15, 16]. The principles 
of OCT-based elastography and angiography are 
essentially based on the analysis of motions of scatterers 
in acquired sequences of OCT scans. 

Realization of such scatterer-motion-based 
modalities requires application of advanced signal-
processing methods to extract signals related to 
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informative motions of scatterers and, in contrast, to filter 
out various kinds of distortions related to masking 
motions. For example, in OCT-angiography it is 
necessary to separate bulk motions of the “solid” tissue 
(due to breathing, heart-beat pulses, etc.) from the 
detected motion of scattering particles in the blood flow, 
which is not a trivial issue in living tissues [17]. For real 
biological tissues, performing experimental studies in 
highly controllable and reproducible conditions often is 
rather difficult or even impossible. By this reason, for 
validation and improvement of such OCT-based 
methods/algorithms for discrimination and quantitative 
assessment of motions of scatterers, researches often use 
phantom experiments with better controllable conditions 
[18, 19]. However, even in phantom experiments it is 
challenging to ensure the required properties of scatterers 
and parameters of their motions. Furthermore, for real 
physical experiments (even with phantoms), it is often 
impossible (or unacceptably complicated and expensive) 
to flexibly vary in sufficiently broad ranges various 
parameters/regimes of the used tissue samples, phantoms 
and OCT setup itself. In view of this, creating models of 
OCT-scan formation enabling realistic and flexible (in 
terms of properties of scatterers and OCT-system 
parameters) attracts high interest of researchers.  

Among various approaches to such modeling it is 
reasonable to point out three main directions. An 
important group of such methods comprises various 
realizations of the Monte-Carlo approach, in which 
pseudo-random generation of trajectories for huge 
ensembles of photons is made to describe their 
propagation and scattering (such that multiple scattering 
can also be accounted for) [20–25]. Another group 
utilizes the concept of point-spread function [26, 27] and 
the third one comprises methods in which optical wave 
propagation, scattering and backward propagation and 
reception are consistently described. Such models can 
reasonably be called full-wave ones, although their 
realizations differ rather significantly and may comprise 
elements of analytical and numerical description in 
various combinations [28–36]. Their general feature is 
that in these methods the point-spread function and the 
entire speckle pattern are obtained by considering the 
illuminating-beam propagation first towards scatterers 
and then the wave scattering and subsequent propagation 
of the back-scattered field. Its collection over the 
receiving aperture is also considered. For example, in 
Ref. [28] wave-field propagation and collection is 
performed numerically or to a significant degree 
analytically as in works [32–34]. Quite a useful 
approximation in many models is the concept of discrete 
scatterers. However, the latter should not necessarily be 
sub-wavelength in size, so that even larger (but sub-
resolution scatterers with sizes significantly smaller in 
comparison with the coherence length in the axial 
direction and the beam cross section laterally) can 
already be reasonably modeled as localized discrete 
elements.  

For simulations of OCT scans related to the 
development of such extensions as the above-mentioned 

angiographic visualization, it is necessary to generate 
rather large volumes of OCT data scans imitating 
subsequent acquisition of large series of OCT scans. 
Therefore, unlike applications for which a single scan or 
a few scans may be sufficient, for generation of large 
blocks of OCT data, the ability of the model to perform 
simulations sufficiently rapidly becomes of key 
importance. Another requirement to the model is its 
ability to naturally account for arbitrary motion of 
scatterers. Such requirements are difficult to satisfy in 
models based on the Monte-Carlo approach or in 
computationally demanding essentially numerical 
variants of full-wave models. In what follows, we present 
a fast, simple and yet reasonably realistic model of OCT-
scan formation based on the principles described in 
Refs. [32–34], in the framework of which arbitrary 
motions of scatterers can easily be introduced. Some 
examples demonstrating the usefulness of this model for 
simulations related to angiographic applications OCT 
will be presented. 

2 Main features of the model 
The approach used here is based on previous works  
[32–34], where the often-used approximation of ballistic 
single scattering was applied. This assumption is the 
basic principle of OCT-scan formation, for which effects 
of multiple scattering the illuminating beam and 
imperfectly ballistic forward propagation (because of 
fluctuations of the refractive index) play the role of 
distorting/degrading factors. Certainly, for some 
applications, such degrading factors may be also 
interesting to study (and they may be additionally 
introduced in modeling, like, e.g., in Ref. [36]). However, 
the very fact of successful realization of the OCT 
principle of imaging based on the ballistic approximation 
convincingly confirms that the ballistic scattering usually 
gives a strongly dominant contribution to the OCT-scan 
formation. Furthermore, even remaining within the 
ballistic approximation many important degrading 
factors can be efficiently studied, for example, strain-
induced and displacement-induced decorrelation noises 
that are critically important for realization of OCT-based 
elastography [37–39]). 

The next important note for the present study, is that 
in the majority of OCT setups the illuminating beams are 
intentionally weakly focused (with the focal plane 
located near the middle depth of scan). This allows one 
to obtain fairly invariable beam diameter enabling nearly 
uniform lateral resolution within the entire imaged depth 
(typically ~1–2 mm). Consequently, the illuminating 
beam in such setups remains close to cylindrical one with 
uniform diameter. Although the scattered field from 
localized scatterers, such as nuclei of cells in biological 
tissues, does not have pronounced directivity and may 
even be close spherically diverging, the same lens of the 
OCT setup that forms the highly directed illuminating 
beam also collects the scattered signal from the medium. 
As a result, even for isotropically scattering particles, the 
reception is highly directive, such that ballistically back-
scattered components are mostly collected by the 
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received aperture. Consequently, the phase of the 
received signal is almost entirely determined by the forth-
and-back propagation in the axial direction. For example, 
fairly small variations in the axial-distance by a quarter 
of wavelength causes the variation in the received-signal 
phase by p radians, such that constructive interference 
may become destructive and vice versa. In contrast, 
transversal coordinates of scatterers within the 
illuminating-beam cross section may experience even 
significantly greater variations with an insignificant 
effect on the received-signal phase (by this reason the 
transversal Doppler effect is known to be much smaller 
in comparison with the effect of axial motions with the 
same magnitude).  

Bearing in mind the above-mentioned arguments, the 
proposed in Ref. [32] simple model of OCT-scan 
formation was based on the approximation of a 
cylindrical illuminating beam for which the transversal 
profile was supposed uniform for both phase and 
amplitude (see Fig. 1a). An additional simplification in 
Ref. [32] was that the amplitudes of the received signals 
were supposed to be independent of the depth. Despite 
the fact that the received amplitudes should actually 
demonstrate depth-dependence, for description of 
interferometric speckle formation, the absence of this 
dependence in modeling still is acceptable by the 
following reasons. Namely, for low-coherence OCT, the 
efficient mutual interference is possible only for small 
groups of scatterers located within sample volumes with 
the axial size limited by the rather small coherence length 
(typically ~5–10 μm). Consequently, in contrast to 
phases of scattered signals that may strongly vary for 
particles located within the sample volume, for the 
amplitudes of the received backscattered signals, the 
effect of the scatterer-depth variation within a particular 
sample volume is negligibly small. Therefore, for any 
particular depth, the speckle formation is fairly correctly 
described even neglecting the depth-dependence of 
amplitudes. However, if necessary, depth-dependent 
variations in the amplitude in the simulated OCT-scans 
on scales larger than the speckle size can readily 
simulated by introducing additional depth-dependent 
factors to imitate geometrical focusing/divergence of 
optical waves, their exponential decay due to both 
absorption and scattering (similarly to introducing these 
averaged factors in Monte-Carlo approaches). Also, if 
necessary, roll-off effects in spectral-domain OCT can 
also be accounted within the same basic assumptions 
(e.g., Ref. [35]).  

Summation of individual spectral harmonics of the 
illuminating beam in such a model naturally describes the 
formation of the point-spread function in the axial 
direction. Such features of model [32] made it possible to 
efficiently use it for studying in detail the role of variation 
in the optical-spectrum width on the feasibility of 
correlational speckle tracking in OCT images of strained 
materials [37]. The intrinsic exceptional ease in 
accounting for displacements of scatterers in simple 
model [32] has also been very efficiently applied for 
studying important features of strain mapping in phase-

resolved OCT [38–41]. The results of those simulations 
then have been successfully transferred for mapping 
strains and elasticity in numerous real situations, in 
which scatterers experienced predominantly axial 
interframe displacements [12, 42–44]. Sufficient 
correctness of elastographic simulations based on 
Ref. [32] has been later verified by comparison with 
more advanced realizations of this approach in works 
[33, 34], in which rigorous consideration of forward 
propagation of Gaussian illuminating beams with various 
degrees of focusing (see Figs. 1b and 1c), backward 
propagation of scattered signals and accurate description 
of their collection over the receiving aperture were 
performed.  
 

	
Fig. 1 Characteristic geometries of illuminating beams. 
(a) is a cylindrical beam with invariable width and 
uniform phase and amplitude distributions as used in 
model [32]; (b) pronouncedly focused Gaussian beam 
used in models [33, 34]; (c) a weakly focused Gaussian 
beam rigorously studied in Ref. [33] with accounting for 
the scattering-field divergence and high directivity of the 
signal reception; (d) the beam form, which is 
intermediate between the cases (a) and (c), such that the 
beam amplitude is approximated by a depth-independent  
Gaussian profile, whereas the phase is uniform in the 
cross section. This approximation is used in the following 
sections to reasonably well imitate weakly-focused beam 
in angiography-related simulations.  

The result obtained in Ref. [33] demonstrated that, for 
a weakly focused beam, only a slight modification of the 
illuminating beam form in model [32] already gives OCT 
scans very similar to the results of rigorous consideration 
of a weakly diverging Gaussian beam with the same 
width in the focal region. Namely, instead of uniform 
amplitude distribution as in Fig. 1a, one may use a beam 
with a depth-independent Gaussian amplitude profile and 
uniform distribution of phase as in Fig. 1d. It is 
interesting that similarly to the assumption adopted in 
simplified model [32], for a rigorously simulated weakly 
focused Gaussian beam, the amplitude of the point-
spread function demonstrates a very weak dependence on 
the depth (see examples of such a comparison in 
Ref. [33], Figs. 2a and 2b). The reason for this nearly 
depth-independent amplitude is due to interplay between 
the influence of divergence of scattered waves and their 
collection over the receiving-lens aperture, see details in 
Ref. [33]. Therefore, the modification of the beam as 
shown in Fig. 1d in model [32] gives results very close to 
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those for rigorous consideration of OCT-scan formation 
for weakly focused Gaussian beams. Bearing in mind that 
such beams are often used in realizations of OCT-
angiography to enable nearly depth-independent lateral 
resolution, the so-modified model [32] can be efficiently 
applied for simulations of angiographic processing as 
demonstrated below. 

As depicted in Fig. 1d, the illumination-beam 
intensity has a Gaussian profile :  

 
(1) 

where characteristic radius  is assumed depth-
independent and determines the lateral resolution. Next, 
the illuminating-beam spectrum in terms of 
wavenumbers in the axial direction is described by the 
amplitude profile  having  spectral 
components , summation of which forms an A-scan 
consisting of  pixels with axial coordinates  
The distance  between the spectral 
components determines the total unambiguously imaged 
depth . If the characteristic spectral width of 
the spectral function  is , the coherence length 

 determining the axial resolution in the resultant scans 
can be estimated as  or equivalently in terms 

of the central wavelength  and spectral width , 

 (note that more accurate coefficient in the 
estimate for  depends on the exact form of the spectral 
function ). Then for an A-scan corresponding to 
lateral coordinates  of the illuminating beam, the 
contribution of a scatterer with coordinates 

 to the received signal at the spectral 
component with the wavenumber  has the following 
form 

 
(2) 

where  is the scattering strength of the scatterer for 
the spectral component , although often it may be 
sufficient to consider frequency-independent scattering 
strength. Now having the complex-valued amplitude of 
individual spectral components  from a single 

scatterer, the expression for the amplitude of th pixel 
corresponding to the depth  in the A-scan with 

coordinates  can obtained by performing 
summation of contributions of all scatterers for all 
spectral components  

	 (3) 

The summation of spectral components on Eq. (3) is 
equivalent to performing the inverse discrete Fourier 
transform over the axial wave-vectors , such that the 
expression for a pixelated A-scan can be represented as 

 
(4) 

Simulations of 2D B-scans and 3D volumes of OCT 
data is performed by scanning the illumination beam, 
which corresponds to variation in coordinates  of 
the illuminating beam in the model equations. It is clear 
from Eqs. (1) and (2) that the model readily describes 
how OCT-scan varies when scatterers gradually leave 
and enter the illuminating beam when its coordinates 

 or coordinates of  of the 
scatterers are varied. As mentioned above, if necessary, 
the depth dependence of the illuminating beam (for 
example exponential decay  with the decay 
coefficient  as in Ref. [39]) or acquisition noise at the 
receiving array can also be readily imitated by adding 
random complex-valued terms to spectral amplitudes (2) 
(as in Ref. [40]).  

Expressions (1) – (4) can be evaluated very rapidly, 
because all signal amplitudes are given in a compact 
analytical form, so that only summation of contributions 
of all spectral harmonics and illuminated scatterers 
should be made numerically. Therefore, because of 
intrinsic ease of accounting for variations in coordinates 
of scatterers, the above presented Eqs. (1) – (4) represent 
a flexible and computationally very fast platform for 
simulations of evolution of OCT scans due to motion of 
scattering centers. In simulations related to OCT-based 
elastography (as in Refs. [38–41]), for which a couple of 
simulated B-scans usually was sufficient, the 
computational efficiency was useful, but not a critical 
condition. However, for modeling angiographic 
processing or diffusion phenomena, where large 
sequences of OCT-scans (in 2D and, moreover, 3D cases) 
are required, high computational efficiency of the used 
simulation method becomes critically important. In the 
following section we demonstrate how the above-
presented model Eqs. (1) – (4) are applied for simulation 
of angiographic processing using the high-pass filtering 
principles suggested in Ref. [6, 17] and correlation 
processing discussed in Ref. [45]. 

3 Simulation of micro-vasculature 
visualization using the high-pass filtering 
principle 

In this section we demonstrate the application of the 
above-formulated model for simulation of OCT-based 
visualization of microcirculation. There are somewhat 
different realizations of OCT-based label-free 
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angiography that are based on comparison of sequentially 
acquired OCT scans. The regions of “solid” tissue in the 
images correspond to (nearly) invariable parts of OCT 
scans, whereas the vessels with moving blood particles 
demonstrate local variability that can be singled out by 
special processing of the compared images. Different 
angiographic algorithms proposed during the last two 
decades use either phase information Doppler methods, 
or amplitude variability like in the speckle-variance-
based methods (see, e.g., review Ref. [46]), or utilize 
mixed phase-amplitude processing. An important 
problem in all such method is the influence of masking 
living tissue motions (related to heart beats, breathing, 
etc.) that should be somehow eliminated using physical 
immobilization, special processing of the acquired 
images or combinations of hardware and software 
methods. In some methods a series of B-scans are 
acquired in one position and then a similar series is 
obtained in another position and so on, such that a 3D 
stack of OCT data is finally obtained [3].  

There are also variants, in which the scanning is 
performed continuously, but with a significant overlap of 
neighboring scans. From the viewpoint of controlling the 
beam position, continuous scanning can be easier 
realized in comparison with step-wise jumps. This idea 
can be realized in somewhat different forms. One variant 
is acquiring dense B-scans with significantly overlapped 
A-scans (say, the inter-A-scan step is ~50 times smaller 
than the illuminating-beam diameter) as proposed in 
Ref. [17]. Then 3D volumetric data can be composed 
from a series of such dense B-scans. In another variant 
described in Ref. [6], B-scans have “normal” density of 
A-scans, but in the 3D-data volumes these B-scans are 
acquired with an appreciable overlap (say, the inter-B-
scan step is 6–7 times smaller than the illuminating-beam 
diameter). Since the the inter-A-scan interval in the first 
variants is significantly smaller than inter-B-scan time 
interval in the second variant, the latter method can easier 
detect flows with lower velocity. However, by the same 
reason of higher sensitivity to displacements the inter-B-
scan method is less tolerant to masking motions of living 
tissues. To reduce the magnitude of such motions, usually 
this method has to be used in contact mode [6]. 

Schematically this approach based on continuous 
scanning is shown in Fig. 2. It is clear that in the direction 
of overlapping, motionless scatterers in the “solid” tissue 
correspond to essentially elongated speckles with fairly 
slowly varying amplitude and phase, whereas the 
speckles corresponding to the places with moving 
scatterers (vessels with moving blood particles) 
demonstrate faster variability (and look as “short” 
speckles). 

An example of a real OCT record illustrating these 
statements is shown in Fig. 3a for a single dense B-scan 
obtained with a horizontal step between subsequent 
positions of the illuminating beam ~1/50 of its diameter. 
It is clear that in the region of the vessel with moving 
blood particles, the horizontal size of speckles is much 
smaller than for the regions of “solid” tissue with almost 
motionless scatterers. As mentioned in Ref. [17], this 

difference manifests itself in the Fourier spectrum of such 
OCT-data obtained by applying Fourier transformation 
along the direction of A-scan overlapping. If the so-found 
spectrum is subjected to high-pass filtering, then in its 
inverse Fourier transform the regions of motionless 
scatterers can be eliminated, whereas the zones of vessels 
with moving blood particles can be retained (see detail in 
Ref. [17]). In a similar manner the microvasculature can 
be imaged for a series of B-scans that are overlapped 
along the direction orthogonal to the B-scan planes [6].  
 

	
Fig. 2 Schematically shown slow scanning with partial 
self-overlapping of the illuminating beam. 

Fig. 3 demonstrates that application of high-pass 
filtering to the initial dense structural scan the regions 
corresponding to the “solid” tissue with fairly slow 
horizontal variability of the speckles makes it possible to 
retain predominantly the zones corresponding to perfused 
vessels. It is important to point out that besides motions 
of particles in perfused vessels, for living tissues motions 
of other nature (related to heart beats, breathing, etc.) are 
typical, the velocities of particles due to these motions 
may be comparable or even exceed velocities of 
scatterers typical for microcirculation of blood. 
Fortunately, such motions are usually characterized by 
significantly larger scale of spatial inhomogeneity being 
closer to bulk translational motions, the axial component 
of which being strongly dominant in the masking signal. 
This axial component of masking bulk axial motions can 
be efficiently suppressed during the angiographic 
processing by determining and compensating the depth-
averaged phase difference between neighboring A-scans 
caused large-scale bulk motions [17]. Such compensation 
weakly affects small-scale motions of blood particles in 
vessels and significantly improves the quality of 
microvasculature visualization. When obtaining the 
image of the vessel cross-section in Fig. 3a–2 (by 
filtering the initial structural scan in Fig. 3а–1), the above 
described procedures of bulk-motion compensation were 
applied. 

The quality of microvasculature visualization using 
methods based on particle-motion contrast (not 
necessarily for high-pass filtering) strongly depends on 
the parameters used during obtaining the OCT scans, as 
well as during their processing. Optimization of these 
parameters is non-trivial and in a rather complex ways 
depends on the characteristics of the OCT system, regime 
of scanning, blood-flow velocities, vessel diameters, 
intensity of masking motions, noises, etc. Sufficiently 
precise control of such a broad variety of various 
parameters in real experimental conditions is challenging 
or may even be impossible. In this context the presented 
in the previous section method allows one to perform  
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Fig. 3 Elucidation of the high-pass filtering principle of blood-flow visualization. Panel (a–1) is a real example of a dense 
B-scan with significant overlapping of A-scans along the B-scan plane. In this scan for the motionless tissue, speckles are 
pronouncedly elongated in the horizontal direction, whereas for the zones of blood flow, speckles are much shorter. This 
difference also manifests itself in the spatial spectrum found along the horizontal direction for this B-scan. The spectrum 
characterizing the variability of speckles in the direction of scanning for the middle depth of the scan (a–1) in presented 
in panel (b–1), where the most intense low-frequency components correspond to elongated speckles within the “solid” 
tissue. Panel (b–2) shows the spectrum after elimination of the low-frequency components and panel (a–2) shows the 
structural scan obtained by inverse Fourier transform applied to the spectrum after high-pass filtering. Total time Tscan of 
the analyzed scan determines the spectral resolution of the Fourier transform. 

rapid, flexible and realistic numerical simulations of 
OCT scans with accounting for various types of motions 
and precise variation of a broad range of other parameters 
open unprecedented possibilities for testing and 
optimization of such processing methods. 

Below we illustrate such possibilities of the described 
model by generating dense B-scans similar to real scans 
shown in Fig. 3a. In the simulated region a blood vessel 
with a Y-like bifurcation was modeled. It was possible to 
vary the vessel diameter, its orientation, velocity of 
scatterers inside the vessel, to change the velocity profile 
in the vessel cross section. Also masking bulk motions of 
various intensity were simulated by adding vertical 
displacements of entire vertical columns of scatters 
between subsequent A-scans (note that reception noises 
of arbitrary magnitude can readily be introduced as was 
demonstrated in Ref. [40] in the context of realization of 
mapping strains). This flexibility of the model allows one 
to estimate ultimate possibilities of the angiographic 
visualizations (minimal detectable diameter, minimal 
velocity) and to estimate maximal level of noise, and 
degree of A-scan overlapping, for which the visualization 
is feasible. 

In Fig. 4 we illustrate the utilization of the models for 
assessing the role of masking bulk motions and efficiency 
of their compensation by correcting the depth-averaged 
phase shift between neighboring A-scans. In the 
simulation we imitated the parameters of OCT setup used 
in Ref. [17]. Namely, the optical wavelength in the tissue 
was λ0 = 1 µm (corresponding to λ0 ~ 1.3 µm in air), the 

spectral width of the illuminating beam was about 90 nm, 
the beam radius was 15 μm, the vertical size of the pixel 
was 8 µm in air (about 6 µm in the tissue with the 
refractive index ~1.3). The simulated image depth was 
600 µm and horizontal size 150 µm with the horizontal 
step 1 µm between the subsequent A-scans. The signal-
to-noise ratio was 23.5 dB in the upper part of the scans 
and depth decay similar to that for real scans shown in 
Fig. 3 was introduced. The vessel width before 
bifurcation was 15 µm and 7.5 µm after bifurcation. The 
velocity of blood flows was chosen to be 1 mm/s. The 
simulations were performed for three levels of bulk 
noises (indicated in the caption). For the upper row, the 
amplitudes of the inter-A-scan displacements are smaller 
than λ0/4 for all A-scans, so that the phase shifts induced 
by the masking bulk motions are unambiguously related 
to displacements. Therefore, in this case the masking 
displacement-related noises well-visible for scans in the 
middle column in Fig. 4 can be nearly perfectly 
compensated. This is clear from panel (a–3) in which the 
motion-related noises are very well suppressed. For rows 
(b) and (c), the inter-A-scan bulk motions mostly have 
supra-wavelength amplitudes, so that the corresponding 
phase variations are wrapped and are not unambiguously 
related to the displacements. Nevertheless, even in these 
cases, the application of the compensation based on 
comparison of phases of neighboring A-scans 
significantly improves the quality of visualizations of the 
vessels (see the right column in Fig. 4). 
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Fig. 4 Examples of simulations performed in the context of the development of OCT-based angiography. Left column 
shows initial densely recorded scans, middle column is for filtered scans without correction of the bulk motion, and (right 
column) with correction of the bulk motion. Rows (a) through (c) correspond to inter-A-scan bulk motions with a 
Gaussian distribution of the amplitude with various standard deviations (STD). Upper panels (a1–3) correspond to 
translational displacements with STD = λ0/10, for which the amplitudes of the displacements are under λ0/4 and the inter-
A-scam phase difference can be found unambiguously. Panels (b1) – (b3) are for significantly greater displacements with 
STD = λ0 and (c1) – (c3) are for STD = 1.5λ0.  

4 Model application for simulations of 
OCT-signal decorrelation in the presence 
of regular and random scatterer motions  

As mentioned above, for perfused vessels, the main 
contribution to the variability of received OCT signal 
and, correspondingly, to its temporal decorrelation 
belongs to motion of erythrocytes. Among other methods 
applied for detection of perfused microvasculature 
studies of temporal decorrelation of OCT signals attracts 
significant attention [47, 48]. Although erythrocytes are 
discrete scatterers that are not yet resolved in 
conventional OCT images, their size exceeds the optical 
wavelength. Consequently, even in the absence of 
translational flows, rotational motions of erythrocytes 
may give an appreciable contribution to the OCT-signal 
decorrelation. Real experiments do not allow one to 
selectively study contributions of transversal and 

rotational motion of finite-size scatteres, whereas in 
simulations such studies can readily be implemented. To 
this end, we made the following modification of the 
scatterer model as shown in Fig. 5a. Fig. 5a schematically 
shows the cross section of an erythrocyte with an 
approximately dumbbell shape. Thus a reasonable 
simplified approximation of scattering properties of such 
an object can be a dumbbell made of a pair of localized 
scattering centers with a distance  between the centers 
corresponding to the erythrocyte diameter. In the below 
presented simulations we chose  µm (which is 
close to the average diameter of human erythrocytes). 
The central wavelength is supposed to be  µm 
(which is close to the wavelength in the tissue for widely 
used OCT systems based on the sources with the 
wavelength 1.3 µm in vacuum). Using such a model for 
generation of 2D B-scans we characterize the position of 
the dumbbell center by coordinate , whereas 
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the rotation around this center is characterized by angle 
as shown in Fig. 5b.  

Here, we consider three basic types of motions of 
erythrocytes in vessels: (i) regular translational flow, (ii) 
translational Brownian motion and (iii) rotational 
Brownian motion. Let us describe in more detail how 
these types of motions are characterized in the model. In 
real experiments it is impossible to realize these motion 
types in pure form, but can be readily made in simulation. 

(i) For the translational flow-type motion, we assume 
that the erythrocytes move without changing their 
orientation ( ) with an invariable-in-time 
velocity. Then for the neighboring A-scans with numbers 

 and  the scatterer coordinates are related as 
, where  is the flow velocity and 

 is the time interval between A-scans. 
(ii) For the translational Brownian motion, the 

orientation angle for the scatterers is also constant  
( ), whereas the coordinates of the centers vary 
from one A-scan to another one in random steps, 

, where the components of the 
incremental vector  have a Gaussian probability 
distribution for displacements along coordinates   
and  

	
(5) 

	
 
where the standard deviations were supposed equal, 

.  
(iii) For the Brownian rotational motion, coordinates 

of the scattering-particle centers remain constant, 
whereas the orientation angle randomly varies

where the rotation-angle increment 
has a Gaussian distribution with a standard deviation  

 (6) 

In all cases the initial position and orientations of the 
scattering particles are random. 

For studying decorrelation of OCT scans due to such 
motions of scatteres, it was sufficient to form sequences 
of B-scans (for the below presented examples, scans 
255 × 80 pixels in size were used). The scatterers with 
random initial coordinates were distributed uniformly 
over the simulated scans and experienced either one of 
the above-described three types of motions. The cross-
correlation coefficients were calculated for complex-
valued amplitudes  of pixels in the initial scan for 

 and subsequently simulated B-scans for  
using the following expression: 

 
(7) 

According to previous studies, exponential 
dependences of the form  could be 
expected, where parameter  depends of the particular 
character of the scatterer motions [45]. It is clear that if 
we plot the logarithm  against , the assumed 

exponential dependence  should 
correspond to a straight line, which can be visually 
clearly seen for the correctly chosen parameter . 

 

 
Fig. 5 The model of erythrocytes in the form of dumbbell scattering elements (a), elucidation of the parameters describing 
their positions and orientations (b) and schematically shown translational and rotational motions of dumbbell scatterers. 
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The results of the corresponding simulations for the 
above-mentioned three characteristic types of scatterer 
motions are presented in Fig. 6. The horizontal axes in 
Fig. 6 represent  rather than  so that even if 

 varies nonlinearly with time for , the 
time is explicitly indicated in the time-axis labels. The 
dependences found in the performed simulations for 
regular translational flow demonstrated the exponent 

 (Fig. 6a) and  for translational Brownian 
motion (Fig. 6b), which agrees with the previously 
known results based on analytical considerations of these 
motion types [45, 49]. Concerning rotational Brownian 
motion, for which analytical consideration is more 
difficult, the performed simulations demonstrate 
different regimes for the cross-correlation decay in the 
beginning and at larger times. Fig. 6c shows that initially 
(within the interval below ~25 ms) the decay law 
corresponds to  like for translational Brownian 
motion, whereas for larger times, the transition to the 
scaling with  is seen within a fairly broad time 
interval (Fig. 6d). As far as we know, the decay law of 
the form  earlier has been found for 
speckles when the contribution of multiple scattering was 
significant. However, our simulations demonstrate that 
such functional behavior can also occur for speckle 

decorrelation in the case of single scattering for 
Brownian rotation.  

The fact of initial (for time below ~25 ms) 
functionally similar behavior  of speckle 
decorrelation due to Brownian rotation and translational 
Brownian motion may be qualitatively understood as 
follows. For randomly oriented dumbbell-like scatterers, 
there is a portion of approximately horizontally-oriented 
ones that produce in-phase scattered signals. This portion 
of initially in-phase scattering horizontally-oriented 
elements gives a dominant contribution to decorrelation. 
For this portion of dumbbell elements and sufficiently 
small deviation  from the initial approximately 
horizontal orientation, the difference of optical paths for 
the signals scatterers by the left and right scatterers is 
linearly proportional to the rotation angle as 

, where the factor 2 is due to 
forward-backward propagation for the incident and back-
scattered waves. Quantity  accumulates 
in random steps obeying a Gaussian probability law 
Eq. (6). This is similar to translational Brownian motion, 
for which the differences in the optical paths  of 
interfering scattered fields also grows with a Gaussian 
probability, such that  (see Eq.(5)).  

 
Fig. 6 Result of numerical simulation of the decorrelation laws for the translational flow (a), translational Brownian 
motion (b) and rotational Brownian motion (panel (c) shows the linearized representation for  

corresponding to initial decorrelation at small times and linearized law  for larger times). Dots are 
the simulation results and solid straight lines are guides for the eye showing the corresponding linearized representations 
of the decay laws. 
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However, such functional similarity for translational 
and rotational Brownian motions holds only for 
sufficiently small times, when the rotation-induced 

difference in the optical paths  remains 
noticeably smaller than . Sufficiently below this 
value, the factor  determining the 
interference result can be linearly approximated as 

. With accumulation of the rotation angle  the 
factor  grows slower than the initial linear 
approximation, so that the initial correlation-coefficient 
decrease  should demonstrate a slower 
decrease rate. The intermediate dependence 

 visible in Fig. 6d agrees with this 
expected transition to a slower law, although for 
predicting its functional form, the above-presented 
arguments are not sufficient. However, they allow one to 
estimate the characteristic angle  of this 
transition as  This simple 
estimate fairly well agrees with the mean-square rotation 

angle  This value was 
found in the simulations for the time point ms, 
around which the transition from  to 

 is observed in Fig. 6d. It has also been 

numerically verified that if parameters ,  and  

are varied in such a way that the factor  
the transition time visible in Fig. 6d also remains 
invariable. This numerical result confirms the 
expectation that the characteristic time of the transition is 
determined by the product  

Concluding this section it can be mentioned that the 
time dependence of the correlation function for 
translational regular flows and Brownian motion of 
spherical particles was studied analytically in Ref. [49]. 
Such analysis predicts the decay law for the absolute 
value of the correlation coefficient of the form  

 (8) 

where  is the characteristic decorrelation time due to 
Brownian motion, and is the decorrelation time due to 
translational flow. It is clear that these known cases well 
agree with the above-presented numerical results, which 
confirms the correctness of the formulated numerical 
model. The influence of random rotations of erythrocytes 
on the decorrelation of speckles was touched in Ref. [50]. 
Analytical investigation was not performed in that works, 
and experimentally the decay law of the type 

 was observed. This observation agrees 

with the decay law for sufficiently small times revealed 
in our simulations as shown in Fig. 6c. 

5 Conclusions  
Here we presented a computationally very efficient and 
fairly realistic model of OCT-scan formation in spectral-
domain optical coherence tomography. The described 
variant of the model is based on previously proposed 
variants [32–34]. The described variant represents a 
compromise between the simplest version [32] based on 
cylindrical illuminating beams with uniform profile and 
rigorous analysis of OCT systems with fairly focused 
Gaussian beams [33, 34]. The considered compromise 
variant uses beams with a Gaussian amplitude profile and 
uniform phase distribution over the cross section, which 
enables computationally efficient and reasonably 
realistic simulations of OCT-scan formation for weakly 
focused Gaussian beams, which is validated by 
comparison with the rigorously described Gaussian beam 
in study [33].  

Similarly to the previous versions [32–34] and many 
other popular models (e.g. Ref. [30), the present model is 
based on the approximation of discrete scatterers and 
ballistic character of scattering. An important advantage 
of this model demonstrated above is the intrinsic ease in 
accounting for arbitrary scatterer motions, which allows 
one to computationally efficiently generate large 
sequences of OCT scans for gradually varying 
configurations of scatterers. This makes the described 
simulation platform very convenient for studies related to 
the development of angiographic processing of OCT 
scans for visualization of microcirculation of blood, as 
well as for studies of decorrelation of speckle patterns in 
OCT scans due to random (Brownian type) motions of 
scatterers as was demonstrated in the previous sections. 
To the best of our knowledge, such numerical 
simulations of large series of OCT scans in the presence 
of various types of motion of scatterers have not been 
demonstrated before. The model is also very useful for 
simulating images of deformed tissues in the context of 
the development of Optical Coherence Elastography  
[37–40]. If necessary, accounting for non-ideally ballistic 
propagation of the optical waves can be added as 
discussed in Ref. [36]. 
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Abstract. The study aims at the Fourier spectra of an antibiotic exposed to a 
high-intensity pulsed magnetic field. The applied frequency was f = 40 kHz, 
with a number of pulses n = 1, at intensities of the pulsed magnetic field 
H = 0.09 × 106 А/m, Н = 0.50 × 106 А/m, Н = 0.82 × 106 А/m. It was assumed 
that under the conditions of the pulsed magnetic field there might be a change 
in the structure of the drug molecule. The research has revealed that an 
increase in the pulsed magnetic field power leads first to a decrease in the 
intensity of the band in the Fourier spectrum, and then to its increase. In 
addition, changes were recorded in the amide group of benzylpenicillin 
sodium salt molecules depending on the intensity of the pulsed magnetic field 
applied to the antibiotic. © 2021 Journal of Biomedical Photonics & 
Engineering. 
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1 Introduction 
Currently, the question of the effectiveness of antibiotics 
has become a matter of great urgency. As a rule, 
antibiotics are used in the form of solutions, which results 
in a complex water-antibiotic-biosystem. Here, the 
problem of the interaction of a water molecule with a 
solid (powdered) antibiotic comes to the fore. In Ref. [1], 
it was noted that antibiotics in the form of solid samples 
(powders) are stable during storage, while those in the 
form of aqueous solutions quickly lose their biological 
activity. Therefore, it is important to find out the reason 
for the increase in the antibacterial activity of the 
benzylpenicillin sodium salt after being exposed to the 
pulsed magnetic field (PMF). The structure of a 
benzylpenicillin molecule (Fig. 1) demonstrates such 
characteristic features of penicillin antibiotics as the 
presence of a β–lactam ring, an amide group, and a 
thiazole cycle.  

In Ref. [2], the potential of benzylpenicillin was 
calculated as an index of the reactivity of the antibiotic. 
It was shown that during the transition from a neutral 
penicillin molecule to its anion, the dipole moment 

increases from 4.7 D to 18.2 D, and the benzylpenicillin 
anion molecule takes on a complex semispherical spatial 
structure. The authors showed that in this case, the 
carbonyl groups are located on the outer side. 
 

 
Fig. 1 Structural formula of benzylpenicillin sodium salt. 

The authors of study [3] used quantum-chemical 
calculations to study the interaction of solid samples of 
benzylpenicillin with water and determined the location 
of water molecules during the formation of hydrate 
structures of the antibiotic. In this case, a three-
dimensional grid of hydrogen bonds is formed, which 
includes all the functional groups of the antibiotic.  
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Jason Potticary et. al. [4] crystallized coronene 
(polyaromatic hydrocarbon) into another polymorph 
using the method of growing crystals under the 
conditions of the magnetic field action. Crystals, grown 
in a magnetic field with an induction of 1 T, differ in their 
appearance from crystals grown in a zero field, and retain 
their structure under environmental conditions. The 
researchers found the new form to be the most stable at 
low temperatures. As a result of the new supramolecular 
configuration, significant changes in the electronic, 
optical and mechanical properties were noted. 

In another similar work, polymorphism during the 
crystallization of drugs by a magnetic field was 
investigated (Project №736899, UK, the Netherlands, 
Ireland). The European researchers have already 
established that it is possible to synthesize specific 
polymorphs of pharmaceutical substances, such as 
carbamazepine, indomethacin, and paracetamol. They 
found out [5] that concretive crystalline forms could 
exhibit unique properties that may not be shown by other 
forms of the same substance. 

The researchers of the Kalinin Medical Institute [6] 
made an attempt to trace the action of the constant 
magnetic field on barbamil (sleeping substance). Three 
times, at different times of the year, the experimental 
batch of mice received a sleeping substance that had been 
previously exposed to a constant magnetic field. It was 
observed that under the influence of the “magnetized” 
sleeping pill the mice slept longer than the animals from 
the control group that received the same dose of the “non-
magnetized” drug. 

Thus, the effect of drugs on the organism may depend 
on the characteristics of drugs: physical properties, 
chemical structure, dose (concentration), as well as on the 
medicinal form of the drug. The influence of physical 
factors on the drug can enhance its biological effect in the 
organism [7].  

In our previous work [8], we found a 12–24% 
increase in the antibacterial effect of benzylpenicillin 
sodium salt processed by a pulsed magnetic field with the 
field intensity ranging from 0.09 × 106 A/m to 
1.23 × 106 А/m at the frequency f = 40 kHz (single-turn 
inductor) and a number of pulses n = 1. The pulsed 
magnetic field action was carried out on a powdered 
pharmaceutical preparation. Fig. 2 presents the scheme 
of the PMF action on the drug: inductor 1, pulse current 
generator 2, PMF sensor 3, and oscilloscope 4. The PMF 
sensor is connected to the oscilloscope 4. A vial 5 filled 
with about 4 mm of benzylpenicillin is placed in the 
middle of inductor 1, after which the pulsed magnetic 
field treatment is performed. 

To determine sensitivity of the bacterium Escherichia 
coli (E. coli.) to benzylpenicillin, antibacterial discs were 
used. The standard disc-diffusion method with sterile 
dilutions was developed in late 1960s to early 1970s [9] 
and since then has not undergone any significant changes 
from a methodological point of view. This method can be 
used for individual antibacterial therapy to treat the 
concretive infection in patients, to monitor the spread of 
antibiotic resistance in a certain area, as well as to study 

new chemical compounds for the presence of 
antibacterial activity [10]. 
 

	
Fig. 2 Scheme of the pulsed magnetic field action on 
benzylpenicillin. 

The study [11] of benzylpenicillin sodium salt in the 
powdered form (1 g) revealed that after the exposure of 
benzylpenicillin sodium salt to the pulsed magnetic field, 
the antibiotic obtained the concentration of 0.01 g/ml. 
The action of benzylpenicillin was performed on E. coli 
cells with the bacterial culture E. coli seeded on the meat-
peptone agar. The discs were distributed on the surface 
of the sown agar by tweezers and then soaked in a 
solution of benzylpenicillin of 10 µl per disc. The cups 
were then incubated in a thermostat at 37 °C for 18 h. 

The antibacterial activity was evaluated by measuring 
the average diameter of the lysis zone. The measurement 
was carried out as follows: the cups were placed upside 
down on a dark matte surface so that the light fell on them 
at an angle of 45° (accounting for the reflected light), 
after which the diameter of growth retardation zones was 
measured using calipers (the measurement error is 
±0.1 mm). The results obtained during the experiment 
were checked for reliability using the Student’s criterion 
(the level of statistical significance <0.05). The diameter 
of each lysis zone was measured at least 10 times, after 
which the average diameter was calculated. To increase 
the reliability of the results, independent series of 
repeated experiments were conducted. 

The increase in antibacterial activity of 
benzylpenicillin sodium salt after PMF processing 
discovered in of this study can be explained by the 
transition of the PMF-processed molecule to an excited 
state when its conformation changes slightly. It was also 
found that the biological effect of the PMF action on 
drugs decreases with time, being maximally manifested 
within the day. PMF treatment of benzylpenicillin 
sodium was not accompanied by an increase in its acute 
toxicity or emergence of free radicals.  

The aim of the work is to study the structural changes 
in a molecule of benzylpenicillin sodium salt after 
exposure to a pulsed magnetic field. 

2 Experimental Procedure 
The study of benzylpenicillin sodium salt was carried out 
at the PMF parameters (Table 1) with the frequency of 
f = 40 kHz. The exposure time of the test drug to the PMF 
was 0.0002–0.005 s [12, 13].  
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Table 1 Parameters of the PMF action on benzylpenicillin 
sodium salt.  

W (energy), kJ 0.45 2.49 4.11 

Н (intensity), 106 А/m 0.09 0.50 0.82 

f (frequency), kHz 40 

 
Control samples of the drug were not exposed to the 

PMF. To register the spectra, the powder was thoroughly 
ground with KBr in an agate mortar at the ratio of 1:100. 
The test mixture was placed in a cuvette in a special 
holder, after which the diffuse reflection spectra were 
recorded.  

As is well-known, the most informative regions of the 
Fourier spectra are the medium-frequency  
(1000–1970 сm–1) and high-frequency (3200– 
3800 сm–1) regions. The spectra were recorded using a 
FSМ-2201 Fourier spectrophotometer (Infaspec, Russia) 
in the wavenumber range from 470 сm–1 to 5000 сm–1. 

The studied spectra were recorded with a spectral 
resolution Fspec software (Monitoring, Russia). The 
limit of the permissible absolute error of the wavenumber 
scale on the device is ±0.05 сm–1, the error of measuring 
the absorption intensity is 0.05%. 

3 Results and Discussion 
Figs. 3 and 4 present spectra of benzylpenicillin as a 
result of the PMF action for two regions of the spectrum. 
In the region of N–H valence oscillations, the following 
bands are observed: 3320 сm–1, 3355 сm–1, 3369 сm–1 

(Fig. 3).  
Table 2 presents the changes recorded in the Fourier 

spectrum when the antibiotic was exposed to the PMF. 
The intensities of the bands 3320 сm–1 and 3369 сm–1 
decrease in proportion to the magnetic field intensity. 
The intensity of the 3355 сm–1 band first decreases 
slightly (by about 3%) and then returns to its original 
state. 

Fig. 4 presents the bands of absorption of the 
pharmacy antibiotic in the carbonyl region. 

 

	
Fig. 3 Fourier spectra of the antibiotic after the PMF processing. 

 
 

Table 2 Changes in the Fourier spectrum under the PMF action on benzylpenicillin. 
 

Band, сm–1 Control 
Processing at intensity 

H = 0.09 × 106 А/m 
Processing at intensity 

Н  =0.50 × 106 А/m 
Processing at intensity 

Н = 0.82 × 106 А/m 

3355 100 96.7 96.7 100 

3369 85.6 80.6 73.8 70.4 

3320 42.6 33.5 29.6 27 
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Fig. 4 Absorption bands in the carbonyl region of the 
Fourier spectrum of pharmacy antibiotic.  

The 1700 сm–1 region displays the bands that 
correspond to valence oscillations C = O of the peptide 
group (1698 сm–1), oscillations C = O of the group 
attached to the β-lactam ring (the 1773 сm–1 band), the 
1672 сm–1 band belongs to the complex oscillation of the 
amide group. 

The following conclusions can be drawn from the 
given spectra: 

1. Intensity of the 1773 сm–1 band does not depend 
on the PMF processing of the drug. 

2. Intensities of the 1672 сm–1 and the 1699 сm–1 
are redistributed depending on the power of the PMF 
action: the intensity of the high-frequency band 
increases, and the intensity of the low-frequency band 
decreases. 

In our previous work [14], we found that the 
enhancement of the biological effect from the PMF 
action on the antibiotic disappears after about 24 hours. 
The Fourier spectra were studied for the effect of the 
repeated exposure to the PMF. 

The spectra of the powdered benzylpenicillin in 
potassium bromide were studied under the following 
experimental conditions: 

– sample 1 was exposed to the PMF once, i.e. the 
spectra were recorded after 24 hours;  

– sample 2 was exposed to the PMF twice with a 24 h 
interval, i.e. the spectra were recorded after 48 h;  

– sample 3 was exposed to the PMF three times with 
an interval of 24 h, i.e. the spectra were recorded after 
72 h.  

When processing the powdered antibiotic by the 
pulsed magnetic field with the intensity 
H = 0.09 × 106 А/m, it was noticed that in the region of 
N–H valence oscillations, the band intensity in the 
3400 сm–1 region decreases 24 and 48 h after the PMF 
action on the same drug compared to the unprocessed 
drug, and the maxima become more distinct. In this case, 
the band of 3470 сm–1 decreases in intensity more 
substantially at PMF intensities H = 0.09 × 106 А/m and 
Н = 0.50 × 106 А/m. Apparently, there is a break in the 

hydrogen bonds with the water molecules contained in 
KBr. In the low-frequency region of the spectrum, no 
changes are observed. At intensity Н = 0.82 × 106 А/m, a 
decrease in intensity of bands of 3335 сm–1 and 
3370 сm– 1 was observed in the region of oscillations of 
the carbonyl group [15, 16]. 

When the drug was re-processed with the PMF on the 
second day, a change in the intensity of the bands of the 
Fourier spectra was observed, and when the PMF was 
applied to the antibiotic twice for a period less than 48 
hours, the band intensity also decreased. Thus it can be 
assumed that the repeated PMF treatment of the same 
drug has an effect on the intensity of oscillations. For 
example, when comparing the 3335 сm–1 band without 
the PMF action to a two-time exposure, the intensity 
decreases by about 13%. It is assumed that after the high-
intensity PMF action, the charge accumulates in the drug, 
and after the elimination of the magnetic field, the effect 
gradually disappears since, as mentioned above, the time 
of retention of the PMF effect is about 24 h. 

According to the results obtained, the changes in the 
spectra of benzylpenicillin sodium salt suggest that the 
hydrogen bonds play a decisive role in the change in 
biological activity. The recorded changes in the 
functional groupings of the antibiotic may be due to the 
fact that when the drug molecule is placed in the pulsed 
magnetic field, the orientation of the molecule changes 
relative to the direction of the applied PMF. 

It is well-known that penicillins cause the death of 
microorganisms by blocking the inclusion of 
acetylmuram peptides in the growing cell walls of 
bacteria acting mainly on the enzyme  
D–D–transpeptidase, which cleaves the terminal  
D–alanine from N–phcetilmuramylpentapeptide and 
catalyzes the formation of cross-links. Therefore, the 
antibacterial activity of β–lactam antibiotics is primarily 
associated with the suppression of the activity of 
transpeptidase. D–alanyl–D–alanine plays the role of an 
identification mark for the enzyme. Another factor is 
acylation of transpeptidase by peptidoglycan, 
accompanied by the loss of one D–alanine molecule: 

Enzyme	+	R–D–Ala–D–Ala	→	R–D–Ala–enzyme	+	D–Ala 

Then transpeptidase is regenerated binding the 
terminal residue of D–alanine of the peptidoglycan 
molecule to a chain of four glycine molecules (connected 
to the lysine residue), the second molecule of 
peptidoglycan. Penicillins having groupings similar to 
D–alanyl–D–Alanine in the region of the β–lactam ring 
(Fig. 5) irreversibly inhibit transpeptidase, which causes 
the death of Е. coli. cells. 

Therefore, changes in the valence angles of the amide 
grouping near the β–lactam ring after exposure to the 
pulsed magnetic field can cause minor changes in the 
structural conformation of the benzylpenicillin molecule 
and contribute to an increase in the affinity to the active 
centre of the enzyme, thereby increasing the antibacterial 
activity of the drug. 
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Fig. 5 Comparison of the molecular structure of penicillin 
and D–alanyl–D–alanine.  

4 Conclusion 
An increase in power of the magnetic field action on 
benzylpenicillin sodium salt leads to a decrease in the 
intensity of the 3320 сm–1 and the 3369 сm–1 bands. 
Changes in the amide group were recorded depending on 
the application of the PMF to the antibiotic. Perhaps, the 
changes are produced by the geometry of the molecule. 

Changes in the structural conformation of the 
benzylpenicillin sodium salt molecule, processed by the 
pulsed magnetic field, could contribute to an increase in 
the affinity to the active centre of the enzyme of 
transpeptidase, thereby possibly increasing the 
antibacterial activity of the drug. The observed changes 
in the spectra of benzylpenicillin sodium salt after PMF 
processing are small, so further studies are required to 
study the PMF action on the structure of the antibiotic 
and its antibacterial activity. 
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1 Introduction 
In the modern world, the problem of an increase in the 
number of patients with various types of oncological 
diseases is quite acute. According to statistics, physicians 
register about 10 million new cases of the disease 
annually in the world. Current approaches to cancer 
treatment, including surgery, high-energy beam 
irradiation and chemotherapy, do not always give 
satisfactory results for a number of cancers. That is why 
the search for new directions and methods of cancer 
therapy is now a trending topic. One of the promising 
areas in oncology is the use of nanoparticles as a means 
of both diagnostics and cancer therapy [1]. 

It is assumed that with the help of nanoparticles 
(NPs), the problems of early diagnosis of malignant 
neoplasms, determination of their localization, targeted 
delivery of drugs into the tumor can be solved, and new 
methods of therapy can also be developed [2]. It has been 
shown that some types of inorganic particles are able to 
selectively accumulate in tumor tissues due to the 
enhanced permeation and retention effect (EPR) [3] 
associated with the particle size. At the same time, NPs 
for biomedical applications should be non-toxic, 
biocompatible, and naturally excreted from the body [4]. 

Hyperthermia is one of the methods of treating 
oncological diseases. The essence of this method is to 
heat the human body to a temperature over 41 ℃. At this 
temperature, cancer cell can die [5]. However, the 
selectivity of this method needs to be increased to 

minimize the accompanying damage to healthy tissues. 
Therefore, despite its apparent simplicity, this method is 
fraught with a lot of risks and complexity in execution. 
When using hyperthermia, the method of local 
hyperthermia brings the least harm to the body. This is 
heating only a narrowly localized area affected by cancer 
cells. Since tissue heating is supposed to be carried out 
by means of high-frequency or laser radiation, it is 
necessary to use such NPs, which, in addition to their low 
toxicity, will be heated under the influence of these types 
of electromagnetic radiation. In this work, we used 
silicon (Si) based NPs. The properties of this type of NP 
have been studied by many scientists and researchers for 
quite a long time [6]. The article by L. Osminkina and 
V. Timoshenko “Porous Silicon as a Sensitizer for 
Biomedical Applications” implies that silicon particles 
can be used as sensitizers for UHF hyperthermia [7]. 

It is assumed that microporous silicon NPs (µPsi) 
accumulated in cancer cells will heat up more than 
healthy tissues of the body. Thus, the plan is to carry out 
the destruction of cancer cells without affecting the 
adjacent healthy ones. This method will make the therapy 
of cancer safe and effective. Therefore, the aim of this 
work is to study the rate and maximum temperature of 
heating of aqueous suspensions of NPs µPsi under RF 
excitation. 

High-frequency radiation has a large penetration 
depth, which makes it possible to treat deeply located 
tumors. Physical experiments show that heating of 
aqueous suspensions of PSi NPs by tens of centigrade can 
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be achieved by irradiation at a frequency of 27 MHz and 
a relatively low intensity (1–5 W/cm2) [8].  

Thus, it is possible to reach the solution temperature 
above 41 ℃. The purpose of the experiments is to select 
the most convenient heating method, as well as to select 
the correct concentration of nanoparticles. The higher the 
concentration of PSi NPs, the stronger the heating of its 
solution. However, silicon still has a slight toxicity, and 
therefore it is necessary to select the most effective and 
least harmful concentration of the PSi NP solution for the 
body. 

2 Synthesis and Characterization of 
Porous Silicon Nanoparticles 

Porous silicon (PSi) is a non-toxic, biocompatible and 
biodegradable material (Fig. 1). It is able to activate 
(sensitize) biochemical reactions and physical processes 
of energy dissipation when excited (irritated) by light and 
high-frequency radiation [7]. 

Microporous silicon (micro-PSi) samples were 
formed by the standard method of electrochemical 
etching [9] of bulk cSi wafers (p-type, doped with boron 
to a resistivity of 1–10 Ohm-cm, (100)-oriented) in a 
mixture of hydrofluoric acid (48%) and ethanol (1:1). 

The etching time was 40 min with the current density 
of 60 mA/cm2. Free standing PSi films were obtained by 
removing from the substrate after applying a short pulse 
of etching current of 500 mA/cm2. In previous studies, 
PS films were dried in air for 1 week. Mesoporous silicon 
(meso-PSi) samples were obtained from p-type c-Si 
wafers heavily doped with boron (the resistivity is 1–
5 Ohm-cm, the orientation is (100)) using the same 
electrochemical etching procedure. 
 

	
Fig. 1 Microporous silicon nanoparticles. 

To study the stability of Si nanoparticles in water, the 
respective powders were suspended in water. 200 mg of 
meso-PSi and micro-PSi powders were ground in 2 ml of 
water for 2 min in a planetary mill (PULVERISETTE 7, 
“FRITSCH”, Germany), ZrO2 balls 5 mm, 2 min, 
900 rpm) or in an aqueous solution of dextran  
(30–40 kDa), 10 wt%). The suspensions were dried on 

cover slips immediately after grinding, 48 and 120 h after 
grinding. 

The phase purity of the compounds was checked by 
powder X-ray diffraction (XRD) recorded on a 
RADIAN-DR2 (ZAO “STC Expert Center”, Moscow) 
diffractometer (CuKa1 radiation, image resolution is 0.05 
for panoramic scanning, 0.01 for scanning the peak 
shape, the exposure time is 1 s for panoramic scanning, 
20 s for scanning the peak shape). 

Fig. 2 shows a µPsi image obtained using a LEO912 
AB OMEGA transmission electron microscope located 
at Moscow State University [10]. 
 

	
Fig. 2 µPsi Nanoparticles under LEO912 AB OMEGA 
(“Carl Zeiss”, Germany) transmission electron 
microscope. 

3 Study into Heating Colloids under UHF 
Excitation 

HF heating in each experiment was carried out by means 
of the UHF-60-MedTeKo (“MedTeKo LLC”, Russia) 
UHF-therapy apparatus operating at a frequency of 
27.12 ± 0.16 MHz with a maximum power of 60 W. The 
temperature was controlled by means of a Flir C3 (“Flir”, 
USA) thermal imager. The heating power was 60 W with 
the thermal imager measured temperature in the range 
from –10 ℃ to +150 ℃. The measurement error was  
1 degree or 1% depending on the value. 

To measure heating, three 4.5 ml polystyrene 
cuvettes were filled with aqueous solutions with 
nanoparticle concentrations of 3 g/l, 6 g/l, and distilled 
water in the third cuvette. The volume of each solution 
was 1.5 ml. Once the solutions had been prepared, the 
flask was positioned in the center between the RF 
electrodes, spaced 42 mm apart, providing an air gap of 
approximately 6 mm on both sides of the cuvette (Fig. 3). 

200 μl of the solution of silicon nanoparticles with the 
concentration of 15 mg/ml was prepared for subsequent 
introduction into beef liver. The liver was placed between 
the electrodes of the UHF-therapy apparatus on a plastic 
Petri dish. 
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Fig. 3 Installation of a cuvette between the electrodes of 
the UHF-therapy apparatus. 

4.1 Determination of heating value of 
microporous silicon aqueous suspension 
when exposed to HF radiation (27 MHz) 

In this experiment we used solutions of microporous 
silicon (µPSi) with a concentration of 6 g/l and 3 g/l, as 
well as distilled water. Each sample was heated for 5 min. 
The purpose of the experiment was to establish the 
relationship between the sample temperature growth rate 
and the time for several concentrations of microporous 
silicon particles. This is enough to take solutions with the 
concentration of low-frequency PE, which will differ by 
a factor of two, for the clarity of the experiment. These 
figures are not related to the effective dose for the human 
body. The initial conditions were at room temperature of 
19 °C. Fig. 4 shows the results of the experiment. 

 
Fig. 4 Temperature relationship between the aqueous 
suspensions of microporous silicon with concentration of 
6 g/l, 3 g/l and distilled water and the time of 27 MHz HF 
irradiation. 

Conclusion: the final heating temperature grows with 
the µPSi particle concentration. Heating aqueous 
suspension of porous silicon nanoparticles of 3 g/l 
concentration for 5 min leads to a 4 ℃ growth of the 
initial temperature, and to 7 ℃ growth at concentration 
of 6 g/l. The HF field radiation was used at 27 MHz and 
60 W power.  

4.2 Determination of the heating value of 
microporous silicon injected into beef liver 
under the influence of HF radiation 
(27 MHz) 

The previous experiment has shown that as the 
concentration of microporous silicon increases, the 
temperature reached after 5 min of heating also increases. 
Now it is necessary to conduct an experiment with the 
concentration of micropore silicon HA, which will be 
effective in cancer therapy and yet low-toxic. This 
concentration was already calculated in Ref. [11] for the 
experiment with laboratory mice. The authors evaluated 
the physical parameters of mice, such as lethargy, weight 
loss, mortality, etc., when administering concentrations 
of HF solution from 150 mg/ml to 500 mg/ml. As a 
result, only when a concentration of 150 mg/ml was 
administered, no side effects were seen, which allows us 
to assume that this concentration is the maximum 
possible concentration. However, in order to further 
reduce the risk of intoxication and to understand which 
concentration would allow sufficient heating to be 
achieved, we chose a concentration 10 times lower, 
15 mg/ml, for the experiment. It goes without saying that 
at higher concentrations, even greater heating will be 
achieved, as was established in the previous experiment. 

Therefore, in this experiment, 15 grams of fresh beef 
liver were placed on a 6 mm plastic Petri dish. Two 
injection solutions were prepared for comparison. The 
first one was a 200 μl aqueous solution of silicon 
nanoparticles with a concentration of 15 mg/ml. The 
second was a 200 μl solution of distilled water. The 5 min 
heating was carried out by the UHF-60-MedTeKo UHF-
therapy apparatus with the power of 60 W. The results of 
the experiment are presented in Figs. 5 and 6. 

	
Fig. 5 Determination of the heating value under the 
influence of HF radiation (27 MHz) of microporous 
silicon injected into beef liver. The graph of the 
temperature relationship between beef liver injected with 
nanoparticles of microporous silicon with a concentration 
of 15 mg/ml and distilled water and the time of exposure 
to 27 MHz RF radiation. 
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Fig. 6 Determination of the heating value under the 
influence of HF radiation (27 MHz) of microporous 
silicon injected into beef liver. Images are taken from the 
thermal imaging camera. (a) Image of beef liver (blue 
area) before heating, its average temperature is about 
20 ℃. (b) Image of the beef liver during the heating with 
the UHF machine for 4 min. The temperature has already 
reached 39.6 ℃. 

The figures show that at the injection site of 
microporous silicon nanoparticles, the temperature is 
much higher than in other areas and the difference is 
about 20 ℃. This allows us to say that heating occurs 
only in the locations where microporous silicon 
nanoparticles are injected, while the adjacent zones are 
not affected. That is the main task of local hyperthermia: 
to heat only a narrow area of the affected tissues, without 
affecting the surrounding healthy ones. 

Conclusion: as a result of experiments with silicon 
nanoparticles for 5 minutes of heating by the UHF-60-
MedTeKo device with a power of 60 W, the temperature 
of 42 ℃ was reached, which is necessary for 
hyperthermia (the lower hyperthermia threshold of is 
41 ℃). At the same time, in the areas where the 

nanoparticles were not injected, the temperature was 
below 40 ℃ (which is the boundary temperature for 
healthy tissues, above which irreversible changes can 
occur). 

4 Conclusion 
In this work, the study of silicon nanoparticles as agents 
for UHF hyperthermia in vitro was carried out. On the 
basis of the experiments a number of conclusions were 
made:  

1) Heating an aqueous suspension of porous silicon 
nanoparticles for 5 minutes with concentrations of 3 g/L 
was 4 ℃ from the initial temperature and with 
concentrations of 6 g/L was 7 ℃ in the 27 MHz and 
60 W RF field. As can be seen from the in vitro 
experiment, a µPsi nanoparticle solution with a 
concentration of 6 g/l heated an average of 4 degrees 
more than the distilled water. 

2) It was demonstrated that silicon particles could be 
used as sensitizers for local high-frequency 
hyperthermia. In an experiment with beef liver, the 
hyperthermia temperature of 42 ℃ was achieved in the 
accumulation zone of microporous silicon nanoparticles, 
while the adjacent around reached only a safe 20–25 ℃ 
temperature.  

The experiments conducted show a great potential 
this research for cancer therapy. The next step in this 
direction will be to find the optimal concentration of 
nanoparticles, which will increase the effectiveness of 
therapy and yet reduce the toxicity. The second direction 
will be constructing a device for thermographic heating 
control during high-frequency hyperthermia. This device 
could bring the method of hyperthermia to a new level, 
allowing for high-quality and safe procedures in vivo. 
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