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Wearable Devices for Multimodal Optical Diagnostics of 
Microcirculatory-Tissue Systems: Application Experience 
in the Clinic and Space 

Andrey Dunaev 
Research and Development Center of Biomedical Photonics, Orel State University, 95 Komsomolskaya str., 
Orel 302026, Russia 

e-mail: dunaev@bmecenter.ru 

Abstract. This work demonstrates some results of the successful experience of 
using wearable devices for multimodal optical diagnostics of microcirculatory-
tissue systems both in clinical practice and in the conditions of a Space 
experiment. The multimodal approach based on simultaneously applying a 
minimum of 2 optical diagnostic methods, for example, laser Doppler 
flowmetry and fluorescence spectroscopy, allows analysing of blood flow and 
metabolic processes in biological tissue more systematically. Combining 
several wearable devices into a distributed diagnostic system allows placing 
them simultaneously on symmetrical parts of the body (such as opposite 
limbs) thus providing a possibility to study the symmetry of the measured 
signals. The obtained data on the state of the microcirculatory-tissue systems 
of the human body recorded with wearable multimodal devices make it 
possible to assess the relationship and dynamics of oxygen delivery and 
utilization by tissues more comprehensively and reliably in a variety of 
diagnostic tasks. © 2023 Journal of Biomedical Photonics & Engineering. 
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experiment; zero gravity. 
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1 Introduction 

In recent decades, the knowledge about tissue optical 

properties in the healthy and pathological state has 

reached a sufficient level to develop and implement the 

methods of optical non-invasive diagnostics in clinical 

practice [1–3]. Lately, there has been a steady increase in 

interest in the problems of non-invasive research not only 

of the microcirculatory bed as the final segment of the 

cardiovascular system, but also of the microcirculatory-

tissue systems (MTS) of the human body from the point 

of view of maintaining homeostasis and homeokinesis of 

tissues in a single holistic organism. MTS of the human 

body are the smallest functional unit of the vascular 

system, where microvessels are in close relationship with 

the surrounding tissue and regulatory elements. MTS is 

the functional element of an organ and is a structural and 

functional complex composed of specialized parenchyma 

cells, cells of the connective tissue suspended in a non-

cellular matrix, blood and lymphatic microvessels, and 

fiber nerve endings, which are combined into a single 

system by regulatory mechanisms [4]. Violations in the 

MTS play a key role in the pathogenesis of various 

diseases complications (for example, rheumatological 

and endocrinological [5–7], dermatological [8], and 

otolaryngological [9] ones). Even during minimally 

invasive surgical operations, it is necessary to assess the 

state of MTS, for example, in case of organ ischemia, 

etc. [10]. In view of the above, timely diagnosis of MTS 

of the human body is a subject of extensive research.  

At present, there is a surge of interest in wearable 

electronic diagnostic devices, because daily monitoring 

of parameters (for example, MTS parameters) promises 

a new quality of diagnostics [11–13]. Recently actively 

developed multimodal approach allows clinicians to 

obtain in vivo values of individual physiological and 

mailto:dunaev@bmecenter.ru
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biochemical parameters, as well as to conduct a 

comprehensive assessment of the viability of 

MTS [14–17]. One of the first developments of wearable 

devices for estimating MTS parameters is the analyzer 

“LAZMA PF” (LAZMA Ltd, Russia; in EU/UK this 

device is produced by Aston Medical Technology Ltd., 

UK as “FED-1b”) [18, 19], which combines a 

multimodal approach, namely, consisting of 2 channels – 

laser Doppler flowmetry (LDF) and fluorescence 

spectroscopy (FS).  

The LDF method is based on laser probing of 

biological tissues and analysis of light scattered from 

moving erythrocytes. The main parameter recorded by 

this method is called the index of microcirculation or 

perfusion (Im) [20]. This method allows one to evaluate 

the oscillatory processes in the microvasculature in a 

wide range of frequencies, which are calculated using the 

wavelet transform [21–23]. For more than 15 years, it has 

been customary to use adaptive wavelet analysis to assess 

fluctuations in the microvasculature, which implements a 

continuous wavelet transform using the complex-valued 

Morlet wavelet as an analyzing wavelet. Previously, the 

fast Fourier transform and Butterworth mathematical 

filters were also used for this purpose, however, due to 

the fact that the LDF-gram (perfusion) is a non-stationary 

process (short-term fragmentary episodes of 

vasoconstriction and vasodilation of the microvascular 

bed are recorded in it), it is now customary to use 

continuous wavelet transform, which provides the 

optimal “time – frequency” ratio for blood flow signals 

and allows to trace the frequency and amplitude of 

oscillations [22]. At present, it is customary to distinguish 

several (mostly 5) main frequency ranges (oscillations) 

that take into account the influence of various regulatory 

mechanisms: endothelial 0.0095–0.02 Hz (E), 

neurogenic 0.02–0.06 Hz (N), myogenic 0.06–0.16 Hz 

(M), breathing 0.16–0.4 Hz (B) and cardiac 0.4–1.6 Hz 

(C) [4, 24]. However, some authors (for example, 

Refs. [25–27]) distinguish 2 subranges in the range of 

endothelial oscillations – 0.005–0.0095 Hz and 

0.0095–0.02 Hz, that reflect the vascular tone regulation 

due to the endothelium activity, both NO-dependent and 

independent. In addition, some authors [28, 29] consider 

it reasonable to distinguish two subranges of general 

myogenic oscillations – 0.047–0.069 Hz (low-frequency) 

and 0.07–0.145 Hz. In the former, the influence of 

peptidergic sensory fibers can be manifested, and the 

second reflects the proper myogenic oscillations or 

vasomotions. Thus, currently, it is possible to analyze 

7 different ranges of microvasculature fluctuations.  

The FS method is based on laser probing of tissues 

and registration of fluorescence spectra of metabolic 

coenzymes. This method, among others, implements the 

registration of the normalized amplitudes of the NADH 

(nicotinamide adenine dinucleotide) and FAD (flavin 

adenine dinucleotide) fluorescence intensity depending 

on the excitation wavelength respectively [30]. Changes 

in these parameters are associated with changes in 

metabolic conditions due to different physiological and 

pathological processes, and therefore fluorescence 

monitoring can be used to detect cell metabolism 

disorders associated with the occurrence of various 

diseases [31]. 

Thus, the purpose of this work was to demonstrate the 

successful experience of using these wearable 

multimodal devices both in clinical practice and in the 

conditions of a Space experiment. 

 

Fig. 1 Examples of location of wearable devices for diagnosing the MTS on symmetrical zones of the human body and 

their wireless connection to a personal computer or smartphone. 
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(a) 

 
(b) 

 
(c) 

Fig. 2 A typical example of simultaneous registration from 4 skin zones of the right extremities of average perfusion (a), 

its wavelet analysis (b), and the normalized NADH fluorescence amplitude (с) of a conditionally healthy volunteer. 

2 Design Features of a Wearable Device 

for Multimodal Optical Diagnostics  

A distinctive feature of the wearable devices under 

consideration is the absence of optical fibers in their 

design, which allows to decrease the movement artefacts 

common in fibre-based LDF monitors [32]. Wearable 

devices are placed on the skin for direct irradiation from 

a window and registration of emitted (secondary) 

radiation from biotissue at the back of the instrument and 

transmitting measurement data to a PC using Bluetooth 

or Wi-Fi protocols (Fig. 1). Wearable device 

“LAZMA PF” with 2 optical diagnostic channels uses a 

VCSEL chip with a wavelength of 850 nm as a single-

mode laser source (0.8 mW) in the LDF channel, 

delivering radiation directly to the skin [19]. In the FS 

channel it uses a 365 nm UV LED (pulse power – 

1.4 mW, average power 0.35 mW with duty cycle 4 ) to 

excite endogenous fluorescence (NADH in the 
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wavelengths range 460–470 nm) [33]. An amplitude of 

NADH fluorescence intensity (ANADH) is normalized to 

back-scattered radiation to reduce the influence of 

different blood filling in biotissue [30], which arises, 

among other reasons, due to the artifacts associated with 

different pressure on the skin surface [34]. The distance 

between the windows of 2 channels is about 1 cm (as 

shown in Fig. 1), the examined diagnostic volume for 

each of the channels is different and depends on the 

design features of each channel (on the so-called 

“measurement base” – the distance between the radiation 

source and detector) – on average, it does not exceed 

1 mm3. Examples of location on symmetrical zones of the 

limbs of wearable devices for diagnosing the MTS of the 

human body and their wireless connection to a personal 

computer or smartphone are shown in Fig. 1. This figure 

also shows the most common locations for wearable 

devices on the biotissue of the subject’s body (distributed 

monitoring system) depending on diagnostic tasks: these 

are often symmetrical points on the right and left sides of 

the upper and lower extremities, skin areas there are rich 

with arteriolo-venular anastomoses (hands or toes fingers 

pads) and with predominant nutritive blood flow 

(forearms or shins), and on the forehead at areas of 

supraorbital arteries. 

A typical example of simultaneous registration during 

10 min from 4 skin zones of the right extremities of 

average perfusion (a), its wavelet analysis with 

5 frequency ranges (b), and the normalized NADH 

fluorescence amplitude (с) of a conditionally healthy 

volunteer (men 46 years) is shown in Fig. 2 (the colors of 

the graphs correspond to the colors of the device’s 

location in Fig. 1). 

The software allows to calculate the average value of 

nutritive blood flow (Imn) according to the Eq. (1), 

measured in perfusion units (PU). Nutritive blood flow is 

a characteristic of blood flow in the capillaries, that 

directly provides trophic and oxygenation processes 

(unlike blood flow through arteriolo-venular 

anastomoses) [18]: 

Imn =
Im⋅Am

An+Ac
,  (1) 

where is the Imn – nutritive blood flow, Im – the average 

value of the index of microcirculation, Am – the 

amplitude of myogenic oscillations, An – the amplitude 

of neurogenic oscillations, Ac – the amplitude of cardiac 

oscillations. 

In addition, according to the multimodal approach, as 

a complex parameter for a comprehensive assessment of 

the relationship between the state of the microvasculature 

and oxidative metabolism in the tissue, an oxidative 

metabolism index (OMI) has been developed (due to the 

use of only one fluorescence excitation with wavelength 

365 nm in this device, the proposed formula is 

adapted) [11, 18, 35]: 

𝑂𝑀𝐼 = 𝑘
Imn

ANADH
,  (2) 

where k is the coefficient of proportionality (determined 

by the calibration of the FS channel of the device), 

ANADH – normalized fluorescence amplitude of coenzyme 

NADH. 

This new diagnostic parameter makes it possible to 

assess the relationship between the supply of oxygenated 

blood to the capillary bed and the utilization of oxygen in 

tissues. 

3 Application Experience in the Clinical 

Practice 

Despite the relatively recent invention of wearable 

devices in 2 versions (with one LDF channel, as well as 

with both LDF and FS), since 2018 they have been 

actively introduced into clinical practice in various fields 

of medicine – functional diagnostics, endocrinology 

(diabetes mellitus), cardiology (arterial hypertension), 

rehabilitation, yoga therapy, and even Space medicine. 

Next, we will consider several examples of the successful 

use (in terms of increasing the information content of 

diagnostics) of these wearable devices in medicine. 

Before starting to implement these new wearable 

devices for solving various diagnostic tasks, the 

possibilities of using the set of them for multipoint 

measurements of blood perfusion were investigated [36]. 

These devices were used to analyze the skin blood flow 

synchronization in homologous regions of the 

contralateral limbs, both in the basal state and during 

various functional (occlusion or breath holding) tests. 

Studies have shown a high synchronization of blood flow 

rhythms in the contralateral limbs of healthy volunteers. 

Portability and low sensitivity to motion artefacts make 

them more mobile and capable of use even outside the 

clinic. Furthermore, these wearable devices demonstrate 

high repeatability of measurements at rest and in 

physiological tests, which increases the diagnostic value 

of measurements. 

One of the first researches using new wearable 

devices was the study of changes in blood 

microcirculation for different age groups. In presented 

study [37] a higher level of perfusion in areas with 

glabrous skin of the middle finger pad in the older age 

group was shown and the measurements taken from the 

forearms skin on the dorsal wrist surface demonstrated 

the same tendency. A higher signal level in the older 

group can be explained by skin thinning during the 

ageing process, because of which laser radiation is less 

scattered, increasing the diagnostic volume. In another 

research [38] the LDF signal was simultaneously 

recorded from the 3rd fingers’ pads of both hands, and 

amplitudes of the blood flow oscillations and wavelet 

coherence of the signals were used for the data analysis. 

Wavelet coherence shows how much the blood flow 

oscillations coincide in frequency and amplitude. In this 

case, the magnitude of the amplitudes is not taken into 

account, the value is the ratio of the amplitudes of the 

oscillations. The closer the amplitudes are to each other, 

the higher the coherence (approaching 1), and the closer 

the similar amplitudes are in the frequency range, the 
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higher the coherence. Thus, it was discovered that 

myogenic oscillations of blood perfusion in the younger 

group had a higher wavelet coherence parameter than in 

the older group. The obtained data can be considered 

further in the development of protocols for the studies of 

MTS in patients with different pathologies.  

Another example of research in functional 

diagnostics is the study of differentiating cardiovascular 

parameters between healthy young non-smokers and 

smokers [39]. This study showed a higher level of blood 

perfusion in the non-smoker group compared to the 

smoker group and vice-versa for the variation of pulse 

frequency. This result can be useful to assess the 

sensitivity of the wearable devices in determining the 

effect of nicotine for smokers as compared to non-

smokers and also the blood microcirculation in smokers 

with different pathologies. 

As one of the examples of the successful use of these 

wearable devices in the form of a distributed system on 

the body of endocrinological patients can be this pilot 

study [40]. In this study, four wearable LDF devices for 

multipoint measurements of blood perfusion were 

utilized for microcirculatory function assessment in 

patients with 2 type diabetes mellitus (DM) and healthy 

controls of two distinct age groups. The results of the 

studies have shown that the average perfusion differs 

between healthy volunteers of distinct age groups and 

between healthy volunteers of the younger age group and 

patients with DM. It was noted that the average level of 

perfusion measured on the wrist in the two groups of 

healthy volunteers has no statistically significant 

differences found in similar measurements on the 

fingertips. This pilot study has shown that the 

implementation of the LDF as a fiber-free wireless 

wearable device is a very convenient solution to be 

applied as point-of-care testing. The measurements in the 

groups of different ages allowed for the registration of 

age specific changes in blood perfusion as well as 

changes that can be associated with the development of 

DM. 

Another promising example of the use of these 

wearable devices in endocrinology may be the 

monitoring of the microcirculatory disorders therapy in 

DM during a standard course of intravenous infusions of 

alpha-lipoic acid solution [41]. The studies have 

demonstrated a tendency for a decrease in 

microcirculation and nutritive blood flow in patients 

during the course of the therapy and an increase in shunt 

blood flow. Since it is known that patients with DM show 

higher values of perfusion, these changes may be 

associated with a positive effect of the treatment. It was 

noted that after therapy, the parameters of the patients 

approximated their values to those of the control group. 

These changes are especially significantly expressed in 

the lower and less significantly in the upper limbs. This 

difference may be explained by the predominant 

involvement of the microvascular bed of the lower limbs 

in the development of diabetic complications, due to their 

higher susceptibility to different stress factors (more 

pressure due to wearing shoes and bipedalism, etc.). 

One of the first examples of the application of 

multimodal wearable diagnostic devices in 

endocrinology is the study of the effect of pregestational 

type 1 DM on the state of MTS in patients at different 

stages of pregnancy [42]. This study is the first to show 

the combined use of LDF and FS together with glucose 

variability monitoring to assess vascular function and 

oxidative metabolic status in 10 pregnant patients with 

pregestational type 1 DM (the average age of the patients 

was 32, and all were between 7 and 22 weeks of 

gestation). All patients also underwent continuous 

glucose monitoring with the “Libre Freestyle” system 

(Abbott, US), which was preinstalled subcutaneously in 

the forearm area. An installed system measured the 

values of glucose concentration in the intercellular fluid 

every 15 min for 10–14 days. The LDF and FS data 

measured at the wrists and shins were also compared with 

data obtained in a similar way from 7 healthy 

nonpregnant women with a mean age of 32 years. Fig. 3 

demonstrates obtained preliminary results from 

2 channels of wearable multimodal devices measured at 

the shins. 

From the data presented in Fig. 3a, it can be seen that 

the average perfusion does not differ significantly in the 

analyzed groups. However, the analysis of perfusion 

frequency rhythms revealed a decrease in the oscillatory 

activity of the microvasculature in the legs in patients 

during pregnancy, which may indicate a deterioration in 

the functional state of microcirculation by the 3rd 

trimester. The data in Fig. 3b demonstrates a statistically 

significant increase in the amplitude of the NADH 

fluorescence intensity in the group of pregnant women, 

which may be a consequence of impaired tissue 

respiration. The development of this direction of using 

wearable multimodal devices is seen in the comparison 

of LDF and FS monitoring data of patients with their 

glucose variability monitoring data in order to analyze 

the possible effects of diurnal blood glucose changes on 

oxidative metabolism and microcirculation. 

It is also worth noting that the authors [43] could 

demonstrate the use of peripheral blood flow oscillations 

analysis with wearable LDF devices to diagnose vascular 

disorders in patients who have undergone COVID-19 in 

their early and advanced stages of recovery. Obtained 

results show a significant increase in the amplitude of 

neurogenic oscillations in the upper extremities of 

patients undergoing COVID-19, which may be a factor 

preceding dilation of arterioles and venules and 

redirection of microcirculatory blood flow from the 

nutritive to the shunt pathways. But more research is 

needed to fully understand the changes in the 

mechanisms of blood flow regulation that occur after an 

infection. 

The first successful application of wearable devices 

in cardiology is the study of the functional state of 

resistive skin microvessels in patients with newly 

diagnosed arterial hypertension [44]. According to the 

obtained LDF data, in men with arterial hypertension, 

there is a decrease in the amplitude (increase in the tone) 

of neurogenic and myogenic vasomotion, a decrease in 
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the amplitude of pulse oscillations of microcirculatory 

flow, a decrease in perfusion efficiency of endothelial, 

neurogenic, myogenic and pulse mechanisms of tissue 

perfusion regulation. Of all tone-forming mechanisms, 

only the myogenic mechanism had a weak negative 

correlation with systolic blood pressure level. The 

amplitude of pulse oscillations demonstrated the highest 

degree of correlation with blood pressure parameters. 

Thus, the use of wearable devices even with only an LDF 

channel was suggested to be a useful method for the 

dynamic monitoring of patients with arterial 

hypertension. 

 

(a) 

 

(b) 

Fig. 3 Average perfusion (a) and normalized NADH 

fluorescence amplitudes (b) for groups of pregnant 

women with DM in the 1st and 3rd trimesters at the shins 

in comparison with the control group. (* – statistical 

significance of differences was confirmed by the 

Mann-Whitney test, p ≤ 0.05). 

Another interesting example of using wearable 

devices is the study of the dynamics of cutaneous blood 

perfusion and the regulatory mechanisms of blood 

microcirculation depending on the body position 

changes. It is known, that changes in hemodynamic 

parameters depending on the position of the body 

significantly assist the homeostasis in the limbs and 

essentially in the sufficiency of blood supply for the 

brain [45]. Obtained results show the importance of 

taking into account the position of the body in space 

during the monitoring of physiological parameters 

interrelated with blood perfusion. The results can be 

further implemented for the development of the 

methodology for the wider use of wearable devices in 

functional diagnostics. Presented findings of the 

amplitude-frequency analysis of LDF signals measured 

in different body positions confirm the earlier 

assumptions of the measurement technique for the 

orthostatic test and diagnostic procedures based on it, and 

more specifically, for the use of this particular type of 

wearable device together with the physiological tests. 

The results obtained can be of particular interest for the 

development of new protocols for the study of 

microcirculation, including those related to daily 

monitoring. 

4 Application Experience during Space 

Experiment for Microcirculatory-Tissue 

Systems Study 

A unique example of the successful application of 

wearable multimodal devices was a Space experiment 

“LAZMA” aboard the International Space Station (ISS) 

during the 20th visiting expedition (December 8–20, 

2021) [46]. The main goal of this Space experiment was 

to study for the first time tissue metabolic processes 

(oxygen utilization by tissues) and microcirculatory 

blood flow in human skin under zero-gravity conditions.  

The “LAZMA” experiment was carried out with a 

crew of astronauts (2 participated) during the ISS visiting 

expedition. The measurements were carried out in 

3 stages: stage 1 – before spaceflight; stage 2 – during the 

stay of the crew on the ISS; stage 3 – after the return from 

spaceflight. Each stage lasted at least 7 days with daily 

measurements of physiological parameters. The 

analyzers were placed on the pads of the middle fingers 

and big toes, on the back of the wrists, and attached to the 

temples. Each measurement of one study area lasted 

8 min during which the astronaut was in a state of 

complete physical and psychological rest. Fig. 4 shows a 

typical example of average perfusion and normalized 

NADH fluorescence amplitude on the pad of the left big 

toe of one of the astronauts before, during, and after the 

Space flight. 

The obtained preliminary data show an almost 

complete inversion (especially during Space flight) of 

2 recorded signals by different measuring channels. 

Moreover, in the area selected for analysis (toe), we can 

see an acute reaction to microgravity in the first 2–3 days 

of flight, both in a decrease in perfusion and in an 

increase in the amplitude of NADH intensity. These 

changes may be related to the redistribution of blood flow 

in the microcirculation system from the lower to the 

upper part of the body under the influence of 

zero-gravity [47–49].
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Fig. 4 Average perfusion (red) and normalized NADH fluorescence amplitude (blue) on the pad of the left big toe of one 

of the astronauts before, during and after Space flight.

Thus, for the first time, a technique has been 

developed for measuring MTS in the limbs of 

cosmonauts during the period of acute adaptation to 

microgravity conditions and readaptation after the 

completion of a Space flight. Obtaining the most 

important physiological information in real time under 

conditions of zero gravity will provide completely new 

data on the physiology of the MTS in humans under 

conditions of orbital flight. 

5 Conclusion 

Thus, in this review, the unique possibilities of using 

wearable devices to assess the state of the 

microcirculatory-tissue systems of the human body were 

demonstrated. In the examples presented over the past 

5 years, the possibilities of their effective application in 

various fields of medicine – functional diagnostics, 

endocrinology, cardiology, and even in Space medicine 

have been clearly demonstrated. Moreover, in the case of 

using 2-channel devices based on a multimodal approach, 

it becomes possible to evaluate perfusion-metabolic 

disorders in the biological tissues of patients’ limbs. 

Thus, the data on the state of the MTS of the human 

body recorded with wearable multimodal devices make it 

possible to assess the relationship and dynamics of 

oxygen utilization more comprehensively and reliably by 

tissues in a variety of diagnostic tasks. In this regard, in 

the coming years, they are expected to be even more 

widely introduced into clinical practice, as well as for 

monitoring MTS at home, which is especially valuable 

during quarantine measures. 
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Abstract. Age-related macular degeneration (AMD) is one of the leading 
causes of irreversible blindness. Every year, there is an increase in the number 
of patients with AMD worldwide. To date, the primary method in diagnosing 
AMD is optical coherence tomography (OCT), which provides the most visual 
data for identifying disease biomarkers. However, a growing volume of 
research requires optimizing the work of an ophthalmologist to minimize 
diagnostic errors. In this regard, the study aimed at integrating computer 
vision applications into the OCT image processing system is gaining popularity 
since it allows not only to identify images with the most likely presence of AMD 
but also to determine the stages of this disease, localize biomarkers and obtain 
a prognosis for the dynamics of its development. The variety of such 
approaches is expressed in the application of various machine learning 
algorithms, metrics for evaluating their effectiveness, sources of input 
information, and work verification. This statistical review analyzes examples 
of works devoted to computer vision algorithms in the study of OCT images for 
diagnosing, staging, or predicting the dynamics of AMD and highlights the 
features and trends within this area. © 2023 Journal of Biomedical Photonics 
& Engineering. 

Keywords: optical coherence tomography; age-related macular degeneration; 
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1 Introduction 

Age-related macular degeneration (AMD) is a 

multifactorial disease, one of the leading causes of 

irreversible blindness worldwide [1]. According to the 

massive Beaver Dam Eye Study, over ten years of 

follow-up, the incidence of AMD in individuals aged 

43–54 years increased by an average of 4.2%, and in 

those aged 75 years and older, by 46.2% [2]. Rising 

morbidity leads to decreased working capacity and 

disability of the population, which is a medical and social  

problem [3–5].  

The disappointing dynamics of the disease’s spread 

have generated many reviews on various aspects. Thus, 

an analysis of the AMD prevalence shows risk groups 

and the epidemiological situation over time [6–8], while 

the study of risk factors and pathogenesis provides the 

trend in the distribution of the patients, possible 

preventive measures, and method to slow down the 

progression [9–13]. Finally, many studies are devoted to 

modern advances in treating AMD [14–19]. 

The timely detection and staging of AMD based on 

already explored pathogenetic reactions is the leading 

assurance of successful therapy, which is the aim of 

various diagnostic methods.  

mailto:lopuhova.ekaterina@net.ugatu.su
https://dx.doi.org/10.18287/JBPE23.09.020202


E.A. Lopukhova et al.: Machine Learning Algorithms for the Analysis of... doi: 10.18287/JBPE23.09.020202 

J of Biomedical Photonics & Eng 9(2) 2023   28 Apr 2023 © J-BPE 020202-2 

To date, the predominant approaches for diagnosing 

AMD and other retinal diseases are methods of 

visualization of the retinal layers. These include 

autofluorescence photography, dilated eye examination, 

fundoscopy or ophthalmoscopy, visual acuity eye testing, 

fundus photography, fluorescein angiography, 

tonometry, and optical coherence tomography (OCT). 

The most recognized and frequently used are the 

non-invasive Color fundus photography (CFP) and OCT 

methods [20].  

The advantages of the CFP are high data acquisition 

speed, reproducibility, high resolution, and simple image 

acquisition. Thanks to that, CFP is a widely used method 

for digital imaging of the retina. However,  the quality of 

CFP images in the presence of macular edema without 

stereoscopic visualization is limited and 

time-consuming [21]. 

In turn, OCT provides three-dimensional cross-

sectional in vivo visualization of the retina to assess the 

layers’ thickness and the presence or absence of 

pathologies. Moreover, it helps monitor treatment 

effectiveness, necessity, and expected response [22–24]. 

In 1991, OCT was first described as a possible retinal 

imaging tool [25]. Since then, OCT has become of great 

importance in diagnosing diseases of the macular area, 

particularly AMD [26]. Drusen, hypopigmentation or 

hyperpigmentation of the retinal pigment epithelium, 

atrophy of the pigment epithelium and choriocapillaris, 

neovascularization, detachment of the pigment 

epithelium and retinal neuroepithelium, intraretinal 

deposits, cystic edema of the neuroepithelium, subretinal 

scarring are typical retinal changes that are detected using 

spectral domain OCT (SD-OCT) method in patients with 

AMD [27, 28]. Thus, in diagnosing and monitoring 

AMD, OCT methods are the most effective and 

promising for further development [29]. 

The possibility of storing and processing digitized 

archives of diagnostic images opens up vast opportunities 

for the development of methods for their automatic 

processing. Intelligent data processing methods have 

been widely used [30–32]. A sufficient amount of 

information presented in digital form makes it possible to 

carry out statistical analysis and intelligent data 

processing [33]. Modern computer vision methods based 

on machine learning (ML) algorithms allow the most 

efficient visual information processing [34]. Recent 

studies in integrating recommender systems based on ML 

algorithms into ophthalmology demonstrate impressive 

results in reducing the time for diagnosis and the impact 

of the human factor [35, 36].  

There are many reviews on using ML algorithms to 

analyze visual information from retinal scans. CFP data 

analysis is represented by a rather extensive range of 

studies, primarily due to the prevalence of 

devices [37, 38]. After the introduction of SD-OCT 

devices with high scanning speed and sufficient 

visualization accuracy, an increase in the number of 

reviews of the use of ML for OCT data analysis [39] and 

both OCT and CFP began [40–42]. However, these 

reviews do not provide detailed information about all 

articles on the number of images in the dataset [39], the 

use of image preprocessing [39, 40], validation to assess 

the generalizing ability of algorithms, which 

demonstrates the stability of the algorithm [39–41], and 

the use of ML in image biomarker segmentation 

tasks [42]. Due to insufficient research features under 

consideration, it is not always possible to assess the 

factors that increase the likelihood of developing an 

effective application for analyzing OCT images with 

AMD. In turn, analyzing the dynamics of these research 

traits over time can demonstrate their “natural selection”, 

which identifies the most viable ones. 

The increase in the incidence of AMD determines the 

need for the introduction of productive tools for the 

intelligent analysis of medical images to improve the 

effectiveness of patient treatment, including dynamic 

monitoring. A convenient tool for specialists who assume 

the use of machine learning methods in diagnosing and 

treating AMD with the help of OCT would be the 

complete review of the proposed solutions, considering 

their effectiveness and maturity. To date, there is no such 

review to our knowledge. Therefore, the task of this work 

is a systematic review that aims to analyze the evolution 

of the ML application for diagnosing, staging, and 

predicting the dynamics of AMD by OCT, as well as 

searching and isolating biomarkers on OCT images, 

substantiating the specifics and conclusions that will be 

useful to ML users in ophthalmology.  

2 Materials and Methods  

2.1 Selecting Publications 

In the research, we systematically reviewed papers in the 

international databases Pubmed, Scopus, Nature, and The 

Lancet, and the Russian database eLibrary. The search 

was focused on methods for extracting data from OCT 

images using ML, aimed at identifying predictors for the 

presence of AMD, its stage, and dynamics. To show the 

variety of approaches and their performance, we added to 

the selection studies, in which OCT data was processed 

with other information about the patient and, in addition 

to AMD, diagnosed other retinal diseases.  

Thus, the search criterion was the presence in the title, 

abstract, and/or keywords of the terms: “optical 

coherence tomography”, “age-related macular 

degeneration”, “machine learning”, “deep learning”, 

“neural network”, “artificial intelligence”. The logical 

relationships of these terms were built in such a way that 

the first two of the above always appeared in queries with 

the “AND” operator, the rest with “OR”: term No. 1 & 

term No. 2 & (term No. 3 | term No. 4 | term No. 5). 

Another limitation was the publication in the period from 

2017 to 2022 inclusive. A link to the database or a digital 

DOI uploaded the full text.  

After gathering the search results, we subsequently 

filtered them in several steps. The first step excluded 

duplications between databases and non-full-text articles, 
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Fig. 1 Flowchart for systematic review. 

and the screening step evaluated the relevance of the 

content to the search goal. We excluded the papers of 

three categories: where the retina analysis did not rely on 

OCT data, AMD or related pathologies were not included 

in the list of detected objects, or ML methods were not 

implied (Fig. 1). Thus, 142 studies were found, of which 

54 were screened out at the search stage, including 

42 duplications and 13 non-full-text articles. At the 

screening stage, 32 papers were removed, i.e., 18 relied 

on data from the fundus camera, 11 without the AMD 

diagnosing, and three without ML, after which 56 papers 

remained for inclusion in the study.  

2.1 The Analysis of Publications 

For the analysis, the following points were identified that 

characterize the features of ML performance in 

diagnosing AMD and other retinal diseases: 

1. Date of publication, providing to track the time 

trend of this topic. 

2. Data sources, including the existing databases 

of OCT images, without specifying the tomograph or 

other specific equipment. 

3. Number of OCT images included in the dataset. 

4. Tasks to be solved regarding the application of 

the ML algorithm:  

a) classification as the problem solution for direct 

diagnostics;  

b) segmentation to allocate the pathologies 

markers of a particular disease, which are the desired 

features of this type of image since they most fully 

characterize the state of the retina in the OCT image; 

c) a multimodal approach using multiple sources 

of patient data;  

d) a recommender system based on the patient data 

analysis and designed to accompany the diagnostician’s 

decision. 

5. Validation of the algorithm, demonstrating the 

degree of its generalization and the scope of its relevance. 

6. The Technology Readiness Level of the 

proposed algorithm. 

The indicators in feature 4 are not mutually exclusive 

since they can include each other as intermediate steps, 

comparable to classifying/diagnosing a disease by 

analyzing the selected form of pathologies achieved 

using segmentation. In turn, feature 5 directly influenced 

the assessment of feature 6, both for cross-validation of 

the solutions with the defined application and for 

solutions operating with new data aiming to increase the 

application area. 

At the same time, the following features were 

identified for greater detail of the methods used: 

1. pre-processing of images to facilitate the 

operation of the ML algorithm or extract the initial 

parameters; 

2. research methods indicating the type of 

algorithm used; 

3. the software for the algorithm implementation; 

4. metrics used to evaluate the algorithms 

performance; 

5. distinguished classes/features during the 

operation of the algorithm. 

It is worth noting that features 2 and 4 were not 

indicated in some studies, which was especially common 

for those with TRL3. 
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3 Results 

3.1 Initial Data 

The papers in the final list included 11 Pubmed articles, 

31 in Scopus, 10 in Nature, 2 in The Lancet, and 2 in 

eLibrary. Of all the papers, one was in Russian, and all 

the rest were in English. We used only Russian and 

English for the search, allowing for unaccounted articles 

published in other languages (Japanese, Chinese, etc.). 

For a systematic analysis, the results were detailed 

according to the main features presented in Section 2.2 

(Table 1). The detailed methods are given in the Table 2. 

The trend of the publications’ distribution over time 

makes it evident that the popularity of computer vision in 

AMD diagnosing by OCT images has risen dramatically. 

  

 

Table 1 Initial data of research detailing. 

Feature Number % References 

Publication year  

2017 4 7.14 [43, 49, 55, 59] 

2018 5 8.93 [45, 46, 50, 53, 64] 

2019 12 21.43 [44, 48, 60, 65–73] 

2020 10 17.86 [47, 58, 62, 74–80] 

2021 14 25.00 [51, 61, 63, 81–90] 

2022 11 19.64 [52, 56, 57, 91–98] 

Data sources  

Database 15 27.00 [43, 45, 48, 58, 59, 63, 65, 70, 71, 73, 76, 77, 85, 90] 

Tomographs 41 73.00 
[12, 20, 32, 34–36, 38–41, 44, 22, 45, 46, 48, 49, 58–63, 23, 64–73, 24, 

74, 75, 25–28, 30] 

Tasks to be solved  

Multimodality-

classification 
9 16.07 [49, 65, 68, 70, 84, 86, 89, 93, 96] 

Classification 29 51.79 [43, 45, 48, 49, 55–61, 63, 67, 71–73, 79–81, 85–87, 90, 94–96, 99]  

Segmentation 33 58.93 [44–47, 49–53, 57–66, 68–70, 74–77, 83, 88, 89, 91–93, 97] 

Recommender 

system 
11 19.64 [46, 49, 59, 69, 76, 78, 81, 82, 88, 93, 98] 

Technology 

readiness level 
 

TRL3 26 46.43 [43–48, 55, 56, 62, 65, 66, 70, 72–74, 79, 81, 83, 85, 90, 94, 95, 99] 

TRL4 25 44.64 [48–50, 53, 55, 57, 58, 61, 63, 67, 68, 75–78, 80–82, 84, 86–89, 91, 95] 

TRL5 5 8.93 [51, 52, 59, 60, 97] 

Number of OCT 

images in the 

dataset 

 

hundreds 11 19.6 [15, 44, 49, 57, 68–70, 92, 93, 96, 98] 

thousands 23 41.07 [43, 47, 50–53, 55, 56, 61, 65, 66, 75, 77, 81, 83, 84, 86–89, 94, 95, 97] 

tens of thousands 16 28.6 [46, 60, 63, 64, 67, 71–74, 78–80, 85, 90, 91, 99] 

hundreds of 

thousands 
5 9 [48, 58, 59, 76, 82] 
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Table 2 Detailing of research methods. 

Characteristics of methods Number % References 

Image pre-processing  

Without pre-processing 36 64.29 
[46, 47, 50–52, 55, 57, 61, 66, 67, 69, 70, 72–74, 77–83, 

85–91, 93–99] 

Normalization 8 14.29 [45, 58, 59, 63, 64, 71, 75, 76] 

Augmentation 11 19.64 [21, 53, 56, 60, 63, 65, 71, 76, 79, 90, 92] 

Noise suppression 4 7.14 [45, 48, 62, 84] 

Salient Patch Detection 6 10.71 [43–45, 49, 62, 68] 

Research methods    

Conventional ML methods 7 12.50 [43–46, 48, 49, 51] 

Deep learning models 49 87.50 [46, 47, 50, 52, 53, 55, 56, 58–99] 

Software  

Not specified 36 64.29 
[43, 45, 46, 48, 49, 51, 53, 60–63, 67–69, 71, 72, 74, 75, 

78–85, 87–89, 91, 92, 94–98] 

MATLAB 4 7.14 [44, 52, 65, 76] 

Python 16 28.57 [47, 50, 55–59, 64, 66, 70, 73, 77, 86, 90, 93, 99] 

Metrics  

Kappa parameter 5 8.93 [60, 86, 89, 95, 96] 

Intraclass correlation 

coefficient (ICC) 
6 10.71 [53, 61, 64, 70, 83, 92] 

Pearson’s correlation 

coefficient (PCC) 
2 3.57 [52, 74] 

Jaccard index (IOU) 2 3.57 [62, 66] 

Determination coefficient (R2) 3 5.36 [47, 74, 82] 

Dice similarity coefficient 

(DSC) 
12 21.43 [44, 45, 53, 61, 62, 64, 68, 83, 88, 89, 91, 97] 

F1-score 11 19.64 [51, 55, 61, 79, 80, 84–86, 93, 99] 

Quadratic error (RMSE) 1 1,79 [44] 

Point of interest (POI) 1 1.79 [57] 

CAMs 6 10.71 [57, 58, 85, 87, 90, 95] 

AUS 21 37.50 
[43, 46, 48, 49, 57, 58, 65, 67–69, 75, 76, 78, 80–83, 85, 87, 96, 

98] 

precision/recall 12 21.43 [48, 57, 62, 65, 67, 68, 79, 81, 85, 91, 97, 99] 

Regression coefficient 3 5.36 [51, 59, 82] 

Sensitivity/specificity 21 37.50 
[43, 49, 51, 55, 57, 59, 61, 63, 65, 67, 71–73, 77, 79, 81, 86, 87, 

89, 93, 98] 

Accuracy, % 25 44.64 
[48, 50, 51, 55–57, 59–61, 63, 65, 67, 71–73, 81, 84, 85, 87, 90, 

93–95, 98, 99] 

Validation 31 55.36 
[46, 48–50, 52, 55, 57–59, 61, 63, 65, 67–69, 73, 75, 76, 78–82, 

86, 89, 91, 92, 95, 96, 99] 

Distinguishable 

classes/features 
 

Binary classification 

(absence/presence of AMD) 
4 7.14 [55, 62, 73, 87] 

AMD and other diseases 12 21.43 [45, 56, 60, 63, 72, 76, 87, 90, 92, 95, 96, 99] 

Stages of AMD 15 26.79 [43, 46, 48, 57, 65, 67, 69, 71, 77–79, 84, 86, 93, 94] 

AMD biomarkers 28 50.00 
[44, 47, 49–53, 58, 61–64, 66, 68–70, 74, 75, 83–85, 88, 89, 

91–93, 97] 

Prognosis of the disease 

dynamics  
11 19.64 [49, 51, 59, 67, 69, 75, 77, 78, 81, 82, 98] 
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ML algorithms used in computer vision can be divided 

into standard (without using multilayer neural networks) 

and deep learning methods. The standard ML methods 

include classification based on the visual dictionary [43], 

pathology detection based on clustering of retinal 

layers [44, 45], layer and pathology segmentation based 

on graphs [46, 47] and disease markers identification 

based on support vectors for finding clusters of 

superpixels extracted with a shallow autoencoder [48] 

and voxel clusters for 3D-OCT [49]. Also, standard 

methods are used in ophthalmological devices’ software 

for automatic retinal layers segmentation, where graph-

based methods have become very popular [50–52].  

Over the past few years, deep learning methods have 

become more prevalent than standard ML methods. 

Firstly, the reason is that standard methods have a greater 

tendency to operate on the “ad-hoc” principle, which, on 

average, increases their performance with the data 

sources considered in the study, however limiting their 

generalizing abilities [53, 54]. Secondly, the evolution of 

deep learning possibilities is promoted by accumulating 

a large amount of OCT data and improving its quality by 

enhancing the visualizing mechanisms of optical 

equipment [55–57]. As part of the growing popularity of 

deep learning in diagnosing/classifying AMD and other 

retinal diseases, there is a trend towards using segmented 

biomarkers on OCT images as predictors [45, 49, 57–63]. 

That is due to the previously stated conclusions, coupled 

with improving the elaborateness of deep learning 

methods without a high risk of overfitting. 

Many studies have demonstrated the high efficiency 

of OCT image analysis. However, the results can 

significantly change in natural experiments with data 

from sources not represented in the training set. 

Therefore, in the application’s design, it is essential to 

understand the generalizing ability of the algorithm, 

carrying out verification using cross-validation and other 

data sets from different sources, e.g., ophthalmic 

equipment from various manufacturers and/or various 

patient samples. 

The division of the proposed solutions by TRL relied 

on the results' maturity, the size of the training and test 

datasets, and the procedure of verification. For TRL3, the 

idea was typically experimentally confirmed with data 

from the training set provided by a single database or one 

type of commercial tomograph. TRL4 included the 

concept validation on data from various sources, while 

for TRL5, the proposed ideas were tested during the 

diagnostics in natural conditions. The most significant 

results with TRL5 have been published over the past 

year, demonstrated in Table 1, indicating the relevance of 

these methods in OCT diagnostics. 

The algorithm’s generalizing ability strongly depends 

on the training dataset’s size when operating with actual 

data. At the same time, the relevance of performance 

indicators for the entire variety of input data depends on 

the test dataset. In studies using several hundred 

examples obtained from one or two brands of 

tomographs, the applicability of the results is severely 

limited. However, such an approach can be practical for 

testing the concepts of AMD data processing at low 

dataset costs [44, 45, 69, 70, 92, 93, 96, 98]. 

In most papers, a dataset contained thousands of OCT 

image examples obtained by the collaboration of several 

institutions that provided their databases of OCT images, 

which made it possible to bring more hardware and racial 

diversity into the dataset. In addition to direct data 

collection, many studies use publicly available datasets 

to generate tens of thousands of images, including the 

most popular OCT2017 [100]. For example, this dataset 

was used both for training and testing the 

algorithm [71, 72, 90] and only for training in 

Refs. [63, 79], while for testing, researchers assembled a 

separate small set (hundreds of images).  

The most extensive datasets of hundreds of thousands 

of OCT images were created by using large databases 

accumulated over a long period [59, 76, 82], or by 

merging several databases into one dataset [48, 58]. The 

ML algorithm trained on such a dataset will potentially 

have the highest generalizing ability, as well as adequate 

behavior on the entire variety of input data. It should be 

noted that regardless of the size of the dataset, the 

distribution of standard and non-standard ML algorithms 

applied in the studies has minimal differences.  

Finally, several papers on the analysis of the AMD 

progression over time do not indicate the exact number 

of images in the dataset [49, 52, 67, 69, 70, 73, 75]. In 

such cases, we calculated the number of samples based 

on the provided information on the study’s duration, the 

number of eyes examined, and the frequency of scanning 

patients.  

Several studies have used image augmentation and 

Generative Adversarial Networks (GAN) [60, 64, 68, 70], 

synthesizing OCT images with AMD to move up to the 

larger category regarding the number of scans. However, 

in the case of GAN, the generated dataset must be peer-

reviewed to filter out the most outliers from the real 

picture, in addition to using methods to measure the 

similarity between two images like the Structural 

Similarity Index Measure (SSIM) [70]. The usefulness of 

augmentation, in turn, is limited by the fact that the 

images obtained on its basis have a certain tilt of the 

retina. However, in most modern tomographs, the 

presentation of OCT images of the retina occurs with 

layer alignment.  

Regarding the sources of OCT data, the public 

databases were typical for studies of image classification 

with TRL3 [43, 45, 48, 56, 58, 65, 70, 71, 73, 90]. At the 

same time, studies identified as TRL4 [63, 76, 77, 87] 

indicated the data on institutions and other sources that 

provided databases for compiling the dataset. However, 

they did not provide specific equipment brands for 

obtaining OCT images. In turn, for pathologies 

segmentation, in which the features of visualization and 

OCT images’ resolution play a significant role, the 

optical devices were specified in most studies.   

Most of the papers that mentioned the brand of the 

tomograph used SD-OCT technology, as it has become 

very popular in research and medical institutions due to 

its high scanning speed. The prevalence of this 
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technology among images in datasets was also noted in a 

review paper devoted to the direct diagnosis of 

AMD [42]. Along with SD-OCT, the Swept Source OCT 

(SS-OCT) technology is employed [52, 66, 81, 92], 

which allows to achieve of higher scanning speeds with 

high resolution [101]. All studies based on SS-OCT used 

convolutional neural networks (CNN) for biomarker 

extraction [52, 66, 92] and analysis of disease  

dynamics [81]. At the same time, the performance 

indicators of the algorithm for SS-OCT are at the level of 

similar works for SD-OCT. To isolate biomarkers in 

three dimensions, 3D-OCT is typically used, which 

potentially provides more information about their actual 

shape [44, 47, 66, 76, 83, 88, 93] and dynamics of 

changing [69, 77, 82]. 

As already noted, the classification primarily relied 

not only on the preliminary visual data processing when 

extracting features for ML algorithms [43, 48] or 

arbitrary parameter selection by deep learning algorithms 

[43, 48, 55, 56, 67, 71–73, 79–81, 86, 87, 90, 95,96, 99], 

but rather on selected image segments associated with the 

pathologies of diseases [45, 49, 58, 61–63, 84, 85]. Such 

solutions, in some cases, demonstrate a more remarkable 

generalizing ability and easier verifiability of the 

algorithm.  

The multimodal approach was performed for 

pathologies segmentation on OCT and images from the 

fundus camera, where the correlated appearance of 

disturbances helped to estimate the probability of their 

presence [49, 65, 70, 84, 86, 89], or when processing 

images of several OCT modes together [68, 93, 96].  

Existing recommender systems use the above 

methods with the application of risk models based on the 

information received. Examples of such systems are 

predictive models for evaluating AMD treatment 

strategies through intravitreal injection of a blocking 

vascular endothelial growth factor. That is especially true 

since such treatment is expensive. Therefore, methods 

have been proposed to predict the injection response 

based on an OCT image before the 

procedure [55, 61, 78, 81, 98] or identify accumulation 

areas of fluid and its type in the macula 

[46, 52, 53, 59, 76]. Other forms of recommender 

systems allowed the prediction of AMD progression by 

biomarkers [49, 69, 75, 88, 93]. 

3.2 Research Methods 

Since the form of retinal disease biomarkers varies 

depending on patients’ race [102], there is a need to 

increase the generalizing ability of OCT image analysis 

algorithms. At the same time, a high generalizing ability 

is necessary for processing data from several types of 

tomographs since they have different visualization 

features of OCT images. A more detailed specification of 

the methods used showed the predominant advantage of 

neural network approaches due to the potentially high 

generalizing ability for various characteristics of input 

data [54]. Accordingly, using neural network approaches, 

combined with training on an extensive data set, can 

significantly increase the efficiency of allocating 

biomarkers for diseases. [49, 66, 76] and allow you to 

create an application designed to work with data from 

several types of tomographs [44, 52, 53]. 

Another feature of deep learning is the transfer 

learning ability, which uses neural networks pre-trained 

on a large data set. That enables efficiently detecting of 

objects with just a priori data about their boundaries and 

textures, which in some cases demonstrated a boost in 

performance indicators in comparison with similar 

architectures without transfer learning 

[55, 63, 67, 73, 76, 85, 95]. However, due to the 

specificity of OCT images and pathologies, as well as the 

relatively large number of parameters in pre-trained 

models, some studies deliberately did not use transfer 

learning [57, 90]. Regarding the last argument, a real-

time OCT data analysis based on deep learning methods 

requires a limited number of free parameters to reduce 

the computational complexity that affects the maximum 

system response time [56]. 

Convolutional neural networks have demonstrated 

their significance in a variety of computer vision 

applications and, as expected, have been used in the 

majority of works that use deep learning for processing 

OCT images [46, 47, 52, 53, 55–99]. However, in some 

cases, recurrent neural networks are preferable since they 

have shown high efficiency in assessing the dynamics of 

various processes over time. In conjunction with 

convolutional networks, recurrent neural networks can 

obtain potentially highly accurate predictions regarding 

the dynamics of the disease and the likelihood of 

progression of AMD [78, 80].  

Image pre-processing can be used for pre-feature 

extraction for traditional ML methods [43–45, 49], 

dataset extension using augmentation 

[21, 53, 56, 60, 63, 65, 71, 76, 79, 90, 92] and to reduce 

the shortcomings of visualization and normalization, 

which in most cases speeds up the training of intelligent 

algorithms [45, 48, 58, 59, 62–64, 71, 75, 76]. 

Predominantly, the platform for developing the ML 

algorithm was not specified. Most of the studies in which 

this information was provided used Python, which has 

more flexible functionality than Matlab. 

The applicability of the metrics depended mainly on 

the nature of the output information and the task at hand. 

To assess the classification efficiency, it is essential to 

evaluate the errors of the “first” and “second” kinds for 

each distinguished class is essential. From the given 

compilation devoted to classification, the following were 

used as metrics:  

 accuracy in terms of the percentage of correct 

answers, which was most often used in research; 

 F1 is a harmonic mean of accuracy and recall;  

 sensitivity and specificity, reflecting the 

proportion of positive and negative results, respectively;  

 AUC-ROC (Area Under Curve-Receiver 

Operating Characteristic) representing the area under the 

curve of errors, which is more resistant to class 

imbalance, which is relevant for stages and pathologies 

of AMD with a varying frequency of detection during an 

examination of patients.  
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An additional verifying method for the classifier is 

the visualization of the attention areas on the image, 

relying on which it is possible to understand which 

information supports the decision. For this purpose, 

several works used class activation maps [57, 58, 90, 95] 

and the selection of points of interest [57]. 

In the problems of pathologies segmentation, the 

rules for evaluating the result are more manageable. To 

assess the accuracy of area selection, it is possible to 

represent the sets of segmented pixels of the example and 

the impact of the algorithm as two compared sets. That 

enables using the Pearson correlation coefficient, 

representing a measure of the correlation between two 

data sets [52, 74]. By limiting the selected areas as an 

image segment, it is also possible to estimate the overlap 

area of the original mask, chosen by experts, and the 

image segmented by the algorithm based on the Jaccard 

index [66]. The Dice similarity coefficient is a more 

commonly used analog for the Jaccard index applicable 

in cases with significant class imbalance [44, 53, 61, 88].  

It is also essential to evaluate the degree of 

consistency between the experts and the ML algorithm, 

especially when developing a recommender system. 

Examples of metrics suitable for this assessment are 

Cohen’s Kappa coefficient when measuring interregional 

agreement, which is more typical for 

classification/diagnosing problems [60, 95]. An expert’s 

activity in analyzing AMD data is based on background 

information about the shape and size of biomarkers and 

professional experience. Therefore, the generally 

accepted statistical approach is to correlate the found 

form of pathology with tabular data. The ability of an 

intelligent algorithm to reproduce this activity can be 

assessed by parallel testing of experts unfamiliar with the 

test dataset and the algorithm itself. Numerically, the 

results of the comparative test are evaluated 

using the intraclass correlation coefficient 

(ICC) [53, 61, 64, 83, 92]. 

Distinguished classes or features represent the results 

of the algorithm operation. Classes in most works 

personified the diagnoses of either the presence or 

absence of AMD in the case of binary classification, the 

stages of AMD, or various retinal diseases. For the OCT 

image segmentation tasks, the algorithm’s output data 

was the selected biomarkers, which act either as the final 

goal or as an intermediate one, based on which a 

diagnosis, recommendation, or prediction of the disease 

dynamics was made. Such approaches most reliably 

reflect an expert's diagnosing process and are easier to 

analyze the decision-making process using deep learning 

algorithms.  

With a dataset size of hundreds of examples, Unet 

architectures showed the highest ICC, primarily due to 

the mechanism for refining the edges of an object based 

on the concatenation of parallel layers. In turn, Resnet 

networks showed an accuracy of 86% on average. At the 

same time, the OptiNet architecture [57], whose structure 

consists of serial convolution instead of parallel 

convolution in Resnet, demonstrated an accuracy of 98% 

that the highest binary classification accuracy. 

For datasets of thousands of examples, the VGG 

network has become the most commonly used model. 

She also presented the highest numerical performance 

indicators values, up to 97.7% accuracy. The sensitivity 

and specificity of the model reach 0.91 and 0.896, 

respectively [65]. However, Unet networks showed the 

best specificity at 0.98 [61]. In addition, VGG has 

demonstrated its potential in optimizing its structure for 

real-time operation. 

For datasets of tens of thousands of images, the 

highest performance indicators of deep algorithms were 

demonstrated by pre-trained Resnet networks, where 

parallel convolutions of different sizes helped to 

highlight standard features of the same biomarkers that 

are displayed with differences depending on different 

tomographs and augmentations. The achieved values of 

accuracy of 99% and sensitivity and specificity of 0.99 

were performed on test data obtained from tomographs 

not included in the training set [63]. The results obtained 

on a reasonably large data set show the prospects for pre-

training the model on a data bank like the OCT2017.  

For several hundred thousand OCT images, parallel 

network convolutions in the GoogLeNet structure have 

also shown their effectiveness. Thanks to them, an 

accuracy of up to 95.5% was obtained, with specificity 

and sensitivity of 0.9 and 0.96, respectively [59]. 

4 Discussions 

According to the collected data, the application of ML 

methods for OCT data analysis in diagnostics, staging, 

search and isolation of biomarkers, and prediction of 

AMD dynamics, is gaining more and more popularity. 

An increasing number of publications over the past five 

years confirm this conclusion. This trend (Fig. 2) is 

primarily due to the transition from standard ML to deep 

learning. One of the prerequisites for this transition is 

extending capabilities to generate large datasets from 

hundreds to hundreds of thousands of OCT scan samples, 

which directly affects the efficiency of deep neural 

network models [40]. The importance of this requirement 

for datasets in ophthalmology is consistent with the 

review's conclusions [39]. The availability of large 

datasets is due to the increasing spread of OCT devices, 

a collaboration between research and medical 

institutions, and the improvement of algorithms for the 

synthetic generation of OCT images. However, synthetic 

generation, along with augmentation, requires additional 

expert guidance. In all the analyzed works, ML methods 

were applied correctly concerning the processed 

information and methods for evaluating the results 

obtained. 

It is worth noting that at the time of writing the 

systematic review, not all studies conducted in 2022 have 

been published, affecting the shape of the bar graphs that 

display the indicators mentioned below.  

The efficiency of deep learning is due to the 

potentially high generalization ability compared to ML 

methods and the ability to extract algorithm predictors 

automatically, simplifying application development. 
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Fig. 2 Distribution of standard and deep ML approaches 

by years. 

The approach to working with AMD data is also 

changing. Advanced intelligent systems make it possible 

to bring the classification of OCT images, similar to 

direct diagnostics requiring additional sufficiency 

verification of computer vision logic, to the progressive 

level equal to an expert’s visual assessment. The latter 

relates to segmentation algorithms for retinal 

pathologies, based on the analysis of which the doctor 

and an additional classification algorithm carry out 

diagnostics or staging. Methods for analyzing 

pathologies and biomarkers have also found wide 

application in recommender systems and multimodal 

diagnostic techniques. 

This transition from direct diagnosis to the analysis of 

the retina’s segmented areas influenced the quality 

metrics of ML algorithms used. For direct classification 

(classic for medical diagnostic mechanisms), the 

parameters of accuracy, sensitivity, and specificity, i.e., 

AUS and F1, are evaluated. In turn, various studies differ 

in the methods used to assess the accuracy of segment 

boundary detection for segmentation mechanisms. 

However, recent studies show a greater preference for 

DSC and IOU due to the calculation simplicity and the 

relative accuracy of matching with natural segment 

boundaries. 

The specifics of the transition from classical ML to 

deep learning also influenced the need for pre-processing 

of images since primary processing, which is extremely 

important for the self-selection of predictors, does not 

always make a significant contribution to processing by 

deep neural networks.  

Among the structures used in deep neural network 

approaches, in connection with the above trends, auto-

encoders are distinguished by type: Unet, Resnet, VGG, 

and a specially designed structure OptiNet. They are 

applied as the basis for classifiers, clusterers, and 

predictive models of diseases. Each dimension category 

of the dataset contains a different variety of data on the 

nationality of patients. Consistent with the conclusions 

in Ref. [41], the analysis confirmed the influence of 

nationality on the shape of biomarkers with the same 

diagnosis, which imposes additional requirements on the 

generalizing ability of intelligent algorithms for 

applications positioned as universal. 

Since the dataset’s size significantly affects the 

algorithm's relevance limitations, different deep learning 

architectures and numerical indicators of their 

effectiveness should be compared only within the same 

category It should also be noted that it is difficult to 

compare research results in many cases due to using 

different indicators. Therefore, examples of comparisons 

with only the same indicators are presented below.  

Fig. 3 shows the average accuracy of deep learning 

models. On the given histogram, they are arranged in 

descending order of their use in the OCT data analysis. 

The selected most effective deep learning models are 

included in the selection of basic models for classifiers 

and segmenters given in Ref. [37] which is devoted to 

working with CFP data. 

 

 

Fig. 3 Average achievable accuracy of deep learning 

models in disease classification tasks. 

According to the results of the metrics used, such as 

AUS, F1, and sensitivity and specificity, for direct 

diagnostic methods, the highest indicators were 

demonstrated by: VGG and ResNet. The same and 

GoogLeNet with a sufficient data set for segmentation of 

pathologies.  

Based on the papers reviewed in this work and paying 

particular attention to those studies in which the greatest 

TRL was obtained, it is possible to identify the key 

components that characterize the most effective 

approaches. These approaches included a data set of at 

least a thousand images, deep learning methods, and 

operations of both cross-validation and validation on data 

from other sources (different brands of tomographs or 

groups of people with different parameters). When 

solving the problem of diagnosing and staging AMD, 

approaches with the allocation of biomarkers have the 

greatest informativeness and explainability, which most 

clearly reflects the visual analysis of the expert. These 

circumstances may increase the likelihood of 

successfully developing an OCT image processing 

application with a high generalization capability. 

5 Conclusions 

Due to the trend of increasing the number of integrations 

of intelligent systems in ophthalmology, the dynamics of 

the use of various ML applications to solve problems in 
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this area will inevitably correlate with the dynamics of 

the development of intelligent technologies. This 

statistical review evaluated this correlation by analyzing 

56 studies on the use of ML methods in OCT image 

analysis tasks with AMD, according to a variety of 

features. Among the highlighted features were: 

Publication year, Data sources, Tasks to be solved, 

Technology readiness level, Number of OCT images in 

the dataset, Image pre-processing, Research methods, 

Software, Metrics, Validation, and Distinguishable 

classes/features. Analyzing feature data in the time 

domain allowed us to identify the most important and 

viable factors for creating an up-to-date intelligent OCT 

image analysis application with AMD. These effective 

artificial intelligence programs provide us with a unique 

opportunity to analyze visual information about the state 

of the retina and help make clinical decisions in the field 

of ophthalmology, in particular, in diagnosing the 

disease, automatically identifying biomarkers, and 

forming and correcting treatment strategies. 
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as well as for studying changes in these parameters upon interaction or 
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1 Introduction 

Photonic methods of analysis based on various principles 

of light–matter interaction are widely used to analyze 

both organic (including biological) and inorganic objects. 

Light can be absorbed, refracted, or reflected upon its 

interaction with molecules, or change its plane of 

polarization or wavelength. These effects have been 

employed in a variety of methods of analysis in medicine, 

biology, biosensing, detection and analysis of mineral 

resources, and many other fields of science and 

technology. For example, Raman spectroscopy is used to 

study chemical bonds, to identify molecules, and to study 

their structure, which allows the detection of various 

microorganisms [1] or to use this approach in the 

diagnosis of cancer [2] and many other diseases. Specific 

light absorption by protein molecules at 280 nm, and the 

maximum absorption of radiation by nucleotides at 

260 nm are used to determine the concentrations of 

proteins and nucleic acids, respectively [3, 4]. Estimation 

of light polarization and measurement of circular 

dichroism spectra can be used to study the chirality of 

compounds, such as amino acids, monosaccharides, or 

drugs [5, 6]. In refractometry, the measurement of the 

refractive index is used to determine the concentrations 

of chemical compounds in solutions [7], which is used in 

cell biology, hematology [8], and other fields. Thus, 

optical methods make it possible to study the 

composition and structure of biological objects at the 

atomic and molecular levels. These optical methods are 

also successfully used for identifying organic molecules 

and determining the concentration and purity of 

biopolymers. 

Unlike the approaches mentioned above, the dynamic 

light scattering (DLS) method is suitable for estimating 

macroscopic parameters of objects, such as the size of 
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nanoparticles (NPs), microparticles, and polymers and 

the ζ-potential of their surface, as well as for studying the 

interaction of polymers, cells, NPs, and microparticles of 

various types. It is especially important that DLS can be 

used to study biological polymers in liquid phase, in their 

natural environment, whereas many other methods of 

determining macroscopic parameters, such as electron 

and atomic force microscopies, require the sample to be 

transferred to the dry or partly dehydrated phase.  

Liposomes, polymers, and NPs of various 

compositions are examples of advanced drug delivery 

systems that have proved to be promising in delivering 

drugs effectively and selectively to target cells or tissues. 

Liposomes are spherical vesicles composed of a 

phospholipid bilayer that can encapsulate both 

hydrophilic and hydrophobic drugs. These vesicles can 

be made in different sizes and can be functionalized with 

specific ligands to target specific cells or tissues. The use 

of liposomes as a drug delivery system has several 

advantages, including improved drug solubility, 

increased drug stability, prolonged drug circulation time, 

and reduced toxicity [9]. Several liposomal formulations 

have been approved by regulatory agencies for clinical 

use, such as Doxil for ovarian and breast cancer and 

AmBisome for fungal infections [10]. Polymer-based 

drug delivery systems offer several advantages, including 

their biocompatibility, biodegradability, and ease of 

functionalization. Polymers can be synthesized in 

different forms, such as micelles, dendrimers, and NPs, 

and can be functionalized with specific ligands to target 

specific cells or tissues. The use of polymers in drug 

delivery has been shown to enhance drug solubility, 

stability, and bioavailability. For example, polymeric 

nanoparticles have been used to deliver anticancer drugs, 

such as paclitaxel, and have proved to be more 

efficacious than traditional chemotherapy [11]. 

Nanoparticles are submicron-sized particles made from 

different materials, such as metals, polymers, and lipids. 

Nanoparticles can also be functionalized with ligands 

targeting specific cells or tissues and can be used to 

encapsulate drugs to improve their solubility and 

stability. The advantages of using NPs in drug delivery 

are an improved drug bioavailability, a reduced toxicity, 

and the capability of crossing biological barriers, such as 

the blood–brain barrier. Several NP-based drug delivery 

systems have been approved for clinical use, such as 

Abraxane for breast cancer and Onpattro for hereditary 

transthyretin-mediated amyloidosis [12]. 

Nanoparticle size is an important parameter for many 

applications of NPs, including imaging, catalysis, and 

development of advanced drug delivery systems, and has 

been a subject of research in the field of medical NP 

applications for many years [13]. The main areas of the 

use of nanoparticles are shown in Fig. 1. 

 

 

 

Fig. 1 Applications of nanoparticles in biomedicine sphere. 
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The size of NPs can affect their physical, chemical, 

and biological properties, which can, in turn, affect their 

behavior and performance in different applications. In 

drug delivery, e.g., the size of NPs can affect their 

capacities for circulating in the bloodstream, penetrating 

biological barriers, and interacting with target cells or 

tissues. Smaller NPs usually have longer circulation 

times, they better penetrate barriers but may also be more 

susceptible to clearance by the immune system. Larger 

NPs usually have longer circulation times, but they may 

be less capable of penetrating biological barriers or 

interact with target cells or tissues. In imaging, the size 

of NPs may affect their contrast properties, such as 

brightness and resolution [14]. Overall, understanding 

the size-dependent properties of NPs, ζ-potential, 

polydispersity, and concentrations is crucial for their 

effective use in various applications and can help in 

designing more efficient and effective NP-based systems. 

The DLS method employs the interaction of 

monochromatic coherent radiation with light-scattering 

particles in the solution studied. Analysis of scattered 

radiation spectra in the DLS method is based on the 

Rayleigh scattering theory, Fraunhofer theory and the 

Mie theory. In the general case, the interaction of the light 

with a particle in the solution may lead to diffraction, 

refraction, reflection, and absorption. If the characteristic 

particle size is larger than the incident light wavelength, 

the diffraction process described by the Fraunhofer 

theory is predominant, and if the characteristic particle 

size is smaller than the wavelength of the scattered light, 

elastic light scattering without wavelength change 

occurs, which is described by the Rayleigh scattering 

theory [15]. Radiation scattered by particles whose size 

is comparable to the wavelength is detected at large 

angles (more than 90°) and is described in terms of the 

Mie theory. The DLS technique is implemented in 

various devices differing in optical configuration, signal 

modulation and analysis, detection system, and sensor 

geometry. The differences in design do not so much 

affect the calculated data or intensities of the measured 

signal, but rather determine the differences in operating 

concentration ranges, sensitivity of devices to certain 

sizes of objects, achievable resolutions of size 

distributions, and methods of data processing and signal 

analysis, which directly affects the measurement error 

and the results of measurements. 

This review considers examples of using the DLS 

method in recent studies of biopolymers, NPs, and 

microparticles of various types, as well as interactions 

between them, to establish the relationships between the 

detected parameters and the properties of the objects 

studied. The concluding section of the review provides 

details on the application areas of the DLS method, its 

advantages and inherent limitations, and comparison 

with other optical methods of biomolecule analysis. 

2 Theoretical Basis of the Dynamic Light 

Scattering Method 

The DLS method is based on analysis of changes in 

incident radiation parameters, including the frequency 

and intensity, as well as the directional diagram, which 

changes or fluctuates when light passes through a layer 

of Brownian particles [16]. In this case, interference of 

individual scattering waves (signals) may lead to signal 

fluctuations on the radiation detector. The principle of 

DLS method is schematically shown in Fig. 2. 

In the standard implementation of the DLS method, 

the sample or system studied is laser-irradiated, and the 

scattered light is detected at a certain scattering angle θ.  

 

 
Fig. 2 The principle of the dynamic light scattering method. Light scattered by nanoparticles irradiated by a laser is 

measured with a high time resolution at a certain angle θ; the scattering signal fluctuation reflects the dynamics of 

microstructural processes, such as the Brownian motion of the particles. 
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The scattered radiation is either directly received by the 

detector or is superimposed or “mixed” with the 

reference signal reflected from the sample surface with 

an unshifted frequency. The power of the resultant signal 

is proportional to the product of the intensities of the 

scattered and reference signals. This makes it possible to 

detect low-power scattered radiation, which is important 

in studying nanometer-sized particles. The measured size 

of particles should not depend on the concentration of the 

sample. The use of backscatter detection allows a wider 

range of concentrations to be measured accurately 

compared with the standard operating procedures with 

the detection angle θ = 90° [17]. According to the first 

approximation of the classical theory of radiation, a pair 

of interacting molecules or NPs can be considered as a 

time-varying dipole that emits electromagnetic radiation. 

As such, the NP behaves like a secondary light source 

and scatters light. This scattered light is fully polarized at 

90° to the incident beam, and its intensity ( 𝐼0 ) is 

proportional to the diameter (d) of the analyte (𝐼0 ∞ d6) 

and its polarizability [18]. The polarization of light 

scattered from particles with various shapes was 

described by Damaschke et al. [19]. Thus, the DLS 

method requires the use of colloidal suspensions with low 

concentrations to avoid the effects of secondary 

scattering and destructive interference. 

Typical dynamic light scattering instruments use a 

detection angle of 90°, which may be not sensitive 

enough to measure small particles or molecules even with 

the use of a high-powered laser at a small wavelength. 

Backscatter detection is an optical configuration that can 

measure samples with smaller sizes and lower 

concentrations. At θ = 173°, the scattering volume 

detected at the detector is about eight times greater than 

in the case of the traditional 90° optics [20]. This leads to 

an eightfold increase in the detected count rate, which is 

directly related to the instrument sensitivity to small 

particles at lower concentrations. Depending on the 

experiment, the angle θ can vary and reach, e.g., 

175° [21]. The use of fiber optics in combination with 

this optical setup ensures that the signal-to-background 

ratio or the intercept of the correlation function is not 

degraded at high detection volumes, in contrast to the 

traditional geometric optics (θ = 90°). Maintaining the 

count rate while reducing the intercept of the correlation 

function is crucial. This optical configuration provides 

the exceptional sensitivity necessary for measuring the 

size of NPs and molecules at low concentrations. 

Regardless of the version of the DLS method, the 

general principle is that the analysis of the detected 

signals takes into account their fluctuations, whose 

duration is determined by the Brownian motion of 

particles and lies in the range from nano- to milliseconds. 

Analysis of the DLS signals assumes that the scattered 

light is coherent, but the classical DLS setup cannot 

distinguish between coherent and incoherent signals, 

which are mainly caused by multiple scattering. This 

calls for alternative analytical methods, e.g., cross-

correlation techniques [22].  

In this review, we consider the main uses of the 

classical DLS method in various fields. The use of the 

dynamic light backscattering method and new DLS 

approaches have been described by Malm et al. [23] and 

Hou et al. [24]. 

In addition, the laser self-mixing interferometry 

(SMI) and laser feedback interferometry (LFI) 

methods [25, 26] should be mentioned. The 

interferometric technique enables a laser to act as both a 

source and a detector. The operating principle of the laser 

techniques is the interference of light waves that are 

emitted and then reflected back to the laser cavity by an 

external target. The resulting frequency shift, which is 

proportional to the displacement of the target, is detected 

as a phase shift in the laser output signal. This signal can 

be used to determine the position, velocity, and 

acceleration of the target [27]. 

There are also various speckle-based methods. This is 

a class of optical methods that use the speckle structure 

formed by coherent light scattered by a rough or dynamic 

surface to extract information about the object or system 

under study. One of the most commonly used speckle-

based techniques is speckle pattern correlation, which 

measures the displacement of speckle patterns obtained 

upon two separate measurements of the same object or 

system [28]. However, this class of optical research 

methods requires the development of time-consuming 

algorithms for data analysis [29]. All these methods have 

been used in various biomedical applications, including 

measuring the thickness and mechanical properties of 

biological tissues and detecting blood flow in blood 

vessels. Although some optical techniques share 

similarities with the DLS method, we do not discuss them 

in detail here, because they are not commonly used for 

characterizing microparticles, NPs, or polymers. 

2.1 Light Absorption and Scattering by an 

Arbitrary Particle 

All media except for vacuum can be considered, in a 

sense, heterogeneous. Even the media that are regarded 

homogeneous, such as pure gases, contain some local 

inhomogeneities – these are atoms and molecules. 

Consequently, all media will scatter light due to these 

local inhomogeneities. When an electromagnetic wave 

passes a system, each particle in the system is affected 

not only by the incident wave, but also by the sum of 

secondary fields generated by all other molecules in the 

medium. Under nonideal conditions, the average 

number of molecules in a given area of the system at 

any moment of time differs from that at the preceding 

moment. Precisely these density fluctuations lead to 

scattering in dense media. There are also concentration 

fluctuations, which also lead to scattering. If molecules 

have an irregular (nonspherical) shape, then orientation 

fluctuations occur. With clusters of particles, the 

situation is more complicated, because each particle is 

excited by an external field and resultant field scattered 

by all the other particles. In this case, the field scattered 

by the particle directly depends on the field in which it 
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is placed. When dealing with a cluster of charged NPs, 

we should bear in mind that this group of particles may 

display specific optical properties, which may 

drastically differ from the optical properties of NPs 

measured in a classical colloidal solution. For example, 

a spiral arrangement of gold NPs (GNPs) results in 

circular dichroism [30]. Interacting metal NPs exposed 

to an external electromagnetic wave exhibit a greater 

amplification of the electric field compared to isolated 

metal NPs, as well as a shift of the resonance peak and 

a change in scattering direction with changing distance 

between the particles [30]. 

When a particle is irradiated by a light beam with 

given characteristics (wavelength, incident angle, and 

temporal and spatial coherences), the amount of 

scattered light and its angular distribution, as well as the 

amount of absorbed radiation, directly depend on the 

particle shape, size, and composition. Light scattered by 

a single particle or a set of particles with the same shape, 

composition, size, and orientation is completely 

polarized. In this case, the intensity of scattered light is 

maximal if the wavelength of incident radiation is of the 

same order as the size of the examined object. If the 

inhomogeneities are small-sized compared to the 

wavelength of light, the intensity of the scattered light 

is proportional to the fourth power of the frequency or 

inversely proportional to the fourth power of the 

wavelength [31]. This relationship is called Rayleigh’s 

law: 

𝐼~ω4~
1

λ4, (1) 

𝐼 =  𝐼0
9π2ε0

2𝑁𝑉2

2λ4𝐿2 (
ε−ε0

ε+ε0
)

2
(1 + cos2 θ), (2) 

where I and I0 are the intensities of the scattered and 

incident radiations, N is the number of particles in the 

light-scattering volume, 𝑉̃  is the particle volume, ε is 

the dielectric constant of the particles, ε0  is the 

dielectric constant of the medium where the particles 

are suspended, θ is the scattering angle, L is the distance 

between the scattering volume and the observation 

point, and λ is the wavelength of nonpolarized incident 

light. 

Thus, Rayleigh scattering is coherent scattering of 

light which does not change the incident wavelength on 

particles or inhomogeneities. This type of scattering is 

termed elastic scattering. The vibrational electric field 

of incident light induces an oscillatory dipole moment 

in the particle, which subsequently emits light in the 

characteristic zone described by the dipole radiation 

pattern. For example, in the case of a spherically 

symmetric particle and linearly polarized light, the 

induced dipole moment is parallel to the direction of 

incident light polarization and is proportional to the 

polarizability of the particle. 

2.2 Light Absorption and Scattering by a 

Spherical Particle 

The Mie scattering theory is a complete solution of 

Maxwell’s equations for scattering of electromagnetic 

waves on spherical particles and predicts the intensity of 

scattering induced by all particles in the measurement 

range [32]. It can be used to analyze the characteristic 

intensity distributions for small particles (in this case 

particle size is comparable with wavelength of the 

scattered light), which, in contrast to those predicted by 

the Fraunhofer theory, are not limited to scattering angles 

smaller than 90° (forward direction) but can be also 

calculated for scattering angles larger than 90° (backward 

direction). For calculating the particle size on the basis of 

the intensity distribution determined in this way, the Mie 

theory, in contrast to the Fraunhofer theory, requires that 

the refractive index and the absorption coefficient of the 

material studied be known. It is worth clarifying that for 

particles (with size a) that are significantly greater than 

the wavelength () of the scattered light (a ≫ ), and 

with refractive indices that are substantially different 

from the unity, the scattering light can be accurately 

describe by Fraunhofer diffraction theory [33]. This 

theory valid for particles of size greater than several μm 

when analyzed with visible light [34]. When not all the 

optical properties of the nanoparticles are known, 

Fraunhofer is used since it is an approximation to the Mie 

theory. However, in the case of small or transparent 

particles, the use of the Fraunhofer approximation leads 

to an error in the size measurement [35]. 

The cross section of electromagnetic wave scattering 

on a particle depends on the ratio between the particle 

size and the incident wavelength, as well as the change in 

the light wavelength upon interacting with the particle 

material [36]. Rayleigh scattering is a special case of Mie 

scattering when the particle is much smaller than the 

wavelength. In this case, the external electromagnetic 

wave polarizes the particle, exciting an oscillating dipole 

moment in it. The dipole moment, whose oscillation is 

synchronous with the frequency of the external wave, re-

emits light with a radiation pattern characteristic of the 

dipole moment. The Mie theory and Mie coefficients are 

described in more detail in Ref. [37]. As an 

electromagnetic wave effect is an external perturbation, 

we can use physical formalism to analyze the forces and 

moments acting on the object. If the size of this object is 

between the Rayleigh and geometric optics limits, its 

original form considers the scattering of a plane wave by 

a spherical particle and generalization of the 

Lorentz–Mie scattering is required. Whereas the Mie 

theory is more suitable for analyzing charged NPs in a 

solution [38], the generalized Lorentz–Mie theory 

describes the scattering of arbitrary fields [39] and makes 

it possible to find exact solutions for the scattering of 

plane waves by individual dielectric spheres in arbitrary 

frequency modes [40]. The differences between Rayleigh 

scattering and Mie scattering are shown in Table 1 and 

Fig. 3. 

 



A. Knysh et al.: Dynamic Light Scattering Analysis in Biomedical Research and... doi: 10.18287/JBPE23.09.020203 

J of Biomedical Photonics & Eng 9(2) 2023   30 May 2023 © J-BPE 020203-6 

Table 1 Differences between Rayleigh scattering and Mie scattering. 

Rayleigh scattering Mie scattering 

Fluctuation of the concentration may affect the 

refractive index. 

The suspension is strongly diluted, and light can be 

considered to be scattered by a single particle and detected 

before it has interacted with other particles. 

The scattering strongly depends on the incident 

wavelength. 
The scattering weakly depends on the incident wavelength. 

The particle size (a) is smaller than the incident 

wavelength [41]: 

𝑎 ≤
λ

10
 

The scattered light carries the same energy (elastic 

scattering) as the incident light and is independent on 

the angle. 

The particle size (a) is about the same as, or larger than, the 

incident wavelength [41]: 

𝑎 >
λ

10
 

Rayleigh scattering is replaced by the anisotropic Mie 

scattering, with the scattered light energy unequal to the 

incident light energy (inelastic scattering) and depending on 

the angle; i.e., the scattered light is more intense along the 

direction of the incident light. 

 

 

Fig. 3 Differences between Rayleigh scattering and Mie scattering; a is the characteristic size of the particles studied. 

According to Yue et al. [42], disperse NPs scatter 

incident light proportionally to the sixth power of their 

radius 

(I ∞ d6). In this case, the intensity distribution has the 

form: 

𝐼 =  𝐼0
1+cos2 θ

2𝑅2 (
2π

λ
)

4

(
𝑛2−1

𝑛2+2
)

2

(
𝑑

2
)

6

, (3) 

where I and I0 are the intensities of the scattered and 

incident radiations, R is the distance between the 

scattering volume and the observation point, θ  is the 

scattering angle,  λ  is the wavelength of nonpolarized 

incident light, d is the particle diameter, and n is the 

absolute refractive index of the medium. 

2.3 Brownian Motion 

The behavior of colloidal particles is described by the 

kinetic molecular theory, which assumes that spherical 

particles diffuse in a liquid phase consisting of molecules 

small enough for this phase to be considered as a 

continuous medium. Then, Brownian motion of particles 

results in self-diffusion of molecules in the liquid 

medium, whose coefficient is estimated using the 

Stokes–Einstein equation [43]: 

𝐷𝑝 =
𝑘𝐵𝑇

3π𝜂𝑟ℎ,𝑡
, (4) 

where 𝐷𝑝 is the diffusion coefficient of the particles, η is 

the dynamic viscosity of the liquid, 𝑟ℎ,𝑡  is the 

hydrodynamic radius (HR) of translationally moving 

particles, T is the temperature of the colloidal solution, 

and 𝑘𝐵 is Boltzmann’s constant. 

The HR (Stokes radius) is the size of an object that is 

calculated from its diffusion coefficient in a liquid, on the 

assumption of its spherical shape. For spherical particles, 

such as components of sols and latexes, the real size is 

almost the same as the HR. For nonspherical particles, 

such as ellipsoids, cubes, rods, or particles with through 

holes, the HR is a conditional or effective parameter. 

Brownian motion is a continuous chaotic motion of 

particles of the dispersed phase caused by hits from the 

molecules of the solvent (dispersion medium), which are 

in the state of intense thermal motion. The particles of the 

dispersed system, repeatedly hit by fluid molecules from 

different sides, can translationally move in different 
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directions. The Einstein–Smoluchowski equation 

shows [44] that the mean squared displacement of a 

particle in the case of one-dimensional Brownian motion 

during the time (t) is equal to following: 

Δ𝑥2̅̅ ̅̅ ̅ = 2𝐷𝑝𝑡, (5) 

where 𝐷𝑝 is defined by Eq. (4). 

The chaotic Brownian motion of dispersed particles 

leads to microscopic fluctuations of the particle 

concentration in local points of space and the 

corresponding local inhomogeneities of the refractive 

index of the medium. When a laser beam passes through 

the medium with local inhomogeneities, part of the light 

will be scattered on these inhomogeneities. The 

fluctuations of the intensity of scattered light will 

correspond to the fluctuations of the local concentration 

of dispersed particles. Information about the diffusion 

coefficient of particles is contained in the time-dependent 

correlation function of the intensity fluctuations detected 

by the detector, and it depends on the fluctuations of the 

particle coordinate in the solution (see Fig. 4). 

Frequency analysis or correlation spectroscopy can 

be used for qualitative and quantitative estimation of 

scattering signal fluctuations. Frequency analysis 

decomposes the signal into its frequency components to 

obtain the frequency distribution or the spectrum of the 

power P(ω) [45]: 

𝑃(ω) =  lim
𝑇→∞

2

𝑇
〈|∫ 𝐼𝑑𝑒𝑡(𝑡) ∙ 𝑒−𝑖ω𝑡 𝑑𝑡

𝑇

2
0

|
2

〉, 

(6) 

𝑃(ω) = ∫ 〈𝐼𝑑𝑒𝑡(𝑡) ∙ 𝐼𝑑𝑒𝑡(𝑡 +  τ)〉𝑒𝑖ω𝑡 𝑑𝑡
∞

0
, 

where 𝐼𝑑𝑒𝑡(𝑡) is the detected light intensity, τ is the delay 

time between two scattering signals,  is the carrying 

frequency, and i is the imaginary unit. 

By definition, the time autocorrelation function has 

the following form [46]: 

𝑔2(𝑞, τ) =  
〈𝐼𝑑𝑒𝑡(𝑡)∙𝐼𝑑𝑒𝑡(𝑡 + τ)〉

〈𝐼𝑑𝑒𝑡(𝑡)〉2 . (7) 

The autocorrelation function 𝑔2(𝑞, τ)  in Eq. (7) 

quantitatively defines the time-averaged correlation 

between two scattering signals measured at the time 

delay τ. 

In a system of monodisperse particles with single 

scattering where Brownian motion occurs, the 

corresponding correlation function is represented as a 

sum of a constant and a damped exponential, e.g., 

𝑔2(𝑞, τ) = 𝐴 + 𝐵 exp(−𝐶 ∙ 𝐷𝑝𝑞2τ), (8) 

where 𝑞 is the scattering amplitude; τ is the time interval 

between measurements; and A, B, and C are constants. 

On the other hand, the first-order correlation function 

of the electric field is exponentially damped in the case 

of Brownian motion of monodisperse particles: 

𝑔1(𝑞, τ) = exp(−Г ∙ τ). (9) 

For polydisperse particles, the equation takes the 

following form: 

𝑔1( 𝑞, τ) = ∫ exp (−Г ∙ τ)𝑑𝑄𝑖𝑛𝑡(Г)
∞

0
, (10) 

where Г is the time coefficient of the decrease in particle 

size in the medium and 𝑑𝑄𝑖𝑛𝑡(Г) =  𝐴𝑖 = 𝑐𝑜𝑛𝑠𝑡  is the 

weight coefficient defining the relative contribution to 

the scattering intensity. 

Г = 𝑞2𝐷𝑝. (11) 

The Euclidean norm of the scattering vector 𝑞⃗ [47] is 

𝑞 = ‖𝑞⃗‖ =  
4π𝑛

λ0
𝑠𝑖𝑛 (

θ

2
), (12) 

where 𝑛 is the refractive index of the disperse medium, 

λ0 is the wavelength of incident light (a laser beam) in 

vacuum, and θ is the scattering angle. 

Eq. (10) can be rewritten in the form: 

𝑔1(𝑞, τ) = ∫ A(Г) ∙ exp (−Г ∙ τ)𝑑Г
∞

0
, (13) 

where A(Г) ∙ 𝑑Г  is the proportion of the correlation 

function damped with time of inverse relaxation between 

Г and Г + 𝑑Г. 

 

 

Fig. 4 Fluctuation of the particle position in a colloidal solution. 
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Fig. 5 The qualitative presentation of the data obtained using dynamic light scattering. 

The coefficients at the exponent depend on the 

contribution to the total intensity of the scattered light 

and the intensity of the light scattered on particles of the 

same size. To determine the correlation times from the 

experimental correlation function, we need to select a set 

of times and coefficients in Eq. (13) so that the difference 

between the calculated and experimental functions tend 

to the minimal value. It should be noted that Eq. (13) in 

its general form belongs to the class of integral equations 

and, in our case, represents the Fredholm integral 

equation of the first kind. Its solution belongs to the class 

of incorrectly set problems [48]. This means that, if the 

function 𝑔1( 𝑞, τ)  is defined with a small error, the 

solution may differ from the true one and may not be the 

only one. Within the experimental error, there will be an 

infinite number of different solutions that fit the 

experimental data well. The more accurate the 

experimental data, the fewer solutions will fit these data. 

Thus, knowing the form of the correlation function, one 

can obtain the particle size distribution by using a 

software (mathematical algorithm) [49]. Fig. 5 shows the 

qualitative presentation of the results obtained by the 

DLS method. 

There are also NPs whose motion does not obey the 

Stokes–Einstein relation. The DLS estimation of the 

particle size distribution assumes that the scattered light 

fluctuates only because the particles are continuously 

displaced due to Brownian motion. When DLS is used to 

quantify the properties of individual particles, the sample 

should be diluted as much as possible to exclude any 

influence of the particle concentration, otherwise the 

estimates may considerably deviate from the actual 

values, and the measurement error will be high. 

Several factors that determine the difference between 

the real and the ideal experimental situations are: (i) 

multiple scattering within the sample; (ii) nonrandom 

spatial distribution of particles; (iii) viscous interaction 

between neighboring particles; (iv) signal fluctuation that 

reflects not only the Brownian motion of individual 

particles, but also stochastic variation of the local 

concentration of particles; (v) signal fluctuation 

determined by Brownian displacement on short- and 

long-time scales; (vi) possible coagulation of particles. 

The results of the analysis also depend on the 

properties of the particles (size, shape, and optical 

properties) and the medium (phase boundary properties), 

as well as the parameters of the measuring instruments 

(wavelength and scattering angle). However, in the case 

of nonspherical particles, one more factor, Brownian 

rotation of the particles, inevitably contributes to the 

signal fluctuation. The rotation affects the spatial 

orientation of the particles and, hence, the scattering of 

light in a given direction. 

It should also be borne in mind that the characteristics 

of the Brownian motion of particles can be influenced by 

surfactants. These are substances that are positively 

adsorbed at the phase boundary, forming an adsorption 

layer with an increased concentration. A surfactant may 

significantly affect the diffusion coefficient, which 

additionally alters the Stokes–Einstein relation, so that 

the relation does not hold for this type of systems. This 

effect has been observed experimentally, e.g., in a reverse 

micellar system containing 15 wt.% of polydisperse 

hexaethylene glycol monodecyl ether ( С10𝐸6 ) in 

cyclohexane [50]. As a result, the correction coefficients 

for the viscosity and self-diffusion of particles were 

determined to fit the experimental data to the Stokes–

Einstein relation. 

In the general case, the estimated hydrodynamic 

diameter of nonspherical particles is correlated with the 

scattering angle [49]. Hence, the systemic dependence of 

the measured size distribution on the scattering angle 

suggests a nonspherical shape. Note that the effects of 

nonspherical shape remain hidden for DLS devices with 

only one scattering angle. 

Characterizing the motion of particles in a medium is 

generally a difficult task, and it is further complicated by 

characteristic hydrodynamic interactions (HIs) mediated 

by the solvent and suspended particles. Therefore, HIs 

affect the dynamics of the spheres and considerably 
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complicate the calculations. HIs are usually long-range, 

non-pairwise-additive forces occurring at high particle 

concentrations [51]. 

Short-term diffusion is defined as diffusion of 

colloidal particles investigated over a time interval t 

satisfying the following two inequalities [52]: 

τ𝐻 ~ τ𝐼 ≪ 𝑡 ≪ τ𝐷, (14) 

where τ𝐻  is the hydrodynamic time scale that 

quantitatively defines the interval in which shear waves 

of the solvent cross the characteristic distances between 

(larger) colloidal particles, τ𝐼  is the time of impulse 

relaxation, and τ𝐷  is the time interval of diffusion 

interaction described in terms of the Stokes–Einstein free 

translational diffusion coefficient. 

Inequalities (14) define the short-term colloidal 

mode, which takes into account the times of impulse 

relaxation and diffusion interaction of the particles. At 

time moments 𝑡 ≫  τ𝐼 , many random collisions of the 

colloidal particle with solvent molecules occur, the 

particle motion is diffusive, and inertia does not play any 

role. During the time 𝑡 ≳  τ𝐷 , diffusion considerably 

changes the spatial configuration of (smaller) particles 

compared to their original configuration, and, in addition 

to HIs, permutations of groups of neighboring particles 

begin to affect the dynamics of the particles in the 

medium. This leads to a subdiffusive particle motion at 

the time moment 𝑡 ≳  τ𝐷 preceding the finite diffusive 

long-term mode 𝑡 ≫  τ𝐷 , in which the particle can 

occupy many independent local regions. 

The function of the scattering wavenumber q and the 

correlation time t is a fundamental quantity determined in 

DLS experiments. It represents the normalized 

intermediate scattering function 𝑓𝑐(𝑞, 𝜏) [51]: 

𝑓𝑐(𝑞, τ) ≈ exp (−𝑞2 ∙ 𝐷𝑠(𝑞)τ), (15) 

where 𝐷𝑠(𝑞)  is the short-term diffusion function 

proportional to the hydrodynamic function H(q). The 

hydrodynamic function serves as a generalized short-

term sedimentation coefficient and directly reflects HIs. 

In the case of infinite dilution or (hypothetical) absence 

of particles, the function H(q) is identically equal to 

unity [51]. 

Attempts at computer model of the process described 

above have been made [51, 52]. In general, the dynamic 

scattering functions obtained in Stokes dynamics 

simulations [53] agree well with the results of DLS for a 

range of concentrations of charged spherical silicon NPs 

in a mixture of organic solvents within certain 

experimental time range and wavenumber range. There 

are many approaches to determining the characteristic 

particle size, in particular, estimations based on the 

diffusion coefficient calculated from data on 

polydisperse samples. Most of these approaches rely on 

a known analytical distribution and adjust the variables 

so as to obtain the best fit to the experimental data. The 

main problem of these methods is the a priori assumption 

on a given form of distribution, which often leads to 

ambiguous results. 

2.4 Variants of the Dynamic Light Scattering 

Method 

The DLS method has some interesting variants. One of 

them is the multipolarization dynamic light scattering 

(MPDLS) method, which is based on two similar 

methods, multi-angle dynamic light scattering (MADLS) 

and depolarized dynamic light scattering (DDLS), but is 

essentially a new method combining the advantages of 

the other two. The MADLS analysis integrates 

information on the scattering angle from the Mie theory 

and analysis of the particle size distribution based on 

DLS measurements. Lower noise and, hence, a lesser 

smoothing provide a more reliable and accurate 

representation of the particle size distribution and better 

characterization of the individual components of a 

multicomponent sample. The MADLS method provides 

additional information about the sample by combining 

DLS measurements made from different angles. An 

example of comparison of the DLS and MADLS data is 

presented in Ref. [54]. The DDLS method provides, in 

addition to data on radius distributions, information on 

the shape of the particles. The DDLS analysis is widely 

used for calibrating nonspherical NPs, such as nanorods, 

nanowires, and nanotubes. Detailed theoretical basis of 

this method has been presented by Geers et al. [55]. The 

depolarized component of the light-scattering signal 

makes it possible to estimate both translational and 

rotational diffusions of nonspherical NPs. As a result, the 

DDLS method determines not only the HR of the 

equivalent sphere, but also the actual length and diameter 

of diffusing NPs [56]. By considering the Brownian 

motion of NPs in terms of translational and rotational 

diffusions, the particle sizes can be determined from the 

rates of damping of the scattered-light fluctuations. The 

damping rates are determined for light scattered with two 

different polarizations, one of which (co-polarization) 

coincides with the polarization of the excitation light and 

is termed the VV component (vertically polarized waves 

transmitted and received) and the other (cross-

polarization) is perpendicular to it and is termed the VH 

component (horizontally polarized waves transmitted 

and only vertically polarized waves received) 

(see Fig. 6). The depolarized component, e.g., the 

horizontally polarized one in the case of vertically 

polarized incident light, results from multiple DLS and is 

usually weak. It disappears in the case of spherical 

particles in dilute suspensions. Thus, the MPDLS method 

differentiates between the translational Brownian motion 

of particles from the Brownian rotation and provides the 

shape parameters of the particles in addition to their 

sizes [49]. 

Diffusing wave spectroscopy (DWS) is also based 

on DLS. The concept behind this method is that the 

motion of scattering particles influences the 

coherence of the light scattered by them. 
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Fig. 6 A method of depolarized dynamic light scattering measurement scheme. 

By analyzing the temporal fluctuations of scattered 

light, the diffusion properties of the particles can be 

determined. In contrast to the DLS method, which 

measures the intensity fluctuations of scattered light, the 

DWS method measures the temporal fluctuations of the 

speckle pattern of the scattered light, which ensures more 

robust measurements. One of the primary applications of 

DWS in biomedicine is the measurement of the size and 

shape of NPs and molecules [57]. 

3 Specifics of the Dynamic Light Scattering 

Analysis of Nanoparticles and Polymers 

This section describes examples of the use of DLS in 

biochemistry, with the focus on important specifics of 

studying samples of different types and some guidelines 

to these studies. 

3.1 Measurement of Nanoparticle and Polymer 

Sizes 

DLS size measurements are based on measuring the time 

parameters of light fluctuations on the detector caused by 

random diffusion or motion of suspended particles in a 

small “scattering volume”. The scattering volume is 

defined as the volume inside the sample illuminated by 

the laser beam from which the light scattered by particles 

directly goes to the detector. Small particles diffuse 

rapidly, leading to rapid fluctuations of intensity at the 

detector; large particles diffuse more slowly, causing 

longer fluctuations of scattered light at the detector. 

The size of NPs is known to affect their distribution, 

sites of accumulation, and routes of elimination from the 

body, as well as their possible toxic effect [58]. At the 

same time, NPs are increasingly used in cosmetic 

products as sunscreens, which requires a low-cost 

method of controlling the size of NPs in creams. 

De la Calle et al. [59] have compared different analytical 

methods used for determining the size of NPs in cosmetic 

products. The DLS method quickly determined the HR 

of NPs and their size distribution, but the size was 

overestimated because of the solvation layer on the NP 

surface and the high viscosity of the samples. It was 

found that the discrepancy between the experimental data 

and real NP sizes in analysis of fat samples could be 

reduced by treating the suspensions with 0.1% sodium 

dodecyl sulfate or precipitating the NPs with hexane, 

with subsequent removal of the hexane solution and 

dissolution of the precipitate in distilled water. The DLS 

method is readily applicable to analyzing the size of 

dispersed liposomes and micelles intended for drug 

delivery. Chan et al. [60] have developed a protocol for 

analyzing nanoemulsions of oil in water by the DLS 

method, thus having shown that the DLS method is 

suitable for studying objects other than solid particles. 

One example of an application of DLS is the study of 

colloidal stability of charged NPs in the presence of 

oppositely charged surfactants, such as 

cetyltrimethylammonium bromide and 

dodecyltrimethylammonium chloride. In this case, the 

DLS method can be used to determine not only the 

colloidal stability, but also the charge of NPs, and, hence, 

to infer the structure of NPs coated with charged 

surfactant ligands [61]. Now that a growing number of 

various biological imaging studies use NPs as contrast 

agents [62], it is important to explore the interaction of 

NPs with proteins. Moerz et al. [63] studied how GNPs 

with a citrate-functionalized surface formed stable hybrid 

clusters with hemoglobin. In that study, DLS analysis 

was used to estimate the sizes of not only GNPs, but also 

the hemoglobin–GNP clusters. Note that the use of DLS 

analysis allowed the researchers to determine minimal 

concentrations of clusters formed upon adding as little as 

0.1 mg/L of hemoglobin, which indicates a high 

sensitivity of the method. 

The DLS method is widely used to determine the 

hydrodynamic sizes of NPs of different compositions and 

with different surface ligands (Table 2). In addition, DLS 

analysis is suitable for studying changes in the size and 

morphology of GNPs exposed to strong laser radiation. 

These studies are especially important because there 

are examples of using NPs for hyperthermal destruction 

of tumors [69], and it is essential to control the possible 

size of the NPs after their heating with laser irradiation.  
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Table 2 Hydrodynamic diameters of different nanoparticles determined by the dynamic light scattering method.  

Nanoparticle type Surface ligand 
Hydrodynamic 

diameter, nm 
Ref. 

𝐹𝑒3𝑂4 

Poly(sodium(4)-styrenesulfonate) ~200 [64]  

Poly(diallyldimethylammonium chloride) 107.4 ± 53.7 [65] 

Mercaptosuccinic acid 78.48 ± 0.91 [66] 

ε − 𝐹𝑒2𝑂3 
Poly(4-vinylpyridine)-block-

poly(methoxypolyethylenglycolacrylate-co-

Rhodamine polyethylenglycolmethacrylate-

co-carboxylic polyethylenglycolmethacrylate) 

without coating, 18 

after coating, 27 
[67] 

γ − 𝐹𝑒2𝑂3 
without coating, 29 

after coating, 36 

Au@citrate - 58 ± 6 

[68] 

Au@ pMEO2MA-G1 
2-(2-Methoxyethoxy)ethyl methacrylate 

102 

Au@ pMEO2MA-G2 177 

Au@pNIPAM-G4 
N-Isopropylacrylamide 

141 

Au@pNIPAM-G5 197 

Au@pMMA-G6 
Methyl methacrylate 

225 

Au@pMMA-G7 216 

Au@pSt-G9 

Styrene 

102 

Au@pSt-G10 151 

Au@pSt-G11 198 

 

pMEO2MA-(G1–G11) are samples differing in the molar fraction of sodium dodecyl sulfate used during sample 

formation and in the molar ratio of solvents (water and ethanol). 

Table 3 Effect of the solvent on the detected TiO2 nanoparticle size [73]. 

Organic solvent Nanoparticle size, nm 

Acetone 642 

Butanol 668 

Methanol 626 

Isopropanol 774 

Ethylene glycol 550 

 

Cavicchi et al. [70] used the DLS, DDLS, and 

transmission electron microscopy (TEM) analyses to 

determine changes in the average size and size 

distribution of GNPs under laser irradiation and 

demonstrated a high sensitivity of DLS-based techniques 

and good correlation of their results with TEM data for 

diluted solutions of 10- to 100-nm NPs. It is also worth 

noting that researchers who design the experiment and 

select its parameters should be experienced in this field, 

because a minor change in the experimental parameters 

can significantly affect the reliability of the results. For 

example, Zheng et al. [71] studied the effects of GNP 

concentration, laser radiation power, and the multiple 

scattering phenomenon on the estimated HR of GNPs 

coated with citrate ligands with a nominal size of 100 nm. 

Their study has shown that the estimated HRs of GNPs 

strongly depend on the concentration and on the power 

of the incident laser radiation. The intensity of scattered 

light is proportional to the sixth power of the NP 

diameter, and the extremely intense light scattered on 80-

nm or larger GNPs causes a substantial multiple 

scattering effect in conventional DLS instruments. This 

effect leads to considerable errors in the detected HR in 

the case of routine data analysis not taking into account 

the multiple scattering. Other examples of experiments 

with gold, silver, and alloyed gold–silver NPs in aqueous 

media are compiled elsewhere [72]. 

Zhang et al. [73] studied the effect of the medium on 

the measurement of NP sizes by the DLS method. As an 

example, the sizes of TiO2 NPs, originally in the powder 

form, were determined in different solvents (Table 3). 
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The above examples show the importance of selecting 

the experimental parameters in DLS studies and 

demonstrate the effects of the laser flux density and 

medium composition on the estimated NP size. The 

composition of the NPs may also influence the size 

estimates. For example, a strong surface plasmon 

resonance (SPR) on GNPs significantly increases the 

intensity of scattered light compared to particles of the 

same size and shape made from materials that do not 

display SPR. This is of particular importance given the 

widespread use of the SPR effect in the imaging of 

malignant neoplasms, in theranostics, and in 

bioimaging [74]. Lehmann et al. [75] used DLS to 

measure the photoinduced size changes of hybrid 

particles, GNPs coated with a thermosensitive polymer. 

They used the setup for the MADLS analysis where the 

particle size was determined by irradiation with a 

helium–neon laser (633 nm), and an additional sapphire 

laser (532 nm) was used to irradiate GNPs in the SPR 

wavelength range. The use of MADLS made it possible 

to obtain absolute values of the HRs of bare GNPs and 

GNPs coated with thermosensitive polymer and to 

correct the data by excluding the light scattered by the 

GNPs. In contrast, in a single-angle DLS experiment, the 

light scattered by the GNPs would dominate the signal, 

especially at large angles, and only relative HR values 

would be available. This example shows the effect of 

SPR on the measurement process. A similar setup could 

be used for studying vesicles, microgels, and other hybrid 

systems, e.g., in developing drug carriers that would 

degrade in response to irradiation. Table 4 summarizes 

data on the sizes of different types of NPs as estimated 

by the DLS, TEM, and small-angle X-ray scattering 

(SAXS) methods. 

However, it should be remembered that direct 

comparison of NP sizes estimated using different 

techniques is not entirely correct. For example, DLS 

measures the HR of particles that actually consist, apart 

from the particles per se, of the layers of ions and solutes 

adsorbed from the solution, depending on the 

measurement conditions. We will consider the 

comparative advantages and drawbacks of the DLS 

method in more detail in the conclusion to this review. 

The DLS measurement of NPs size is used in many 

test systems. For example, Liu et al. [79] have described 

a test system for detecting picomolar concentrations of 

free prostate-specific antigen (f-PSA), a prostate cancer 

biomarker, that identifies immunocomplexes of GNPs, f-

PSA, and gold nanorods by the DLS method. Dai et 

al. [80] have reported a DLS-based method for detecting 

specific DNA sequences. This method uses two types of 

GNPs about 30 nm in size conjugated with 

oligonucleotides complementary to the 5' and 3' ends of 

the detected DNA. Here, DLS is used to detect the 

complex formed by two GNPs with DNA. The detection 

sensitivity is 1 pM, which is four orders of magnitude 

more sensitive compared with the methods based on light 

absorption measurement. At the same time, in developing 

DLS test systems, it is necessary to take into account 

inherent limitations of the DLS method. Specifically, the 

mean HR of an NP or a globular polymer remains 

constant, within the margin of error, as the concentration 

increases to a certain threshold, but further increase in 

concentration leads to a considerable decrease in the 

mean HR. Zheng et al. [71] analyzed the effect of the 

concentration of GNPs coated with citrate ligands on 

their HR estimated by the DLS method. With increasing 

GNP concentration, their estimated HR decreased from 

the nominal size of ~100 nm at a concentration of 

5.6 × 108 GNPs/ml to ~50 nm at 5.6 × 109 GNPs/ml and 

further to ~3 nm in the most concentrated samples. Such 

a high measurement error is explained by the 

aforementioned effect of multiple scattering in 

concentrated solutions. 

DLS measurement of the size of fluorescent quantum 

dots (QDs), which are widely used as fluorescent tags for 

in vivo and in vitro imaging [81], also has some 

peculiarities. The reason is that DLS analysis often 

involves laser radiation with a wavelength of about 630 

nm, and CdSe QDs about 15 nm in size fluoresce in this 

wavelength range.

 

Table 4 Sizes of nanoparticles of different types estimated using the dynamic light scattering, transmission electron 

microscopy, and small-angle X-ray scattering. 

Nanoparticles Actual size, 

nm 

Estimated size, nm 
Ref. 

Type Sample DLS SAXS TEM 

Hollow 

SiO2/TiO2 

nanoparticles 

HNP25 25 28 ± 2 30.0 ± 0.5 26 ± 5 

[76] HNP50 50 57 ± 2 62.8 ± 0.5 59 ± 5 

HNP100 100 108 ± 2 101.4 ± 0.5 105 ± 5 

Polystyrene 

nanoparticles 

PS1 – 33.5 43.2 40.5 
[77] 

PS2 – 25.0 29.6 25.5 

Gold 

nanoparticles 

Au1 15 50.7 - 13.7 

[78] 
Au2 60 50.8 - 59.1 

Silicon 

nanoparticles 

Si1 50 153.7 - 43.8 

Si2 80 121.6 - 57.7 
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This can distort the correlation function and lead to 

incorrect results. Therefore, the researcher has to prevent 

the overlap between the QD fluorescence spectrum and 

the laser radiation spectrum by using narrow-band optical 

filters or a laser with a different radiation 

wavelength [82]. Modlitbová et al. [83] studied the 

growth of the QD silicon shell as a function of time using 

the DLS and SEM methods. The authors observed only a 

minor discrepancy between the sizes of the shelled QDs 

estimated by the two methods at the initial stage of shell 

growth, but this discrepancy increased as the shell grew. 

Specifically, the difference between the estimates 

obtained by these methods was only about 8% before the 

start of shell growth and increased to 20% when the shell 

was formed. The explanation is simple: in the course of 

shell growth, the QD shape gradually deviated from 

spherical and the QD size became more variable, which 

led to incorrect results of the DLS measurements. It is 

important to correctly estimate the size of CsPbBr3 

semiconductor crystals with a perovskite structure. Due 

to their unique properties, perovskite nanocrystals are 

actively used in the production of solar cells, as well as 

scintillation detectors for biological imaging [84]. In 

determining their size by the DLS method, 

recommendations developed for quantum dots would be 

useful. Below, we will consider how the size of 

nonspherical NPs can be nevertheless determined. 

3.1.1 Measurement of the Sizes of 

Nonspherical Nanoparticles 

If the particles are considered as homogeneous spheres, 

then all angular scattering data must satisfy the Mie 

theory. In all other cases, the Rayleigh–Gans 

approximation yields the best results, with root-mean-

square radii calculated for the model selected on the basis 

of all previously known or assumed particle structures. 

For all interpretations based on the Mie theory or 

Rayleigh–Gans approximation [85], the particle samples 

should be fractionated before the measurement to ensure 

that the measurements are made in monodisperse 

samples. Nanomaterials of various shapes are widely 

used in biomedical research. The shape of NPs affects, 

e.g., their distribution in the bloodstream, circulation 

time in the body, and efficiency of cellular uptake, which 

is important when they are used for targeted drug 

delivery [86]. As mentioned above, the DLS method is 

the most suitable for measuring the sizes of NPs and 

microparticles (more precisely, their HRs) under the 

assumption that they are spherical. Therefore, the 

estimation of the HR of nonspherical NPs [87–90] is 

more difficult in both theoretical and practical terms. 

Two-dimensional materials have unique light-dynamic 

properties, a high heat conversion coefficient, and a large 

effective area-to-volume ratio. Therefore, they are of 

particular interest for various medical applications [91], 

including highly efficient drug loading [92]. Therefore, 

these materials are promising potential components of 

smart drug-delivery systems [93]. For example, Y2O3 

NPs inhibit the growth of both Gram-positive and Gram-

negative bacteria, and flake-like Y2O3 NPs exhibit 

anticancer activity [94]. For qualitative analysis of the 

shape of NPs under study, it is necessary to develop 

mathematical models and introduce correction factors 

determining the HR of NPs of different shapes [42]. 

Thus, when dealing with nonspherical structures, a 

correction factor should be taken into account. In the 

given example, this coefficient was so selected that the 

transverse size of a square-shaped NP and a circular 

nanoplate was 1.96 and 2.667 times the HR of their 

equivalent sphere [42]. With these correction factors, the 

DLS method can be used to accurately measure the 

lateral sizes of two-dimensional or nonspherical NPs. 

The following equation for calculating the HR of 

cylindrical particles is an example of the use of a 

correction factor: 

𝑅ℎ =
3

4
𝑑2 [

√𝑑2 + 𝐿2 +
𝑑2

𝐿
×

× ln (
𝐿

𝑑
−

1

𝑑
√𝑑2 + 𝐿2) − 𝐿

]

−1

, (16) 

where 𝐿  is the thickness and 𝑑  is the diameter of the 

particle. 

However, complex mathematical calculations are not 

always necessary. For example, Lotya et al. [95] studied 

solutions of graphene, MoS2, and WS2 nanoplates with 

sizes ranging from 40 nm to 1 μm. They have shown that 

good calibration curves can be plotted with an error 

between the DLS (in the backscatter mode, at an angle of 

173°) and TEM data of less than 40%. Thus, it sometimes 

suffices to plot calibration curves for NPs of different 

shapes and sizes in different solutions and use them to 

determine the size of nonspherical NPs and 

microparticles by the DLS method. 

It should be taken into account that even small 

hollows and non-uniformity of shapes lead to significant 

divergence of DLS results from actual values. 

Experiments with nonspherical silver NPs with a nominal 

diameter of about 50 nm have shown that DLS 

significantly overestimates the size distribution, and 

primary study of unknown samples should always 

combine DLS with electron microscopy or a similar 

method [96]. Alternative methods for estimating the size 

of nonspherical silver NPs are summarized in Ref. [97]. 

Gold nanorods are a convenient biomedical material 

because they bind amino and thiol groups of 

biomolecules, thus facilitating functionalization and 

bioconjugation involved in the fabrication of hybrid 

imaging and therapeutic systems [98]. In addition, gold 

nanorods, due to their effective radiation absorption in 

the near-infrared spectral range, are ideal candidates for 

photothermal destruction of tumor cells [99]. The optical 

properties of gold nanorods and their distribution in the 

body depend on their size and length-to-diameter ratio, 

which makes the measurement of their sizes a topical 

task. Levin et al. [56] used the MPDLS method to 

determine the size of gold nanorods. Their technique was 

based on time-resolved measurements of the intensity of 

light scattered by the NPs for different angles between 

the directions of incident and scattered light 
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polarizations. Experiments with gold and iron oxide 

nanorods were performed. The lengths and diameters of 

gold nanorods estimated from diffusion coefficients 

using the simple Kirkwood diffusion model agreed with 

the TEM data. However, this was not the case for iron 

oxide nanorods, most likely because their shape was far 

from cylindrical. To determine the size of axisymmetric 

nonspherical NPs, these authors suggested the concept of 

an equivalent cylinder with the same translational and 

rotational diffusion coefficients as those of the real 

particle. This concept can be useful for monitoring the 

stability of NPs in liquid media and the changes in their 

size with time, which has been demonstrated using the 

example of gold nanorods subjected to selective etching. 

The DDLS method was used to estimate the 

parameters of several suspensions of gold nanorods and 

a suspension of hematite (Fe2O3) rods, as well the 

changes in the size of gold nanorods upon selective 

etching [100]. For evaluating the DDLS data, all samples 

were also examined by TEM, and, for gold nanorods, the 

extinction spectra were measured in the spectral range 

around the localized surface plasmon resonance (LSPR) 

peak. The studies have shown that the method described 

in Ref. [100] can be used to calibrate nonspherical 

particles in liquid media. A study on citrate-coated gold 

nanorods [55] provides another example of the difference 

between the estimates of the nanorod sizes obtained by 

the DLS and DDLS methods. 

Other structures, including tubes, disks, thin layers, 

ellipsoids of rotation, rings, hollow balls, and spherical 

shells with specified radius and thickness, have been 

considered [101]. Here, the DLS method could not be 

used in its classical form, because ensembles of NPs of 

irregular shape were studied. Therefore, the MADLS 

method was used for more accurate estimation of sizes. 

Equations have been derived for NPs of individual types, 

whose root-mean-square radii are defined, e.g. nanotubes 

(Eq. (17)), nanorods (Eq. (18)), nanolayers (Eq. (19)) and 

nanorings (Eq. (20)). 

〈𝑟𝑔
2〉 =

𝐿

12
+ 𝑎2 +

𝑡2

2
− 𝑎𝑡, (17) 

〈𝑟𝑔
2〉 =

𝐿2

12
+

𝑎2

2
, (18) 

〈𝑟𝑔
2〉 =

1

12
(𝐿2 + 𝑡2 + ω2), (19) 

〈𝑟𝑔
2〉 = 𝑎2 − 𝑎𝑡 +

7

12
𝑡2, (20) 

where the nanotube has a length L, thickness t, and radius 

a; the uniform nanorod has a length L and radius a; the 

nanolayer has a length L, width w, and thickness t; and 

the nanoring has an external radius a and a square cross-

section thickness t. 

In conclusion, note that the DLS method in the 

classical form yields size estimates substantially differing 

from the actual ones when applied to asymmetrical 

particles. 

Of no less interest are Janus particles, a subclass of 

anisotropic particles considered to be among the most 

complex colloidal particles available [102]. Janus 

particles have two sides with different surface features, 

structures, and compositions [103]. This asymmetric 

structure allows combining different and even 

incompatible physical, chemical, and mechanical 

properties within a single particle. A new class of Janus 

photonic particles based on poly(4-vinylpyridine)-r-

polystyrene has been reported [104], capable of re-

emitting light in a dynamically tunable range by varying 

the size of the particle and the molecular weights of 

dendronized block copolymers and poly(4-

vinylpyridine)-r-polystyrene, as well as the mass ratio of 

these last two components. This material is promising for 

biomedical imaging. Much effort has been made to 

obtain Janus particles with a high homogeneity, tunable 

size and shape, combined functionalities, and scalable 

synthesis. An approach to the synthesis of such particles 

has been proposed [105]. Due to their unique properties, 

Janus particles have attracted attention in a wide range of 

applications, such as optics, catalysis, and 

biomedicine [102]. For example, several materials or 

combinations of materials can be incorporated into a 

single particle to provide controlled release of several 

drugs with independent release kinetics. This can be used 

to obtain synergistic effects of combination therapy and 

multilevel targeting that are impossible in the case of 

isotropic systems. Silicon-based Janus particles are 

known to be a promising material for biomedical 

imaging. In addition, anti-cancer effect of dual-loaded 

Janus particles against HeLa cells has been demonstrated, 

with doxorubicin (DOX) release monitored using the 

Förster energy transfer between DOX and 

7-hydroxycoumarin-3-carboxylate [106]. Therefore, 

correct estimation of the size of Janus particles will allow 

the monitoring of drug release, and the estimation of the 

diffusion coefficient can be used to calculate the kinetics 

of Janus particle distribution in the human body. Onajite 

Shemi et al. [107] studied the behavior of spherical and 

elliptical Janus particles in water and in 8% hydrogen 

peroxide. The Janus spheres in hydrogen peroxide 

solution had a diffusion coefficient of D = 0.60 μm2s–1 

and an average velocity of v = 1.9 μm2s–1. For 

comparison, 1.0-μm spherical Janus particles with a 

5-nm platinum layer in 10% hydrogen peroxide had 

D = 0.31 μm2s–1 and v = 3.1 μm2s–1. 

The DLS method has been used directly for 

estimating the Janus NP sizes [108]. Four types of 

polymeric NPs were synthesized: TCD1, TCD2, TCD3, 

and TCD4. TCD1 Janus NPs had a “snowman” 

morphology, and the other three types were spherical. 

According to the DLS data, the mean HR of TCD1 Janus 

NPs was 40 nm, which corresponded to the axial length 

of the “snowman”-like structure of TCD1 Janus NPs. The 

estimated mean HRs of TCD2, TCD3, and TCD4 NPs 

were 27.5, 34.5, and 79.5 nm, respectively. 

Silicon Janus NPs doped with rhodamine and 

functionalized with 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE) on one hemisphere of the 
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NP surface and a high-molecular-weight, long-chain 

poly(ethylene glycol) on another hemisphere were 

synthesized [109]. The size of the NPs as estimated by 

the DLS method was 50.5 ± 6 nm. 

Because blood and water are similar in their physical 

characteristics, such experiments allow using DLS for 

qualitative estimation of the distribution of Janus NPs in 

the bloodstream, as well as their size, in order to 

implement flexible control of the release of the loaded 

drugs. 

3.2 Measurement of Nanoparticle ζ-Potential 

In disperse systems, an electrical double layer (EDL) 

emerges on the surface of particles (at the particle–

medium interface). EDL is a layer of ions formed on the 

particle surface as a result of adsorption of ions from 

solution or dissociation of surface compounds. The 

surface of the particle acquires a layer of ions of a certain 

sign evenly distributed over the surface and creating a 

charge on it. These ions are called potential-determining 

ions (PDIs). Ions of the opposite sign or counter-ions 

(CIs) are attracted to the particle surface from the liquid 

medium. Thus, the EDL consists of the PDI layer, and the 

CI layer located in the dispersion medium. The CI layer, 

in turn, also consists of two layers. The first layer is the 

adsorption layer (dense layer) adjacent to the interphase 

surface. This layer results from electrostatic interaction 

with PDIs and specific adsorption. The second layer is 

the diffusion layer, which contains CIs attracted to the 

particle due to electrostatic forces. The diffusion layer 

may be very thick, depending on the properties of the 

system. 

When the particle moves, the EDL is disrupted. The 

place of disruption upon the movement of the solid and 

liquid phases relative to each other is called the slip plane. 

The slip plane lies at the boundary between the diffusion 

and adsorption layers, or in the diffusion layer near this 

boundary. The potential at the slip plane is called the 

electrokinetic potential or ζ-potential. It is calculated 

from the electrophoretic mobility of charged particles 

under the action of an applied electric field. The 

electrophoretic mobility of particles is equal to 

𝑈𝑝 =  
𝑉

𝐸
, (21) 

where V is the speed of the particles (nm/s) and E is the 

linear electric field intensity (V/cm). 

The Helmholtz–Smoluchowski equation defines the 

relationship between the electrokinetic potential and the 

electrophoretic (electroosmotic) mobility: 

ζ ~ 
η∙Up

εrε0
= 𝐴 ∙

η∙Up

εrε0
, (22) 

where A is a coefficient depending on the size and 

concentration of the particles, η is the viscosity at the 

experimental temperature, εr is the dielectric constant of 

the medium, and ε0 is the electric constant (dielectric 

constant of the vacuum). More details on the calculation 

of the ζ-potential in practical applications are presented 

in Ref. [110]. 

The ζ-potential can be understood as the electric 

potential formed between the charged groups associated 

with the surface of the particle and the suspension 

medium. From the known value of ζ-potential, the 

surface charge of the particle can be deduced.  

Laser Doppler velocimetry (LDV) uses the Doppler 

effect to measure the velocity of fluids or particles. LDVs 

have been used to estimate particle sizes [111]. However, 

the sizes of some NPs, such as micelles and 

liposomes [112], do not directly affect their velocities 

and, hence, cannot be directly measured using LDV. 

However, LDV can be used in conjunction with other 

techniques, such as DLS, to indirectly estimate the NP 

size from the velocity of NPs in a fluid. This information 

can then be used to correct the DLS measurements of the 

NP hydrodynamic diameter and obtain a more accurate 

estimation. The combination of the two methods has been 

used to measure the ζ-potentials of Ag, Cu, 

Ag/Cu [113], Al2O3, Al, HC-Ag, SiO2, and 

TiO2 NPs [114]. 

The DLS method can be used to determine the surface 

charges of lipid exosomes, polymeric microcapsules or 

particles, QDs, and other microparticles and NPs. For 

example, lysosomes are used as a biomarker of diseases, 

including Alzheimer’s disease and cancer, estimation of 

the liposome surface charge being an essential diagnostic 

step [115]. Determination of the surface charge is a step 

in obtaining polymeric microcapsules whose shell 

consists of oppositely charged electrolytes. Such 

microcapsules can be used for encapsulation and targeted 

delivery of anticancer drugs [116], for biological 

imaging [117], and for engineering of multiplexed 

diagnostic systems based on suspension 

microarrays [118]. The fabrication of all these diverse 

nanosystems involves layer-by-layer deposition of 

oppositely charged electrolytes, fluorescent tags, and 

sometimes drugs, and precisely the electrostatic 

interaction between adjacent layers determines the 

assembly and stabilization of the layers. 

Estimating the charge of microparticles and NPs is 

also important from a toxicological point of view. For 

example, the NP charge largely determines the 

mechanisms of NP entry into cells and their toxic effect. 

Specifically, positively charged NPs interact better with 

the negatively charged cell membrane or DNA and, 

hence, are more toxic than neutral or negatively charged 

NPs [58]. This tendency of microparticles and NPs of 

different charges to accumulate differently in different 

tissues is also used in designing delivery vehicles for 

anticancer drugs [119]. In addition, NPs can serve as 

centers of self-association or fibrillation of proteins and 

peptides, provoking amyloid-like proteinopathies, or, 

conversely, inhibitors of protein self-association. For 

example, Sukhanova et al. [120] have shown that only 

certain combinations of NP size and surface charge 

induce insulin fibrillation, and even minor changes in 

these parameters significantly reduce its rate. 
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Estimating the ζ-potential of QDs is an equally 

demanding task. QDs are characterized by a number of 

optical properties, including a high quantum yield, high 

brightness, high extinction coefficient, high resistance to 

photobleaching, as well as intermittent fluorescence 

signals (blinking), that have determined the wide use of 

QDs in medicine, particularly in medical imaging [121]. 

At the same time, QDs are potentially toxic, their 

characteristic size and the composition of their surface 

ligands and protein corona directly affecting the toxicity 

of QDs [122]. Nifontova et al. [123] used QDs as 

fluorescent nanolabels for hollow polyelectrolyte 

microcapsules. The microcapsules were assembled of 

several layers formed over calcium carbonate cores 

through successive precipitation from polystyrene 

sulfonate, peracetic acid, and polycyclic aromatic 

hydrocarbon solutions, and DLS estimation of the ζ-

potential upon the formation of each layer is essential 

because it determines the success of the microcapsule 

synthesis. The size of the original calcium carbonate 

particles should be known for selecting the 

concentrations of the initial solutions used for layer-by-

layer adsorption of polyelectrolyte polymers and the 

colloidal suspensions of hydrophilic magnetic NPs of 

iron (II, III) oxide with a carboxylated surface loaded into 

some microcapsules. 

3.3 Designing Theranostic Agents for 

in Vitro/in Vivo Fluorescence Imaging, 

Magnetic Resonance Imaging, and 

Magnetically Controlled Drug Delivery 

and Release 

Correct estimation of QD sizes is necessary in some 

immunostaining techniques where antigen–antibody 

interaction is accompanied by the Förster resonance 

energy transfer from QDs to reference fluorophores. This 

approach is relevant if, e.g., CdSe/ZnS core/shell QDs 

surrounded with a specific protein corona are used to 

detect free tumor biomarkers, such as prostate-specific 

antigen (PSA), in human serum samples [124]. In a study 

on improving the aforementioned microcapsule 

technology, Nifontova et al. [117] reported the mean HRs 

and ζ-potentials of the main building blocks of the 

microcapsules measured by the DLS method. The sizes 

of different building blocks ranged from about 31 nm to 

about 4137 nm, and their ζ-potentials ranged from –

41.8 mV for the smallest block to –8.86 mV for the 

largest one. These parameters affect the 

photoluminescence of polyelectrolyte microcapsules 

with opposite surface charges in multicomponent media 

and, hence, the possibility of using this platform as an 

imaging agent. 

3.4 Estimation of the Molecular Weight of 

Polymers 

Molecular weight is one of the most important properties 

of a molecule. Comparison of the reference molecular 

weights of proteins or nucleic acids with experimentally 

determined values can provide useful information on, 

e.g., the oligomeric state of the biomolecules, their 

degradation, and interactions between binding partners. 

For example, estimation of the molecular weight for 

confirming the absence of aggregates is a mandatory step 

in the testing of antibodies used for therapy [125]. 

Molecular weight estimation is also a convenient test for 

detecting interactions between molecules. Two 

approaches can be used for molecular weight estimation 

by the DLS method. The first is based on the calibration 

of the instrument using particles with a known molecular 

weight, such as ovalbumin (44 kDa, HR = 2.98 nm), 

aldolase (158 kDa, HR = 4.98), and other proteins. The 

second approach is based on combining data on the 

sedimentation coefficient obtained using an analytical 

ultracentrifuge and the HR measured by the DLS method, 

using the Svedberg equation [126]: 

𝑀𝜔 =
6πη0𝑅ℎ𝑁𝐴𝑠20,ω

0

1− 𝑣̅ρ0
, (23) 

where 𝑠20,ω
0  is the sedimentation coefficient converted to 

standard conditions (in water at 20°C) , 𝑣̅ is the partial 

specific volume of the molecule, η0 is the viscosity of the 

solvent at the experimental temperature T(°C), ρ0 is the 

density of the solvent at the given temperature T(°C), 𝑁𝐴 

is the Avogadro number, and 𝑅ℎ  the universal gas 

constant. This approach is widely used for estimating the 

molecular weights of proteins and nucleic 

acids [127, 128]. 

Another example of molecular weight estimation by 

the DLS method is reported by Badasyan et al. [129]. In 

order to correctly evaluate the results, identical solutions 

of dendritic molecules and polycarbosilane were 

analyzed by the DLS method and gel filtration 

chromatography (GFC) under the same conditions. By 

heating the diluted solutions, the agglomerates were 

broken up to obtain a molecular dispersion, i.e., the 

solution of individual dendrimer molecules, where the 

molecule size could be measured by the DLS method. 

The obtained HR value was used to measure the 

molecular weight of the globular structure of the 

dendrimer using the equation: 

𝑀𝑤 = 𝑉ρ𝑁𝐴 =
4π𝐷3

6
ρ𝑁𝐴, (24) 

where 𝑁𝐴  is the Avogadro number, 𝐷  is the particle 

diameter, 𝑉  is hydrodynamic particle volume, and the 

density ρ = 1.54 g/ml is assumed as a calculated one. In 

conclusion, it has to be noted that the measurement of the 

molecular weight by the DLS method is used for solving 

routine tasks, most commonly for the detection of dimers 

or other aggregations of protein molecules. 

3.5 Dynamic Light Scattering in Dealing with 

Biopolymers 

The most common examples of using the DLS method 

for studying biological molecules are studies on protein 

aggregation and assembly of nucleic acid complexes, 
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formation of protein–protein and protein–nucleic acid 

complexes, and interactions between proteins and small 

molecules. Complex formation is detected by measuring 

the HRs of microparticles and NPs in solutions. For 

example, Patel et al. [130] used DLS analysis to study the 

interaction between the nidogen-1 membrane protein and 

the laminin γ-1 extracellular matrix glycoprotein, which 

plays a key role in cell membrane formation. The DLS 

method makes it possible to promptly study the formation 

of this complex and its degradation by various chemical 

agents. DLS can also be used to determine the 

equilibrium and dissociation constants, as shown by 

Sharma et al. [131] in experiments on the interaction of 

the fibroblast growth factor with its receptor. Similarly, 

the DLS method allows quick and high-throughput 

screening of molecules inhibiting the interaction of two 

proteins [132]. Test systems for DLS detection of viruses 

have also been developed. For example, 

Driskell et al. [133] used conjugates of antibodies against 

the influenza virus with GNPs and detected the formation 

of aggregates by the DLS method. The detection limit of 

this technique was less than 100 TCID50 per milliliter 

(tissue culture infectious doses (TCID50) is the number of 

infectious virus particles required to infect 50% of a 

given cell culture). 

It is known that single-stranded nucleic acid 

molecules, particularly RNA, tend to form various 

secondary structures, e.g., hairpins and pseudoknots. The 

formation of one or another structure is determined by the 

nucleotide sequence of RNA, which makes it possible to 

search for single-nucleotide substitutions in the RNA 

sequence by estimating its size using the DLS 

method [134]. In addition, complementary nucleic acid 

strands may form dimers, which can be used for detecting 

viral or other specific RNA sequences. Finally, in 2020 

Gao et al. [135] proposed a DLS method for 

ultrasensitive detection of microRNA in the rolling circle 

replication reaction. Further development of this 

approach could provide a simple, inexpensive method of 

cancer diagnosis based on DLS detection of microRNAs. 

Applications of DLS to the analysis of biological 

molecules and polymers are practically unlimited and 

depend only on the design of the experiment. The use of 

DLS is still one of the easiest and least expensive 

approaches to high-throughput analysis of the properties 

of biological molecules; therefore, its applications for 

diagnosis and study of molecular interactions are rapidly 

widening. 

4 Conclusions 

The examples presented in this review article clearly 

demonstrate that DLS analysis has a number of unique 

advantages over other analytical methods, 

notwithstanding some challenges in the experimental 

techniques and data processing. The DLS method 

estimates parameters indispensable for characterization 

of biological molecules, microparticles and NPs, such as 

HR, surface charge, and molecular weight. Unlike 

transmission, scanning, and atomic force microscopies, 

DLS analysis is performed in the liquid phase, which is a 

natural medium for biological molecules. Furthermore, 

the HRs of protein globules, microparticles, and NPs 

coated with components of biological fluids are more 

natural parameters than the physical sizes of denatured 

protein molecules or solid shells of particles. The range 

of research and applied tasks solved by the DLS method 

includes testing of protein- and antibody-based drugs for 

stability and aggregability; study of the interaction 

between receptors and their ligands (proteins, nucleic 

acids, and small biomolecules); fabrication of multilayer 

polymeric functional microcapsules stabilized by 

electrostatic interaction forces to be used for drug 

delivery and imaging of lesions; characterization of 

nanomaterials for biological research, medicine, and 

electrical engineering; development of diagnostic test 

systems; and many others. The DLS analysis is 

advantageous over other analytical techniques due to its 

higher technical availability, ease of performing, and 

high throughput. In contrast to many microscopy 

techniques, the DLS method can be used to study 

dynamic processes, which is extremely important for 

biological and medical research. At the same time, the 

DLS method has a number of limitations and difficulties 

related to the selection of experimental conditions, such 

as the concentration range of solutions and the types of 

solvents, as well as additional mathematical calculations 

if the analyzed objects are not spherical. The DLS 

method dovetails with other analytical techniques, such 

as GFC and various types of microscopy, supplementing 

the results and simplifying the analysis of large amounts 

of samples, and it is also suitable for the study of dynamic 

processes. 

Thus, having considered the physical principles of 

DLS necessary for understanding the DLS method and 

planning experiments with proper account of its strengths 

and limitations, as well as the examples of the use of this 

approach for solving specific research and applied 

problems, we can conclude that DLS analysis is 

promising for a variety of research areas. 
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Abstract. In this paper, we present the physical properties and toxicological 
assessment of layers with nanoparticles based on metal chalcogenides and 
titanium on human fibroblast cells. Nanoparticles layers based on metal 
chalcogenides (MoS2, WS2, ZnS) and titanium were applied onto substrate by 
spray deposition method. Nanoparticles and flakes were synthesized by laser 
ablation and fragmentation in liquid by femtosecond pulses. We investigated 
the size and morphology of the synthesized nanoparticles: WS2-based flakes 
have a polygonal shape with dimensions up to 600 nm, other types of 
nanoparticles have a shape closer to spherical with sizes from 50 to 150 nm. 
Interaction of ultrafast laser radiation with materials in liquid is accompanied 
by the dissociation of water molecules leads to formation of hydrogen sulfide 
and oxides. To assess the biocompatibility of layers with synthesized 
nanoparticles, the MTT assay was performed with fibroblast cells. According 
to in vitro studies, Ti-based nanoparticles have the largest biocompatibility, 
and WS2-based flakes have the smallest ones. Thus, synthesized Ti-based 
nanoparticles can be used in biomedical applications to support tissue 
regeneration without additional modification. Due to their properties, metal 
sulfides-based nanoparticles can be used in the photodynamic therapy of 
oncological diseases to destroy cancer cells. © 2023 Journal of Biomedical 
Photonics & Engineering. 

Keywords: metal chalcogenides; pulsed laser ablation in liquid; pulsed laser 
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biological markers. 

mailto:khorkov@vlsu.ru


U.E. Kurilova et al.: Physical and Biological Properties of Layers with... doi: 10.18287/JBPE23.09.020301 

J of Biomedical Photonics & Eng 9(2) 2023   3 May 2023 © J-BPE 020301-2 

Paper #3587 received 21 Jan 2023; revised manuscript received 24 Mar 2023; accepted for 
publication 10 Apr 2023; published online 3 May 2023. doi: 10.18287/JBPE23.09.020301. 

 

 

 

1 Introduction 

Currently, various nanoparticles based on metals and 

their compounds for biomedical applications are widely 

used due to new synthesis methods development and the 

need to find innovative solutions for the therapy of 

socially significant diseases [1–2]. Immobilization on the 

surface or nanocapsulation of medicinal substances and 

receptor molecules in such nanoparticles, their high 

thermal and electrical conductivity, which facilitates the 

detection of nanoparticles, will allow combining therapy 

and diagnostics within the concept framework of 

theranostics [3–5].  

For each new synthesis method of nanoparticles, 

deeper physicochemical studies to assess their 

biocompatibility depending on their size, shape, and 

surface features are required [6–8]. 

Laser ablation in a liquid medium is a complex and 

multifactorial process. The main criteria that determine 

the performance of this operation is the energy expended 

and the yield of the target product. The use of laser 

systems with subpicosecond duration makes it possible 

to fine-tune the synthesis of nanoparticles with desired 

properties and dispersion, but clearly loses in terms of the 

mass yield of the ablated material [9]. The advantages of 

femto- and picosecond laser ablation processing for 

micro- and nanotechnologies are also due to non-thermal 

interaction with solid target materials, which is especially 

important when processing in liquid media. 

According to the review [10], the fundamental 

difference between laser ablation using femto- and 

picosecond laser pulses and nanosecond ones lies in the 

sequence and cumulative interaction of such processes as 

absorption of laser radiation, emission of nanoparticles, 

plasma interaction with the medium, a gas bubble 

formation. 

With femtosecond laser ablation in a liquid, it is 

possible to differentiate these processes by controlling 

the energy in the pulse and the environmental conditions. 

It is possible to fine-tune the process of laser ablation and, 

as a result, obtain predictable results. Femto- and 

picosecond laser processing is also accompanied by the 

phenomenon of multiphoton ionization, which improves 

the efficiency of laser beam energy transfer to the 

ablation process; the effects of the dependence of the 

absorption spectrum of the processed material on the 

wavelength of the acting radiation are not dominant. 

The defining fact in liquid media processing is the 

achievement of conditions that facilitate precise 

processing of the material with a minimum thermal 

load [11]. The mechanism of production of nanoparticles 

and the sequence of processes of interaction of laser 

radiation with matter is presented as follows: within a 

few femtoseconds, multiphoton and tunneling ionization 

takes place; after about 50 fs, avalanche ionization will 

occur; and after 100 fs, the thermalization of the electrons 

of the metal target will occur; after 1 ps, the transfer of 

electron energy to the lattice is observed; then, after 

10 ps, some thermodynamic processes are possible, such 

as thermal diffusion, synthesis of nanoparticles, and 

explosion [12]. Photochemical processes and phase 

transformations take place in time intervals from 

1 ns [13]. The question arises about the effective 

difference between femto- and picosecond laser systems, 

since during ablation the phenomena occurring in the 

impact zone in the energy and time intervals are 

comparable. In Ref. [14], the authors note a 20% 

performance advantage under the ablation effect of 

femtosecond laser pulses. 

The size distribution and formation rate of laser-

generated nanoparticles depend on the power density of 

laser radiation, the overlap of zones of influence of laser 

pulses, and the properties of the medium [15–16]. 

Therefore, the irradiated area at a certain pulse energy 

and the ratio of scan rate to repetition rate must be kept 

constant in order to obtain predictable and reproducible 

size distribution results. The use of F-Theta scanning 

system allows to control these parameters in a wide range 

of speeds. The linear mechanical scanning systems are 

often limited to beam travel speeds of up to 20 mm/s. If 

the task is to obtain nanopowders of a given dispersion, 

stoichiometric composition, and particle shape, the 

validity of the low cost of nanosecond systems and the 

complexity of using F-theta scanners are not taken into 

account. It is also noted that the size and dispersion of 

nanoparticles can be controlled by changing the 

wavelength [12, 17]. 

High fluence densities make it possible to create 

conditions for rapid heating of the material structure and 

rapid fixation of the crystalline structure. These 

properties are achieved due to local action and rapid 

cooling of the flow of ablated particles in the volume of 

the liquid medium. With femto- and picosecond laser 

ablation, a higher temperature and pressure in the local 

volume can be achieved. These conditions favor the 

synthesis of materials corresponding to the high-

temperature phases of the crystal lattice; smaller 

nanocrystals with a narrow size distribution can be 

obtained [18–19]. Such results are unattainable for laser 

processing using long pulses (longer than ns duration) in 

view of the possible relaxation of structural changes 

during prolonged exposure to temperature. The absence 

of volumetric heating of the surface in the environment 

allows ablation even in temperature-sensitive liquids 

such as organic solvents or biomolecular 

solutions [20–21]. In addition, nanoparticles after 

ultrashort pulsed laser ablation retain the stoichiometric 

composition of the target material better than 

nanoparticles after nanosecond pulsed ablation, which is 

confirmed by the results of EDX analysis of 

nanoparticles [22]. Nevertheless, laser ablation with 
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femto- and picosecond laser pulses also has a negative 

side associated with propagation through liquid media 

and the development of a number of nonlinear effects. 

These effects lead to the development of a laser-induced 

plasma channel in the focal plane and lead, among other 

things, to beam filamentation [23–24]. Volumetric 

boiling up of the liquid and difficulty in the propagation 

of laser radiation through a layer of microbubbles in the 

caustic zone can be observed, which is less pronounced 

with nanosecond processing, but can be eliminated with 

ablation with high-speed beam scanning over the surface. 

Under the action of nanosecond laser pulses, the 

processes leading to the ablation of nanoparticles occur 

almost simultaneously, which makes it difficult to fine-

tune the properties of the resulting nanomaterials (of 

course, if it is necessary to obtain compositions 

consisting of target materials – a liquid medium, when 

the liquid medium is used as a reaction medium). The 

nanosecond ablation effect is characterized by the 

transition of the ablated material through the melting 

stage. The generation of large nanoparticles in a liquid 

medium at a laser pulse duration of nanoseconds or more 

is due to the significant melting of the target material and 

the interaction of the laser pulse, including with 

cavitation bubbles, which are then formed in the liquid 

medium [25]. Nanosecond laser ablation ejects a stream 

of ablated particles, gas bubbles, intense hydrodynamic 

flows, which creates a kind of screen that prevents the 

energy of the laser beam from reaching the treated 

surface. Chemical reactions of the material, cumulative 

changes in the surface texture and morphology of the 

target material will occur due to surface melting and a 

combination of ablation and thermal activation 

processes [26]. A further increase in the pulse duration, 

on time scales from microseconds to milliseconds, 

triggers the mechanisms for the production of 

nanoparticles through plasma plume condensation [27]. 

Processing with longer pulses does not lead to productive 

synthesis due to the significant influence of 

hydrodynamic processes in a liquid medium. Intense 

boiling prevents effective transfer of laser radiation 

energy to the surface of the material being processed. 

Thus, features of femtosecond laser ablation and 

fragmentation in liquid are the possibility of synthesizing 

a wide range of nanomaterials, including both the source 

material and new compounds formed during laser 

irradiation and depend on the environment [28–30]. 

For example, laser processing in water leads to the 

dissociation of water molecules, the formation of oxygen, 

and further oxidation of metal sulfides [31]. 

One of the nanoparticles groups can be successfully 

used in biomedicine are nanoparticles based on metal 

chalcogenides [32]. They are used, for example, in 

bioimaging, biosensing, drug delivery, photothermal 

therapy due to their excellent characteristics, 

antibacterial activity and high biocompatibility [33–34]. 

WS2 nanoparticles have high antitumor activity, actively 

absorbing near-infrared radiation and converting it into 

thermal energy during photothermal therapy [35]. WS2 

nanoparticles accession with various molecules, it 

becomes possible to use the obtained complexes for 

visualization and destruction of tumor lesions 

in vivo [36]. 

MoS2 nanoparticles are also of great interest for basic 

research and applications in biomedicine, such as the 

development of functional nanoagents for biosensors, 

drug delivery, bioimaging, cancer therapy, and other 

biomedical applications [37–39]. There are a number of 

studies claiming that MoS2 nanostructures, especially 

those with appropriate surface functionalization, do not 

have noticeable toxicity in vitro and in vivo [40]. 

Complexes with MoS2 nanoparticles are used for tissue 

repair and antibacterial therapy [41]. 

ZnS nanoparticles are promising materials in the 

therapy of oncological diseases, since their introduction 

into tumor cells leads to the generation of reactive 

oxygen species that trigger cell destruction [42]. 

Complexes with ZnS nanoparticles can be used in 

magnetic hyperthermia [43], in vivo imaging [44], and 

skin regeneration [45]. 

ZnO is a semiconductor material with high biological 

stability and good exciton response, these properties 

make it a popular material for biosensors. Doping of ZnO 

with metals makes it possible to significantly change its 

sensor and catalytic properties [46–48]. ZnO 

nanoparticles production by laser ablation and 

subsequent fragmentation is a flexible method for tune 

the properties of described properties of zinc oxide. 

Titanium and its alloys have a unique combination of 

strength and biocompatibility, which allows them to be 

used for medical purposes and explains their widespread 

use as materials for implants [49]. Compounds with TiO 

nanoparticles are also used in biomedicine to suppress 

tumor growth and have an antibacterial effect [50]. 

TiO2 nanoparticles are widely used in the 

phototherapy of cancer cells, bacteria and are potential 

photosensitizing agents for photodynamic therapy due to 

their high stability and unique phototoxic effects upon 

irradiation [51–52]. 

All these nanoparticles can be obtained using method 

of laser ablation and fragmentation. Its advantages are 

simplicity, versatility, high purity of nanoparticles and 

absence of toxic products during synthesis [53]. 

Femtosecond regime gives an opportunity to control 

precisely nanoparticle structure [54]. 

In this work, we have considered the possibilities of 

using various dichalcogenides as starting materials for 

the formation of nanoparticles using the femtosecond 

laser ablation and fragmentation in water. The article 

considers the physicochemical characteristics and 

biocompatibility of nanoparticles synthesized by laser 

ablation and fragmentation in deionized water with 

femtosecond pulses of WS2, MoS2, ZnS and Ti targets. 

The sizes and morphology of nanoparticles were 

analyzed by dynamic light scattering (DLS) and scanning 

electron microscopy (SEM), and the features of the 

elemental composition were analyzed by energy 

dispersive spectroscopy (EDS). In vitro biocompatibility 

studies indicate the most suitable application for each of 

the types of synthesized nanoparticles. 
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2 Materials and Methods 

2.1 Synthesis of Nanoparticles 

For the synthesis of nanoparticles, the techniques of laser 

ablation and fragmentation in liquid with femtosecond 

pulses were used. Schemes, as well as images of the 

processes are presented in Fig. 1. 

 

 
Fig. 1 Schemes and images of the processes of laser 

ablation of the target (a, b) and fragmentation (с, d) in 

liquid. 

In our experiments, we used a Yb:KGW femtosecond 

laser system (Avesta Ltd., Russia) generating 280 fs 

pulses at 1030 nm  wavelength of with 10 kHz repetition 

rate and maximum pulse energy of 150 μJ. In Fig. 1 the 

following positions are indicated: 1 – laser radiation; 

2 – cuvette/tube; 3 – liquid medium; 4 – nanoparticles; 

5 – trajectory of laser beam scanning; 6 – target; 

7 – supercontinuum; 8 – magnetic anchor. 

In the process of laser ablation and fragmentation, 

scanning with laser beam over the target surface, as well 

as scanning in the volume of the liquid, was carried out 

using a two-coordinate X-Y scanner system Raylase 

RLA-1504, equipped with a F-Theta lens with a working 

distance of 200 mm. Focused beam diameter according 

to the intensity level 1/e2 was 50 μm. Deionized water 

was used as the liquid medium. In laser ablation, the 

targets were a synthetically grown molybdenum disulfide 

(MoS2) crystal, a bulk sample of polycrystalline CVD 

zinc sulfide (ZnS MS), and high-purity titanium. 

In experiments on laser fragmentation in liquid, in 

addition to colloidal solutions prepared by laser ablation 

in liquid, suspensions of monolayer tungsten disulfide 

(WS2) of various concentrations were also used. The 

starting material consisted of flakes with lateral sizes of 

0.1–4 µm and a thickness of ~1 nm. Suspensions of 

monolayer tungsten disulfide were prepared by adding 

WS2 powder to test tubes with deionized water and then 

placed in an ultrasonic bath. Suspensions of WS2 were 

prepared at concentrations of 0.2 and 1 mg/ml then 

irradiated with femtosecond laser pulses. 

During the laser ablation synthesis of MoS2 

nanoparticles, the crystal was located at the bottom of a 

cuvette filled with 5 ml of deionized water, the 

processing area was a square with a side of 5 mm, the 

scanning density was 20 lines/mm, the scanning speed 

was 100 mm/s, the number of processing iterations was 

60. This regime made it possible to achieve the required 

concentration of nanoparticles (0.2 mg/ml). Synthesis of 

ZnS nanoparticles was carried out at the same 

parameters. In the case of laser ablation of a titanium 

plate, the processing area was a square with a side of 

1.5 mm with scanning density was 20 lines/mm and 

scanning speed was 100 mm/s, time of laser ablation was 

10 min (total number of pulses 6∙106, energy per pulse 

100 μJ). 

A test tube with a prepared suspension/colloidal 

solution, including those containing large particles in the 

form of shatter of ablated materials, was subjected to 

laser fragmentation. The solution was continuously 

stirred during laser fragmentation. The mixing of the 

solution during laser processing was carried out as 

follows: test tube was filled with a solution of 5 ml in 

volume; at the bottom, a magnetic anchor was located, 

and a torque was transmitted to the magnetic anchor by 

means of a magnetic stirrer. The waist region of the laser 

beam was located 10 mm below the air/liquid interface 

(in Fig. 1d distance is marked with l), while the rotation 

speed of the magnetic anchor was 400 rpm. The speed 

was chosen to ensure efficient mixing and to prevent the 

formation of a funnel on the solution surface. The beam 

scanning trajectory during the laser fragmentation of the 

solution was a 4 mm diameter circle with a linear filling 

density of 20 lines/mm and a scanning speed of 

100 mm/s, while the scanning direction was changed by 

90º, so the processing area was a grid. 

Laser fragmentation of ZnS and MoS2 colloidal 

solutions obtained by laser ablation in liquid was for 

20 min (total number of pulses 12∙106), pulse energy 

100 μJ, energy fluence 10.2 J/cm2. 

During laser fragmentation of WS2 suspension with 

concentration of 0.2 mg/ml, the pulse energy was set at 

the level of 30 μJ, energy fluence was 3 J/cm2, and the 

laser irradiation duration was 2 min. In the case of WS2 

suspension with a concentration of 1 mg/ml, the pulse 

energy was 100 μJ, energy fluence was 10.2 J/cm2, and 

the duration of the laser fragmentation process was 

20 min. 

2.2 DLS 

To determine the sizes of the obtained nanoparticles, 

DLS measurements were performed using a Photocor 

setup (Photocor Ltd., Russia). The measurements were 

carried out at a temperature of 23 ºC. The autocorrelation 

function was processed with the DynaLS software. Based 

on the measurement results, the hydrodynamic diameter 

of nanoparticles was calculated. 

2.3 Layers Deposition on Substrates 

Each of the solutions was applied by spray deposition 

onto sterile clean 1 × 1 cm silicon substrates. The 

substrates were fixed in a special holder and placed in an 

E2V dispensing system for deposition (Nordson EFD, 

Westlake, OH, USA). The setup was a deposition system 

that can be positioned relative to three axes with high 
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accuracy. The diameter of the nozzle was 0.5 mm, the 

solutions were supplied under a pressure of 0.05 bar at air 

pressure 20 bar. To form a layer, 1.5 ml of solution was 

applied to each of the substrates. During the deposition 

process, the substrates were heated using a heating table 

to ensure faster drying of the solution and formation of a 

layer. For physical studies, WS2 nanoparticles with lower 

concentration were deposited on the substrate for the 

convenience of analyzing individual nanoparticles. In 

biological studies, for the most complete coverage of the 

substrate and the maximum consideration of the effect of 

nanoparticles on cells, WS2 nanoparticles with higher 

concentration were applied. 

2.4 Microscopy 

The surface features of the deposited layers of 

nanoparticles on silicon were studied using an FEI Helios 

NanoLab 650 scanning electron microscope (FEI Ltd., 

Hillsboro, OR, USA) equipped with an attachment for 

energy-dispersive X-ray spectroscopy (EDS). The 

samples were attached to the holder with carbon tape. 

Accelerating voltage of the electron beam was 5 kV, 

electron probe current was 21 pA. Images were obtained 

both in frontal projection and with the substrates tilted by 

52°. 

2.5 Layer Studies In Vitro 

For a comparative assessment of the cytotoxicity of the 

synthesized nanoparticles, the surfaces of the silicon 

substrates were completely covered with a layer of each 

type of nanoparticles according to the method described 

in Section 2.3. Thus, the layer on the substrate was a 

sample with the highest possible concentration of 

nanoparticles that affect the vital activity of cells. This 

method makes it possible to make a choice of the type of 

nanoparticles for further research, depending on the 

specific application. After fabrication, the samples were 

sterilized with ultraviolet for 20 min. Cellular 

experiments were carried out with FH-T cell line – 

human fibroblasts, which was acquired at the National 

Research Center for Epidemiology and Microbiology of 

the Ministry of Health of the Russian Federation. 

Protocol for incubation of nanoparticles with cells was as 

follows. The samples with layers of nanoparticles were 

placed to the bottom of the wells of a 12-well culture 

plate (the area of the well bottom was 3.8 cm2) and filled 

with a cell suspension in a DMEM culture medium 

supplemented with 10% calf serum in an amount of 

2 × 105 cells/ml. 1 ml of cells was added to each well. 

The plates were placed in a CO2 thermostat and kept there 

for 48 h. 

To quantify the cells on the samples, the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 

bromide) assay was performed according to the standard 

method [55]. At the end of the incubation period, the 

culture medium was removed. 100 μl of pure culture 

medium was added to each well with 20 μl of MTT at a 

concentration of 5 mg/ml. MTT is a tetrazole-based dye 

that interacts with the mitochondria of living cells to form 

formazan crystals. MTT remained in the wells for 2 h, 

after which the culture medium was removed. Further, 

dimethyl sulfoxide was added to dissolve the formazan 

crystals and obtain a purple color of the solution, the cell 

pellet was resuspended for 10 min. Staining intensity is 

proportional to the number of living cells, a microplate 

photometer Immunochem 2100 (High Technology Inc., 

North Attleboro, MA, USA) was used to quantify 

staining intensity. 

3 Results and Discussion 

3.2 Nanoparticles Fabrication and 

Determining Their Size in a Colloidal 

Solution 

Nanoparticles solutions and samples obtained after 

solutions deposition to the substrate are presented in 

Fig. 2. The average hydrodynamic diameters of 

nanoparticles in a colloidal solution after synthesis were 

obtained by the DLS method. The calculated nanoparticle 

sizes are given in Table 1. 

 

 
 

 

Fig. 2 Appearance of colloidal solutions of synthesized 

nanoparticles (a) and layers of nanoparticles applied to 

silicon (b). 

Despite the possibility of studying nanoparticles 

directly in a liquid medium, the DLS method is inferior 

in accuracy to microscopic methods in determining the 

size of nonspherical particles, as well as nanoparticles 

with a large size spread in one solution [56]. In addition, 

various surface non-homogeneities, such as porosity or 

the presence of smaller particles on the surface, also 

cannot be assessed by the DLS method [57]. 

(a) 

(b) 
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Table 1 Results of DLS measurements. 

Types of nanoparticles 

from starting materials 

Average hydrodynamic 

diameter, nm 

WS2 226 

MoS2 92 

ZnS 106 

Ti 166 

3.3 Morphology and Composition of Layers 

The surface features of the deposited layers were 

analyzed by SEM (Fig. 3). According to microscopy 

data, WS2-based nanoparticles are polygonal sheets 

120 to 600 nm in size (Fig. 3 a, b). In addition, 

accumulation of agglomerates of nanoparticles is found 

in some areas, which indicates the requirements for their 

longer processing to break the agglomerates before 

application. MoS2-based nanoparticles are more 

uniformly distributed over the silicon surface, have a 

shape close to spherical, and sizes from 50 to 100 nm 

(Fig. 3 c, d). 

 

 
Fig. 3 SEM images of the surface of layers of deposited 

WS2-based (a, b), MoS2-based (c, d), ZnS-based (e, f), 

and Ti-based (g, h) nanoparticles obtained by passing an 

electron beam at a right angle to the surface (a, c, e, g) 

and at a surface tilt of 52° (b, d, f, h). 

ZnS-based nanoparticles have a spherical shape and 

sizes from 60 to 130 nm, distributed mostly uniformly, 

occasionally there are agglomerates of 2–3 connected 

particles (Fig. 3 e, f). Ti-based nanoparticles are individual 

spheres with sizes from 60 to 140 nm (Fig. 3 g, h), 

distributed over the surface less uniformly compared to 

ZnS-based nanoparticles. The sizes of nanoparticles 

measured by the SEM method approximately correspond 

to the DLS estimate, except for WS2-based nanoparticles, 

which have a nonspherical shape and a large size spread. 

Thus, according to the DLS and microscopy data, 

among the synthesized nanoparticles, MoS2-based 

nanoparticles have the smallest sizes, while WS2-based 

nanoparticles are the largest sizes. Large flat nanoparticles 

can be efficiently absorbed by cells and accumulate in 

tumors, which is an advantage in cancer therapy [58]. Non-

spherical nanoparticles also have a large surface area for 

attaching different molecules. WS2-based and Ti-based 

nanoparticles are deposited on substrates less uniformly 

and tend to aggregate; therefore, when using them in vivo, 

special attention should be paid to the methods of their 

separation in order to avoid an uneven and hardly 

predictable distribution in the tissue volume. 

3.4 EDS Measurements 

During laser fragmentation of chalcogenides 

(ZnS, MoS2, WS2), hydrogen sulfide evolution was 

observed. The formation of hydrogen sulfide indicates 

the dissociation of water and processed chalcogenides. 

The conditions of irradiation during laser fragmentation 

promote the formation of new chemical bonds, and a 

partial replacement of sulfur by oxygen is observed. 

Laser processing of Ti in water results in the formation 

of oxides. The identification of the formed chemical 

compounds required an energy dispersive analysis of the 

formed nanoparticles. The results of EDS analysis are 

presented below in Figs. 4–7. 

The oxygen content in the resulting nanoparticles can 

be effectively controlled during fragmentation, just as the 

size dispersion of nanoparticles. Energy dispersive 

analysis is a convenient tool for diagnosing the elemental 

composition of micro- and nanostructures. 

During laser fragmentation of the WS2 suspension, 

the presence of oxygen was established (Fig. 4). In 

Ref. [59], the results of the assessment of the toxicity of 

tungsten oxide nanoparticles are presented, it is noted 

that it can be controlled by changing the concentration of 

nanoparticles, as well as by the optical emission spectrum 

in view of the high photocatalytic activity of tungsten 

oxide, especially in the short-wavelength part of the 

spectrum. The pronounced dependence of toxicity on the 

concentration of nanoparticles was considered in 

Ref. [60]. There is a high sorption capacity of 

nanoparticles relative to microparticles by the tissues of 

the body of rats. In Ref. [61], the stabilization of tungsten 

oxide nanoparticles is noted when polyvinylpyrrolidone 

(PVP) is used as a coating agent. As a result of laser 

fragmentation, the WS2 suspension is less susceptible to 

oxidation than ZnS and MoS2 nanoparticles. 
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Fig. 4 SEM image of the surface of WS2-based 

nanoparticles (a): distribution of tungsten (brightness 

+ 50%) (b), sulfur (c), and oxygen (d). 

 

Fig. 5 SEM image of the surface of Zn-based 

nanoparticles (a): distribution of Zn (brightness 

+ 50%) (b), sulfur (c), and oxygen (d). 

Slight changes in the shape of the nanoparticles 

obtained after fragmentation may indicate an 

insignificant value of the laser effect, or a high stability 

of the tungsten oxide suspension for this type of 

processing. A sufficiently large size of the obtained 

particles may indicate the need to increase the 

fragmentation time in order to reduce the size. 

During laser fragmentation of ablated zinc sulfide 

nanoparticles in water, ZnS can be destroyed and both 

oxygen and hydroxyl bonds can form. It is possible to 

violate stoichiometry, especially on the surface of 

nanoparticles, and, as a result, oxygen sorption from air 

during sample preparation. SEM image of a continuous 

film-like coating on the surface of the obtained samples 

with pronounced local elevations, while maintaining the 

signal of sulfur and oxygen, is shown in Fig. 5. 

The prevalence of the oxygen response in fragmented 

ZnS nanoparticles may indicate a significant content of 

zinc oxide. In the process of laser ablation of ZnS in an 

aqueous medium, the formation of nanoparticles and 

flocculent deposit of the clusters are often observed [62], 

during the drying of which they form a continuous 

coating of the surface. This occurs when the 

concentration of particles in the solution is high. 

The results obtained (Fig. 6) show the oxidative 

capacity of MoS2 during laser fragmentation in an 

aqueous medium. This activity is due to the high catalytic 

capacity of water vapor for the oxidation of 

molybdenum [63]. During laser fragmentation, hydrogen 

sulfide evolution is observed. The formation of hydrogen 

sulfide is possible during the ionization/dissociation of 

water or water vapor as a result of the laser irradiation 

process. Laser fragmentation leads to a violation of the 

initial stoichiometry of molybdenum disulfide with the 

formation of many derivative compositions [64–66]. 

The results of energy dispersive analysis of 

nanoparticles obtained by laser ablation of titanium in 

deionized water showed the presence of a significant 

amount of oxygen (Fig. 7). 

The absence of a change in the shape of particles 

relative to the spherical shape indicates the presence of 

oxygen on the surface due to some of its deficiency. An 

excess oxygen content leads to significant changes in 

the shape of nanoparticles, including intergrow and 

form of a single common surface. In addition, the 

formation of core-shell particles is possible. The 

presence of oxygen on the surface of titanium 

nanoparticles can significantly expand the area of their 

application in biosensorics. In Ref. [67], high 

biocompatibility and high stability in both acidic and 

alkaline media are noted. 

The instability of titanium oxide can be 

compensated for by its deficiency in the nanoparticle. 

Titanium oxide in different phase states (rutile, anatase) 

has an ambiguous effect on biological objects. In 

Ref. [68], the results of the toxic effect of titanium 

oxide nanoparticles of various sizes and phase 

composition on cell cultures are presented. 

 

 

Fig. 6 SEM image of the surface of MoS2-based 

nanoparticles (a): distribution of Mo (brightness 

+ 50%) (b), sulfur (c), and oxygen (d). 
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Fig. 7 SEM images of the surface of Ti-based 

nanoparticles (a, b): distribution of Ti (c), oxygen (d). 

Localized areas of titanium oxide on the surface of the 

obtained titanium nanoparticles are limited by the 

volume of the material, which hinders its polymorphic 

transformations when external conditions change. These 

factors can be used in the production of stable sensor 

systems based on titanium oxide. 

The results obtained allow us to conclude that water 

is highly reactive in the process of laser ablation and 

fragmentation, since significant changes in the chemistry 

of the obtained materials relative to the initial ones are 

observed. The observed changes, among other things, can 

be caused both by the nature of the water itself, and by 

significant changes in the properties of this medium in 

the region of the caustic of the transmitted laser radiation. 

The ionization energy of water is from 9.2 eV, 

pronounced continuum generation in the visible part of 

the spectrum is observed at energies of 

10.5–12.5 eV [69–70] respectively, under our processing 

conditions, in particular fragmentation, the formation of 

a continuum during the laser radiation passing through 

water corresponds to the state ionization of the 

environment. Particles in a medium corresponding to the 

state of ionization are capable of forming chemical 

bonds, which was observed in Refs. [71–74]. 

3.5 Biological Properties of Nanoparticles 

Various nanoparticles and nanostructures obtained with 

laser radiation can be successfully used as components 

for bioelectronic devices [75] and in biomedical 

applications, including scaffold materials for tissue 

engineering [76–78]. Conducting complex studies of the 

cytotoxicity of nanoparticles is an important step before 

in vivo and clinical studies. This section presents the 

results of a preliminary assessment of the cytotoxicity of 

the synthesized nanoparticles in the short term, which 

makes it possible to outline a further vector of in vitro 

studies. The method of forming layers of nanoparticles 

on a silicon substrate using a spray application of 

homogeneous colloidal solutions made it possible to 

achieve complete coverage of the substrate surface with 

a layer of nanoparticles for cell studies in order to take 

into account their effect on cells to the maximum. This 

method made it possible to determine the survival of cells 

on a layer with the maximum concentration of 

nanoparticles of various types. 

One of the most common, simple and reproducible 

tests for determining the biocompatibility of samples is 

the MTT assay. The results of the MTT assay of the 

deposited layers of nanoparticles are presented in Fig. 8. 

  

Fig. 8 The number of cells on the surface of the deposited 

layers of nanoparticles as a percentage of the control 

sample (clean substrate) according to the MTT assay. 

The best biocompatibility is exhibited by layers of 

Ti-based nanoparticles; the layers of WS2-based and 

ZnS-based nanoparticles are the least biocompatible 

among the studied particles. Layers of MoS2-based 

nanoparticles show average biocompatibility values of 

~ 80%. One of the reasons for the decrease in the 

biocompatibility of the layers may be the ability of metal 

chalcogenide nanoparticles to form reactive oxygen 

species, which negatively affects cells [79]. 

Nanoparticles, however, can be attached to molecules of 

photosensitizers and used at the studied concentration for 

an additional destructive effect on cancer cells during 

photodynamic therapy [80]. The toxicity of these 

nanoparticles for targeted drug delivery applications can 

be reduced by covering them with biocompatible 

coatings [81]. Due to the high biocompatibility, 

Ti nanoparticles can be used for biomedical applications 

in drug delivery and tissue regeneration without 

additional modification. The biocompatibility of 

synthesized nanoparticles can be affected by the 

concentration of nanoparticles in solution; additional 

binding of molecules to nanoparticles can either increase 

or decrease their biocompatibility. 

In the case of using nanoparticles for cancer therapy, 

due to the characteristics of blood vessels supplying 

tumor tissues, it is more efficient to use large 

nonspherical nanoparticles [82]. In this case, the long-

term presence of nanoparticles in the tumor volume is 

more important than their rapid removal from the body.  

There is evidence that in the process of additional 

modification of nanoparticles (for example, addition of a 

polymer), it is possible to both reduce their size [83] and 
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change their biological properties in the required 

direction [84]. Modification of the surface of 

nanoparticles makes it possible to change the rate of their 

filtration by the excretory system or to minimize their 

absorption by the liver [85]. 

4 Conclusions 

In this work, colloidal solutions and layers of 

nanoparticles of 4 types of starting materials deposited on 

silicon wafers were studied: WS2, MoS2, ZnS, Ti, 

obtained using the technique of laser ablation and 

fragmentation in liquid with femtosecond pulses. Among 

the considered nanoparticles, MoS2-based nanoparticles 

have the smallest size, and WS2-based nanoparticles have 

the largest size. WS2-based nanoparticles have a non-

spherical shape and, at the studied concentration, have an 

inhibitory effect on cell growth, which can be used when 

these nanoparticles are introduced into the tumor zone for 

its subsequent destruction by photodynamic therapy 

under the action of laser radiation. ZnS-based 

nanoparticles have a similar effect. It should be noted that 

ZnS-based nanoparticles have high antiseptic properties, 

including those actively used for photocatalytic 

antibacterial treatment. Our results demonstrate the 

relatively low toxicity of the structures obtained, which 

may be due to the presence of a shell of zinc oxide, a 

significant substitution of zinc sulfide, zinc oxide, which 

is characterized by high biological inertness. Ti-based 

nanoparticles are spherical and highly biocompatible, 

which makes them promising for targeted drug delivery 

and tissue regeneration. The content of titanium oxide on 

the surface of nanoparticles (determined using EDS) 

requires further research. On the one hand, the presence 

of titanium oxide on the surface of the obtained 

nanoparticles can be obtained as a result of laser 

fragmentation, when the nanoparticles were repeatedly 

exposed to laser radiation in water, as well as the 

formation of titanium oxide during the storage of 

nanoparticles, also, it is impossible to exclude a change 

in the phase composition of the surface of these particles 

due to the high chemical activity of these materials. 

Titanium oxide in different phase states (rutile, anatase) 

has an ambiguous effect on biological objects. 
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Abstract. The use of automated and robotic systems for precision low-
traumatic surgery is a common trend in modern medicine. One of the 
promising tools for such operations is an automated laser scalpel based on a 
scanner with real-time diagnostics of the process of biotissue evaporation. The 
paper investigates the possibility of operational Doppler diagnostics of layer-
by-layer laser evaporation of biomodels. A surgical CO2 laser with a two-
coordinate scanning system was used as a scalpel. The method of autodyne 
detection of backscattered radiation coming from the laser action zone was 
used to diagnose the evaporation process. Samples based on Difco agar with 
different water content and various tissues of pigs in vitro were used as 
biomodels. The depth of evaporation, the zone of thermal damage of the 
samples, and the dynamics of the autodyne signal were studied depending on 
the scanning modes and parameters of laser radiation. It has been shown that 
the autodyne signal arising from the layer-by-layer evaporation of samples is 
sensitive to the water content of biomodels and the structural features of the 
tissue. Autodyne diagnostics of layer-by-layer laser scanning makes it possible 
to control the evaporation process of biotissue of the same type and to 
determine the boundaries between tissues of different types both in the 
scanning plane and in the tissue depth. The obtained results can be used in the 
developing technologies for automated laser layer-by-layer evaporation of 
biological tissues in relation to the precision low-traumatic surgery tasks. 
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1 Introduction 

The use of automated and robotic systems in surgery is a 

modern trend in developing and improving medical 

technologies [1]. This approach is based on objective 

monitoring of the surgical intervention process in real 

time, which reduces the risks of the human factor and 

enables fast postoperative rehabilitation of patients. 

Currently, surgical systems of this kind are mainly based 

on the tactile feedback from the surgeon and various 

methods of visualizing the surgical field [2]. 

Laser radiation as a surgical manipulation instrument 

has such advantages as low invasiveness and 

traumatization of healthy tissues, high accuracy and fast 

removal of pathological tissues. These advantages can be 

fully exhibited when laser radiation is used as part of 

automated and robotic systems. However, one of the 

disadvantages that limits the surgical use of lasers is the 

lack of tactile feedback during laser intervention [3]. 

When performing laser surgery with penetration deep 

into the tissue, the surgeon is not able to receive 
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information about the actual depth of evaporation or 

about the underlying tissue type. In this regard, some 

sensors are needed that would allow the surgeon to obtain 

objective information about the course of laser surgical 

intervention in real time. 

To receive feedback for single-mode surgical CO2 

lasers, we propose to use the self-mixing effect (autodyne 

effect) that occurs when radiation is exposed to condensed 

media, in particular, to biological tissues [4]. The effect is 

that the radiation backscattered from an external moving 

object enters the laser cavity and initiates modulation of 

the output power (autodyne signal) at the Doppler 

frequency. The autodyne signal is a source of operational 

information about the course of laser biotissue evaporation 

and thus serves as kind of a “sensor” for organizing 

feedback in intelligent surgical devices. The proposed 

operational diagnostics of the processes of laser 

evaporation of biological tissues consists in identifying 

differences in the amplitude-frequency characteristics of 

the autodyne signal that occurs when exposed to tissues of 

different types. We have shown the potential of this 

approach for monitoring and controlling the process of 

biotissue laser evaporation based on commercial single-

mode CO2 lasers with pulsed-periodic (PP) pumping of the 

active medium [5, 6]. 

Surgical devices based on PP single-mode CO2 lasers 

with scanning systems are widely used for treating various 

skin lesions and high-precision removal of superficial 

neoplasms providing automated layered laser evaporation 

of the affected biological tissue [7, 8]. In general, these 

devices are used for laser resurfacing, removal of skin 

lesions and mucous membranes, which is considered the 

“gold standard” in dermatological surgery [9]. Currently, 

the quality control of laser operation with scanning 

systems is carried out both by setting the parameters of 

automated evaporation (the shape and area of the 

evaporated tissue, the stepwise depth of its evaporation) 

visually and by using video control [7, 10]. In particular, 

when selecting modes for precision laser cuts of a certain 

depth, it is proposed [11] to use an experimental database 

containing the results obtained from model biomaterials. 

Although this approach makes it possible to implement 

precision low-traumatic and organ-saving laser surgical 

interventions, at present there is no possibility to obtain 

objective information on the course of laser surgery in real 

time, in particular, to determine the boundaries and the 

depth of the evaporated tissue. 

On the basis of the in vitro and in vivo experiments 

performed on different types of biological tissues of both 

animals and humans, we have revealed that the spectral 

characteristics of the autodyne signal change when the 

laser beam passes from one type of tissue to another during 

laser evaporation [12]. These changes are caused by a 

variance in the characteristics of the Doppler backscatter 

signal coming from the laser impact zone on different 

tissues. The Doppler signal is determined by a 

combination of laser-induced dynamic processes in the 

zone of laser evaporation of biotissue and depends on both 

the structural features of the biological tissue and on the 

parameters of laser action. The use of the autodyne effect 

makes it possible to perform real-time differential 

diagnostics of the evaporated biotissue type for surgical 

CO2 lasers, that is, to distinguish the tissues differing from 

each other by the magnitude of the autodyne signal at the 

same parameters of laser action. 

The use of scanning systems with feedback presents 

new opportunities for creating robotic surgical laser 

systems for the tasks of precision low-traumatic surgery. 

A peculiar characteristic of this approach lies in the fact 

that during the process of layer-by-layer tissue evaporation 

using laser beam scanning, it is necessary to identify both 

the boundary between the tissues in the scanning plane and 

the boundary between tissues by depth. In this case the 

laser beam repeatedly passes through the previously 

evaporated zone with a gradual deepening of the beam. 

This paper presents the results of the study of the autodyne 

diagnostics possibility for the process of automated laser 

layer-by-layer evaporation of tissues using a scanning 

system. 

2 Methods and Materials 

For automated surface laser evaporation of biomodels we 

used a setup consisting of a laser unit, an articulated-

mirror manipulator and a JS1105 Galvo Scanner 

2-coordinate galvanic scanner (Sino-Galvo 

Technology Co., China) docked with it (Fig. 1a) [6]. The 

setup is based on the C20A single-mode pulse-periodic 

CO2 laser (Coherent, USA) with a power up to 20 W. It 

allows precision evaporation and dissection of biotissue 

with simultaneous real-time recording the autodyne 

signal generated by the CO2 laser. The autodyne control 

scheme of the biotissue evaporation process is shown in 

Fig. 1b. The backscattered radiation from the laser 

evaporation zone hits the mirrors of the 2-coordinate 

scanner, then it is directed through the system of mirrors 

of the articulated-mirror manipulator to the CO2 laser 

resonator and initiates modulation of the output radiation 

power (the autodyne signal) at the Doppler frequency. 

Part of laser radiation is diverted by the beam splitter to 

a fast IR photodetector. The signal from the 

photodetector routed through the ADC is fed to the 

computer that processes and retrieves the information 

component of the autodyne signal and controls the 

operation of the scanner.  

The scanner control unit and the specially developed 

software make it possible to set any shape of the 

evaporation area within 20 mm × 20 mm, the speed of 

the laser beam within 1–50 mm/s, and the required filling 

density of the evaporated surface by laser hatching. The 

surface scanning area is a set of parallel lines (hereinafter, 

hatching lines). The width of these lines corresponds to 

the diameter of the focal spot. During the experiments the 

degree of overlap of the hatching lines was varied. To 

obtain a certain depth of the evaporated area, multiple 

laser scanning of this area of the biomodel was carried 

out. The dimensions of the laser beam and the 

distribution of the laser radiation intensity were 

determined with a NanoScan2s Pyro/9/5 laser beam 

profile analyzer (Ophir-Optronics, Israel). 



A.K. Dmitriev et al.: Diagnostics of Layer-by-Layer Biotissue Evaporation in the... doi: 10.18287/JBPE23.09.020302 

J of Biomedical Photonics & Eng 9(2) 2023   2 Jun 2023 © J-BPE 020302-3 

 

 

(a) (b) 

Fig. 1 The setup for automated surface laser evaporation of biomodels (а) and a schematic diagram of autodyne detection 

of backscattered radiation (b): (1) CO2 laser, (2) beam splitter, (3) HgCdTe photodetector, (4) ADC, (5) PC, (6) mirror, 

(7) galvanic scanner, (8) X-axis scanning, (9) Y-axis scanning, (10) lens, and (11) biomodel. 

As biomodels, the samples based on Difco agar and 

various pig tissues in vitro were used: cardiac muscle, skin 

area with fat tissue (obtained from the abdominal part of 

the animal), and a fragment of the pig auricle. The cardiac 

muscle is a three-dimensional structure of densely packed 

muscle fibers [13] with water content of 79% [14]. The 

“skin-fat” sample consisted of the sequentially arranged 

skin (including epidermis and dermis) and fat tissue with 

water content of 69% [14]. Fat is a collection of fat cells 

with a central fat droplet (globule) surrounded by 

cytoplasm [13] with water content of 20–40% [15]. The 

fragment of the auricle contained a cartilaginous plate 

covered with skin on both sides with no fat tissue under the 

skin of the auricle. Cartilage is a three-dimensional 

structure of collagen fibers and proteoglycan 

molecules [13] with water content of 80% [14]. The size 

of the samples was 15 × 15 mm. The thicknesses of the 

biomodel layers are indicated in the description of the 

experimental results. The studies were carried out on pig 

tissues obtained from a butchery. Each tissue sample that 

was used in this study was less than 48 h post mortem. The 

samples were stored at a temperature of 0–4 °C at constant 

humidity. Samples for experiments utilizing agar were 

prepared with a mass agar fraction between 5% and 15%. 

Such samples simulated soft tissues with a high water 

content. Cross sections of biomodels after scanning were 

studied under a microscope, for which a sample was cut in 

a direction perpendicular to the direction of beam motion. 

In experiments on automated evaporation of the 

surface of biomodels, a 8.5 mm × 11.6 mm rectangular 

area was scanned by means of a lens with a focal length of 

50 mm. The radiation was focused on the biomodel 

surface. The position of the focal spot remained unchanged 

during multiple scanning. In the experiments, the exposure 

and scanning modes were changed: the power of laser 

radiation (3–5 W), the speed of the laser beam (from 

2 mm/s to 30 mm/s), and the density of hatching lines. The 

evaporation depth of the biomodel surface was several 

millimeters. 

Processing the autodyne signal during laser scanning 

was carried out using a special algorithm for extracting the 

informational Doppler component described in Ref. [16]. 

The signal power Ps in the selected frequency range was 

used as an information parameter of the autodyne signal.  

3 Results and Discussion 

The use of autodyne detection of backscattered radiation 

imposes excessive requirements on the quality of 

operational laser radiation [5]. The profile of the laser 

beam was measured directly at the exit from the laser, 

whereas in the operating field it was measured in the 

scanning plane. The measurements show that the 

radiation at an output power of 3–20 W is a single spatial 

mode with an intensity distribution close to the Gaussian 

profile. Fig. 2a shows the distribution of radiation 

intensity at the laser exit at the radiation power of 6 W. 

The beam diameter (at the level of 13.5% along the 

X axis) was 2.3 mm, the difference from the Gaussian 

distribution (calculated using the Least Squares Fit 

method) along the X axis was 0.955. After passing 

through the setup optical system, the articulated-mirror 

manipulator, and the optical path of the scanner with a 

50-mm focal length lens, the laser beam in the 

scanning plane retains the Gaussian profile (Fig. 2b). 
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(a) (b) 

Fig. 2 Distribution of laser radiation intensity in the focal spot in the scanning plane (a) and relationship between the laser 

beam diameter d and the Z distance from the focal plane of the lens (b). The focal length of the lens is 50 mm. 

 
(a) 

 
(b) 

Fig. 3 Cross section of the evaporated zone of biomodels 

based on agar (a) and in vitro pig heart muscle (b) in 

different modes of a single scanning: a) power is 4 W, 

scanning speed is 18 mm/s, distance between hatching 

lines is 160 µm; b) power is 3.2 W, scanning speed is 

12 mm/s, distance between hatching lines is 80 µm. 

The beam diameter at the focus (along the X axis) is 

175 μm, the difference from the Gaussian distribution 

along this axis was 0.984. Fig. 2b shows the relationship 

between the focused beam diameter and the distance 

from the focal plane of the scanner lens. The diameter of 

the laser beam at the distance of ±2 mm from the focal 

plane of the lens changes by a factor of 1.4 

(correspondingly, the radiation power density changes by 

a factor of 2). 

During laser scanning, the biomaterial evaporates to 

a certain depth, specified by the scanning conditions. In 

this case, the underlying layer of the sample is heated, 

which can lead to partial melting of the sample material 

(in the case of biomodels based on agar), or to thermal 

damage and changes in the properties of the underlying 

layer (for the case of biomodels based on the in vitro 

biotissues, see Fig. 3). The thermal damage zone (TDZ) 

of the tissue includes carbonization and coagulation 

zones (Fig. 3b). The TDZ depth was measured as the 

distance between the surface of the evaporated tissue and 

the boundary of the coagulation zone, which is visually 

observed as the tissue of a lighter shade. This color is the 

result of coagulation of tissue proteins when heated to a 

temperature of 70 °C [17]. With the help of a digital 

microscope, the TDZ depth of pig myocardial tissue was 

measured after single and multiple scans. It was found 

that at the laser radiation power of 3.5 W and the 

scanning speed of 10 mm/s, even a single scan leads to 

the tissue thermal damage to a depth of 250–300 μm. 

After four scans (four successive scans of the same area 

of the sample surface), the TDZ depth was 650–700 µm. 

The peculiarities of the autodyne signal were studied 

in terms of the scanning speed and the number of scans 

of the same biomodel surface area (multiple scans). 

Fig. 4a shows the relationship between the power of the 

autodyne signal and the scanning speed for a single 

action to the surface of 5% and 15% agar samples. It can 

be seen that the power of the autodyne signal differs 

markedly for samples with different agar content, which 

allows for biotissue differential diagnostics with different 

water content. It is quite probable that the greater value 

of the signal for samples with 15% agar content is due to 

the fact that larger particles are formed due to 

microexplosions during laser exposure and are removed 

from the active surgery zone. During multiple laser 

scanning of the surface area, the sample surface is 

displaced relative to the focal plane of the laser beam. 
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(a) 

 
(b) 

Fig. 4 Relationship between the power of the autodyne 

signal and the scanning speed (a) and the number of scans 

during evaporation of the surface of agar samples; a) blue 

circle  is 5% agar; red square  is 15% agar; 

b) scanning speed 10 mm/s, black filled square  is 15% 

agar. Radiation power P = 3.5 W, the distance between 

hatching lines is 480 μm. 

Therefore, the autodyne signal may vary depending on 

the number of scans. Fig. 4b shows the relationship 

between the power of the autodyne signal, the N number 

of scans and evaporation of the sample surface of 15% 

agar. This figure also shows the distance scale H from the 

focal plane (or from the initial sample surface) to the 

sample surface after scanning. The scale was calculated 

assuming that a 450 µm thick layer is removed in one 

scan under the given action conditions. As follows from 

the figure, during multiple scans, a gradual decrease in 

the power of the autodyne signal occurs. This is due to 

the fact that the surface leaves the focal plane of the 

scanner lens. This is in agreement with the size of the 

caustic at the focus of the scanner lens (see Fig. 2b). 

Fig. 5 shows the change in the average value of the 

autodyne signal power during multiple laser scans of the 

surface of the heart muscle sample. An increase in the 

autodyne signal is observed during the transition from a 

“fresh” tissue area (Scan 1) to subsequent scanning of the 

surface areas subjected to thermal effects of laser 

radiation and containing TDZ (see Fig. 3b). 

 
Fig. 5 The power of the autodyne signal during the 

evaporation of the surface of pig heart muscle in vitro 

depending on the number of scans. P = 3.5 W, 

v = 10 mm/s, the distance between hatching lines is 

480 µm. 

The possibility of diagnosing both the lateral 

boundary and the depth boundary between different 

tissues was investigated using two-layer biomodels based 

on agar. The samples with 5% and 15% agar content were 

used for modeling soft biotissues with different water 

content. In the first case, the samples connected in series 

were used. The samples were arranged in such a way that 

the direction of the hatching lines during scanning and 

the boundary between the samples were close to parallel. 

Fig. 6a shows the dynamics of the autodyne signal power 

during the evaporation of the combined sample. 

It can be seen that when the laser radiation passes 

from 5% to 15% of the sample (from left to right), the 

signal increases. Moreover, transition from one signal 

level to another occurs in the form of oscillations. This is 

due to the fact that the direction of the hatching lines does 

not completely coincide with the boundary line between 

the samples, and the laser beam passes several times from 

one sample to another. 

Fig. 6b shows the simulation of layer-by-layer laser 

evaporation of a two-layer 1.4 mm thick structure 

consisting of 5% agar located on a 15% agar sample. As 

follows from the Fig. 6b, the level of the autodyne signal 

in Scan 2 is greater than that in Scan 1 and smaller than 

that the Scan 3 because Scan 2 evaporates the remainder 

of the first layer and captures the underlying second layer 

of the sample with 15% agar content. 

To simulate a situation close to a real surgical 

intervention, in vitro pig tissue samples were used. Fig. 7 

shows the change of the autodyne signal during layer-by-

layer scanning of a sample containing the 1–1.5 mm thick 

upper layer of the skin, under which the fat tissue was 

located. A noticeable increase in the autodyne signal 

occurs at the transition from the skin (Scan 1) to the layer 

of fat tissue (Scan 2). During Scan 1, the skin layer was 

not completely removed in some areas. The next pass 

captures both areas of exclusively fat tissue and areas 

with the skin remnants, which is reflected in the autodyne 

signal power. 

Another example is layer-by-layer laser evaporation 

of the biomodel surface based on pig auricle. 
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(a) (b) 

Fig. 6 Dynamics of the autodyne signal power during laser scanning of combined agar samples. P = 3.0 W, the distance 

between hatching lines is 325 μm. (a) Single scanning of serially connected (from left to right) 5% and 15% agar samples. 

Scanning speed is 12.5 mm/s. (1) Autodyne signal power, (2) noise. (b) Layered scanning of a 5% agar sample located 

on a 15% sample. The scanning speed is 10 mm/s. (1) – (3) are scan numbers; (B) is noise. 

 

Fig. 7 Relationship between the autodyne signal power 

and time during layer-by-layer laser scanning of the 

“skin-fat tissue” biomodel. P = 4.5 W, scanning speed is 

10 mm/s. Scan 1 is skin, Scan 2 is fat tissue, B is noise. 

 

Fig. 8 Biomodel based on pig auricle. (a) Photo of pig 

auricle section. The red line shows the scanning plane 

(Scan 4, Fig. 9), the scanning direction is from left to 

right. (b) Schematic diagram of the process of scanning 

the laser beam on the biomodel surface. 

 

Fig. 9 Relationship between the power of the autodyne 

signal and the scanning time (the pig auricle segment in 

Fig. 8). P = 5 W, the scanning speed is 10 mm/s. Scan 1 

(black) is skin, Scan 4 (red) is skin and cartilage tissue, 

Scan 8 (green) is skin. 

The model consists of several consecutive layers (Fig. 8): 

skin (1.0–1.8 mm thickness), cartilage (0.7–0.8 mm) and 

skin (1.2–1.8 mm) The change in the autodyne signal 

power as a function of time during layer-by-layer 

scanning of this biomodel is shown in Fig. 9. This model 

is characterized by a curvature of the cartilage tissue 

layer. Scan 1 captures only the superficial area of the 

skin. The level of the autodyne signal determines the 

process of skin evaporation. Scan 4 captures both the skin 

and the cartilage areas. Accordingly, the area of cartilage 

evaporation is characterized by a significantly lower 

level of the autodyne signal. During Pass 8, the laser 

beam again vaporizes only the skin and the level of the 

autodyne signal becomes high as in Pass 1. 

Previously [12], we showed that the differences in the 

nature of laser evaporation of biotissues are due to their 

structural peculiarities, content and distribution of 

interstitial water. The specificity of the Doppler spectra 

depends on the type of biotissue which is largely due to 
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the characteristics of the tissue destruction products. The 

size, shape, and other characteristics of the destruction 

products arising from the laser impact zone are largely 

determined by the structure features of the original 

biological tissue, in particular, when exposed to fat 

tissue, the destruction products consist of relatively large 

fat drops, whereas when exposed to the muscle tissue, 

they contain fibers. The combination of these factors and 

the difference in the optical and physical characteristics 

of different tissues lead to the differences in the Doppler 

backscatter signal, which makes it possible to carry out 

differential diagnossis of the evaporated tissue types in 

real time. 

4 Conclusions 

The study has demonstrated the possibilities of autodyne 

diagnosing for automated laser layer-by-layer 

evaporation of various biomodels based on a scanning 

system. The specific features of the autodyne signal were 

examined according to the following characteristics: the 

CO2 laser radiation power, the scanning speed during 

single and multiple surface scans of the biomodels based 

on agar with different water content and biotissues of 

pigs in vitro. It has been shown that in the process of 

layer-by-layer laser scanning, autodyne diagnostics 

makes it possible to control the evaporation process of 

the same type of biotissue and to determine the 

boundaries between biotissues of different types both in 

the scanning plane and in the depth of the biotissue. The 

obtained results can be used for developing new 

technologies for automated laser layer-by-layer tissue 

evaporation as applied to the tasks of high-precision low-

traumatic surgery. 
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Abstract. Phototherapy is widely used for neonatal hyperbilirubinemia 
treatment; however, the most important but not completely recognized issue 
is the determination of the optimal spectral range of light that provides an 
effective reduction of bilirubin level in the blood of a newborn with minimal 
adverse side effects. This study demonstrates that the exposure of radiation 
from LED sources of blue (emission wavelength λmax = 463 nm, FWHM 20 nm) 
and green (λmax = 517 nm, FWHM 38 nm) spectral regions to the erythrocyte 
suspension with the same energy dose (D = 14.4 J/cm2) leads to 
approximately equally effective hemolysis of erythrocytes. It is concluded that 
the damage of erythrocyte membranes is caused by the excitation of 
endogenous porphyrin and flavin photosensitizers contained in the cells in 
low concentrations, but characterized by high efficiency of singlet oxygen 
generation. When bilirubin is added to the erythrocyte suspension, a 
spontaneous (dark) erythrocyte hemolysis intensifies, but the light-induced 
hemolysis slows down (compared to cells containing no bilirubin). Under the 
same conditions, the leakage of potassium ions from light-exposed 
erythrocytes is accelerating, with the light of green spectral region has a more 
pronounced effect, despite more intense absorption of blue light by bilirubin 
localized in cells. © 2023 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

The interest to the investigation of possible photodamage 

of biological systems of various structural levels treated 

with bilirubin is due to the widespread use of optical 

technologies for the treatment of hyperbilirubinemia 

(jaundice) in newborn children [1–6]. As it is known, this 

disease is caused by the excessive accumulation in the 

child's body of the bile pigment – Z,Z-bilirubin IX, 

which at its high concentrations can effect negatively the 

health of the newborn. The main and in fact the only 

method of reduction of bilirubin levels during the 

jaundice is phototherapy, based on exposure of child's 

body surface with light of the blue-green spectral range 

corresponding to the pigment absorption spectrum [1–6]. 

On light quanta absorption, Z,Z-bilirubin IX molecule 

undergoes a number of configuration and structural 

transformations into photoisomers, that have greater 

hydrophilicity compared to native bilirubin, and are 

characterized by a higher excretion rate. 

However, despite more than 60 years of history of the 

use of light for the treatment of hyperbilirubinemia 

(despite of the use of light for hyperbilirubinemia 

treatment for more than 60-years), many issues related to 

the practical implementation of phototherapy 

technologies are far from being understood. One of the 

most important but not fully clarified issues is to 

determine the optimal wavelength of light for 

hyperbilirubinemia phototherapy. Another fundamental 

issue is connected to adverse side effects from 

mailto:j.kruchenok@ifanbel.bas-net.by
https://dx.doi.org/10.18287/JBPE23.09.020303
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phototherapy and their dependence on the spectral range 

of the incident radiation. For a long time it was believed 

that the optimal spectral range for phototherapy should 

correspond to the maximum of absorption spectrum of 

bilirubin bound to serum albumin max  460 nm [5]. 

However, in recent years, quite a lot of data has 

appeared [6–12] that the light of green spectral region 

corresponding to the long-wavelength slope of the 

absorption band of the bilirubin-albumin complex is no 

less effective than blue light, or even surpasses it. 

The long-time experience in using blue light for the 

treatment of neonatal hyperbilirubinemia has shown that 

no serious adverse side effects are mostly observed 

during phototherapy in clinical conditions. However, 

there is a strong opinion that phototherapy cannot be 

completely harmless, and it should be used carefully, not 

exceeding certain recommended light intensities; 

minimization of phototherapeutic effects is 

advised [1, 4]. The need to comply with certain 

restrictive measures during phototherapy is stipulated by 

some literature data [13–15] giving information that 

phototherapy implementation in newborns with 

extremely low body weight (less than 750 g) aggravates 

the condition of the infant and may be fatal. In addition, 

there is data about a higher risk of future development of 

cancer [16–19] and epilepsy [20] of those children who 

have previously had neonatal phototherapy. Sometimes 

there are undesirable processes in the newborn's body 

(bronze baby syndrome, hypocalcemia, dehydration, 

DNA damage, allergic reactions in the form of asthma 

attacks, rashes on the body), manifested directly during 

or after the phototherapy [1, 3, 4, 21, 22]. It is believed 

that some of them may be caused by the sensitizing effect 

of bilirubin and its photoisomers [23–26]. There are 

numerous data on the photocytotoxicity of bilirubin and 

its structural photoisomer lumirubin against cells of 

various body tissues [25–30] and, in particular, blood 

cells [31–34]. At the same time, it has been repeatedly 

suggested in the literature [22, 23, 27, 28, 35, 36] that the 

transition from light sources of the blue spectral range to 

sources of the green spectral range will help not only 

effectively reduce the level of bilirubin in the blood of 

newborns, but also reduce adverse side effects of 

phototherapy. However, there are practically no 

comparative studies of the adverse side effects upon 

exposure of blood cells treated with bilirubin to light of 

the blue and green spectral regions. Such studies are 

becoming especially relevant because of switching to 

LED sources of blue-green or green spectral regions in 

phototherapy equipment for the treatment of neonatal 

jaundice [1–4, 36], and also in connection with the 

revealed dependence of the efficiency of the formation of 

configuration and structural bilirubin photoisomers on 

the wavelength of exciting light [37–39]. The reason for 

the variation in the quantum yield of photoisomers 

formation with a change of the excitation wavelength is 

the bichromophoric nature of the absorption and 

emission of light by bilirubin molecules and the 

dependence of intramolecular distribution of the 

excitation energy between two asymmetric tetrapyrrole 

chromophores on the quantum energy [40, 41]. 

The purpose of this work is comparative in vitro 

studies of the effectiveness of human erythrocytes 

damage upon exposure to radiation of LED sources with 

the same intensity in blue and green spectral regions 

(promising for reduction of bilirubin levels in newborns 

with hyperbilirubinemia syndrome) at a bilirubin 

concentration suggesting phototherapy in infants. The 

choice of erythrocytes is specified by the known data of 

previous studies [31–34, 42–44], which identified the 

erythrocyte membrane as the main target of 

photocytotoxicity during sensitization with bilirubin. 

Moreover, in Ref. [45] we demonstrated the ability of 

low-intensity optical radiation of visible spectral region 

to have a modifying effect on erythrocyte membranes 

even in the absence of exogenous bilirubin. 

2 Materials and Methods 

Saline and buffered solutions were prepared from 

sodium-phosphate salts produced by Merck (Merck, 

extra pure, p.a.) on distilled water. Bilirubin produced by 

“Reakchim” SRPA Biolar high purity grade (Russia) and 

bilirubin produced by “Fluka” (Germany) with no 

additional purification were used in the work. The purity 

of the substances was ≥ 98.5%. The bilirubin solution 

was prepared according to the standard procedure: 

2.5 mg of bilirubin were dissolved in 200 μl of 0.05 M 

NaOH (due to its very low solubility in water at 

physiological pH values). At calculation of bilirubin 

concentrations, the molar extinction coefficient 

440 = 4.75⋅104 M–1⋅cm–1 [41] was assumed. 

For preparation of the bilirubin-albumin solution 

complex, human serum albumin produced by Sigma, USA, 

fraction V, degree of purification about 99% was used. At 

calculation of the components concentrations, the following 

values of molar extinction coefficients were used: bilirubin 

within the HSA complex ε460 = 4.70⋅104 M–1⋅cm–1, HSA 

ε280 = 3.55⋅104 M–1⋅cm–1 [41]. 

Flavin mononucleotide phosphate (FMN) 

(fluorimetric purity 76.5%) by Sigma-Aldrich, 

protoporphyrin IX (purity > 97%), Zn(II)-protoporphyrin 

IX (purity > 95%) by Frontier Scientific and 

dimethylsulfoxide by “Kupavnareactive” (Russia, 

reagent grade) with no additional purification were used. 

Erythrocytes were extracted from adult donors’ blood 

of a random group and Rh factor provided by the 

Republican Scientific and Practical Center of 

Transfusiology and Medical Biotechnologies of the 

Ministry of Health of the Republic of Belarus. Blood was 

placed into 3.8% sodium citrate. Erythrocytes were 

isolated from supernatant plasma by centrifugal 

separation at 3000 g for 15 min. Pelleted cells were 

resuspended in 0.155 M NaCl, centrifuged as above and 

a buffy coat was removed. The process was triply 

repeated to take away white blood cells and platelets. 

Finally, the washed erythrocytes were resuspended in 

phosphate buffered saline (PBS: 0.155 M NaCl, 1.9 mM 

NaH2PO4, 8.1 mM Na2HPO4, pH 7.4) to their initial 

concentration in the blood (hematocrit ~ 50%).   
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Bilirubin was added into the erythrocytes suspension 

in PBS to concentration of 171 μМ (through 0.05 M 

NaOH), and such suspension samples were incubated at 

37 °C for an hour in the dark simultaneously with control 

erythrocyte suspension samples without bilirubin. The 

indicated concentration of bilirubin corresponds to the 

level at which phototherapy is recommended for 

newborns with hyperbilirubinemia syndrome. For 

irradiation, the erythrocyte suspension was diluted to 

hematocrit ~ 13%. Aliquots of each suspension were 

exposed to blue or green light for 20 min. Forty min after 

irradiation, one part of the irradiated sample, as well as 

control unirradiated samples of identical composition, 

were centrifuged at 3000 g for 15 min for sedimentation 

and then the supernatant was analyzed. The second part 

of all the samples were kept for 18 h in the fridge at 8 °C, 

and then erythrocytes were also sedimented in them and 

supernatant was analyzed. The work was carried out at 

room temperature of 21 ± 1 °C in low light conditions. 

The radiation sources were blue (the wavelength of 

the emission spectrum maximum max = 463 nm, the full-

width at half-maximum FWHM = 20 nm) and green 

(max = 517 nm, FWHM = 38 nm) LED matrices forming 

a uniform intensity light spot with irradiance at the 

surface level of the samples ILED  12 mW/cm2 

(phototherapy device “Romashka”, Institute of Physics 

of the National Academy of Sciences of Belarus). The 

light exposure was carried out for 20 min in a 10 mm 

thick layer with slow stirring of the suspension, 

excluding mechanical hemolysis of red blood cells. The 

energy dose during this exposure was D = 14.4 J/cm2, 

which is approximately comparable to 2 h of 

phototherapy in the treatment of neonatal 

hyperbilirubinemia.  

The tests indicating photodamage of the erythrocyte 

membrane were data on the concentrations of potassium 

K+ ions and hemoglobin molecules in the solution 

surrounding the erythrocytes, which was extracted by 

centrifugation of the suspension as a supernatant. The 

magnitude of the photobiological effect was 

characterized by the ratio of optical densities at the Soret 

band maximum (λmax = 416 nm) in the supernatant of 

experimental and control samples, as well as by the ratio 

of K+ ion concentrations in the supernatant of 

experimental and control samples.  

Since, during the experiments, each new part of donor 

material differed from the previous one due to the 

random choice of donors by blood type and Rh factor, as 

well as due to the possible presence of significantly 

different concentrations of antioxidants in their blood, a 

relative assessment of potassium ions’ and hemoglobin 

yield in the PBS was carried out for each part of donor 

material. The number of measurements within one 

sample of donor blood was at least 3. The total amount of 

samples of donor blood was at least 4. 

To reveal the possible contribution of singlet oxygen 

to photodynamic processes, sodium azide (NaN3), a well-

known quencher of this active oxygen form, in final 

concentration of 50 mM, was added into some samples 

with bilirubin before irradiation. 

The analysis of the K+ ions in the supernatant solution 

was carried out with an inductively coupled plasma 

atomic emission spectrometer (IRIS Intrepid II XDL 

DUO, Thermo Electron Corp., USA) with calibration by 

the standard sample of K+ aqueous solution 8092-

97(18K-1). The presence of hemoglobin in the solution 

was determined spectrophotometrically. Solutions 

absorption spectra were measured by Cary 500 Scan 

UV-Vis-NIR spectrophotometer (Varian, USA) in 1-cm 

quartz cuvettes. 

3 Statistical Analysis 

Data are expressed as mean ± error of mean. Statistical 

analysis was performed using Microsoft Excel. 

Differences between means were assessed by the 

Kramer-Welch criterion (applied to small independent 

samples) [46], based on statistics 

Temp = │x̅–y̅│/(Dx/nx+Dy/ny)0.5, where x̅ and y̅ are 

comparable means, D is the sample variance, n = 4. A 

value of α = 0.05 was chosen as the level of statistical 

significance, unless otherwise specified. 

4 Results 

4.1 Spectral Characteristics of Bilirubin, 

Erythrocyte Suspension and Optical 

Radiation Sources 

It is well known that bilirubin is a hydrophobic 

compound, and, in human blood, it is mainly in complex 

with serum albumin, which is able to bind two pigment 

molecules in different parts of the protein globule with 

association constants kas = 5.5107 M−1 and 

kas = 4.4106 M−1 [40]. Less than 10–15% of the blood 

total bilirubin is in a water-soluble form, being 

conjugated with glucuronic acid. When bilirubin 

concentrations in the blood exceed the albumin binding 

capacity, erythrocytes along with lipoproteins become 

the closest target for it. Human erythrocytes are capable 

to bind bilirubin in concentrations up to 0.93 nМ/mg of 

protein [43] or about 1 mg per 10 ml of cells [47]. It is 

believed that bilirubin binding sites can be located both 

outside and inside of erythrocyte membrane and these 

sites are not formed by proteins or, at least, membrane 

proteins do not play a significant role in bilirubin 

binding [42, 43].  

The absorption spectra of bilirubin in PBS (curve 1), 

as well as in complex with human serum albumin at 1/1 

molar ratio (curve 2) are shown in Fig. 1. The absorption 

spectrum of bilirubin bound to erythrocyte ghosts 

(0.1 ml; 5 mg of ghost protein/ml, 20 µM bilirubin) is 

also shown here (curve 3), reproduced from Ref. [42]. A 

distinctive feature of bilirubin absorption spectrum in an 

aqueous medium is its rapid variability over time caused 

by the formation of aggregated forms and oxidation by 

air oxygen. Bilirubin complexes with albumin and 

erythrocyte membranes (ghosts) are significantly more 

stable. Note that the incorporation of bilirubin into the 

albumin protein globule is accompanied by a long-wave 
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shift of the pigment absorption spectrum from 

max = 437 nm for bilirubin in the buffer solution to 

max = 460 nm. 

 
Fig. 1 The normalized absorption spectra of bilirubin in 

PBS (1), in complex with human serum albumin at 

1/1 molar ratio (2), in erythrocyte ghosts (0.1 ml; 5 mg of 

ghost protein/ml, 20 μM bilirubin) from Ref. [42] (3), 

and normalized emission spectra of blue (4), and 

green (5) LEDs. The emission spectra of blue (4’) and 

green (5’) LEDs normalized to equal integral intensity 

are shown in the inset together with the spectrum of 

bilirubin in erythrocyte ghosts (3). 

In contrast to the absorption spectrum of the bilirubin-

albumin complex, the absorption spectrum of bilirubin 

bound to erythrocyte membranes is significantly 

broadened, its maximum is in the region of 

max = 450 nm; in addition, a shoulder appears in the 

spectrum in the region of 490 nm. It is characteristic that 

those similar broadened bilirubin absorption spectra with 

a pronounced shoulder in the region of 500 nm are also 

observed when bilirubin is embedded in the 

synaptosomal plasma membrane vesicles isolated from 

rat brain [48]. 

Normalized emission spectra of blue (curve 4) and 

green (curve 5) LEDs used to irradiate the erythrocytes 

suspension are also shown in Fig. 1. Since the emission 

spectra of LEDs are characterized by quite different 

FWHM values, for clarity, the inset in Fig. 1 shows the 

emission spectra of blue (curve 4’) and green (green 5’) 

LEDs, normalized to the same integral intensities (which 

under identical experimental conditions means the same 

irradiance of blue and green light at the surface level of 

the samples). A fragment of the absorption spectrum of 

bilirubin in erythrocyte ghosts is also shown here 

(curve 3). It can be seen that the radiation with 

max = 463 nm almost corresponds to the maximum of 

the absorption spectrum of free bilirubin, as well as 

bilirubin bound both to albumin and erythrocyte 

membranes (ghosts). But the radiation with 

λmax = 517 nm corresponds to the long-wavelength slope 

of the pigment absorption band, where the absorption of 

light by bilirubin is less than in the region of the 

maximum of the absorption spectrum. Therefore, at the 

same irradiance (12 mW/cm2) of the incident radiation of 

blue and green LEDs, the absorption of blue light by 

bilirubin bound to erythrocytes in suspensions will be 

greater than the absorption of green light. 

Studies have shown that the radiation of LED sources 

in blue (max = 463 nm) and green (max = 517 nm) 

spectral regions, upon exposure of cell suspension treated 

with bilirubin, is to some extent shielded by hemoglobin 

contained in erythrocytes. At the same time, the shielding 

effect of hemoglobin is approximately the same for the 

LED sources used. This conclusion follows from the data 

in Fig. 2, which shows the absorption spectra of the 

erythrocyte suspension and the emission spectra of blue 

and green LEDs. 

It can be seen that the absorption spectrum of the 

erythrocyte suspension with maxima in the region of 

max = 418 nm (Soret band) and max = 543 and 578 nm 

(Q-bands) corresponds to the absorption spectrum of 

hemoglobin. At the same time, the areas of overlap of the 

suspension absorption spectrum with the emission 

spectra of blue and green LEDs (shaded areas in Fig. 2) 

are approximately equal. In addition, mixing of 

suspensions during their irradiation almost eliminates the 

possible role of incident light shielding in the observed 

differences (see below) of the damaging effects of blue 

and green light on the erythrocyte membranes. 

 

Fig. 2 The normalized absorption spectrum of the 

erythrocyte suspension (1) and the emission spectra of 

blue LED (2) and green LED (3). 

4.2 The Effect of LED Sources Radiation of 

Blue and Green Spectral Regions to the 

Permeability of Erythrocyte Membranes 

for Potassium Ions 

To quantify the change in the permeability of erythrocyte 

membranes for potassium K+ ions under the influence of 

radiation, the ratio [K+
ir]/[K+

un] was used, where [K+
ir] 

and [K+
un] are the concentrations of K+ ions in the 

supernatant from irradiated and unirradiated control 

erythrocyte suspensions, accordingly. 

The performed studies have shown that LED sources 

radiation of blue (max = 463 nm) or green 

(max = 517 nm) spectral regions at irradiance of 

ILED  12 mW/cm2 applied to the suspension of human 

erythrocytes for 20 min (energy dose D = 14.4 J/cm2) 
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without adding the bilirubin almost does not affect the 

permeability of cell membranes for potassium ions when 

monitoring this process both 40 min after the termination 

of irradiation and 18 h later. This conclusion follows 

from the presented in Fig. 3 arithmetic mean values of 

[K+
ir]/[K+

un], determined by four independent 

experiments (with erythrocytes of four donors). 

 
Fig. 3 The ratio of the concentration of potassium ions 

[K+
ir]/[K+

un] in supernatants (irradiated relative to 

unirradiated suspensions) after exposure to blue LEDs 

radiation (max = 463 nm, blue bars) or green LEDs 

radiation (max = 517 nm, green bars) with irradiance of 

ILED = 12 mW/cm2 for 20 min on the suspension of 

human erythrocytes: without bilirubin (no Br), with 

171 μМ of bilirubin (Br), with 171 μМ Br and 50 mМ 

NaN3 (Br + NaN3), sampling time were 40 min and 18 h 

after the exposure. Error bars are refer to errors of 

[K+
ir]/[K+

un] means. An asterisk * indicates differences in 

values at the significance level of 0.05. 

As it follows from Fig. 3 (bars “no Br”), 40 min after 

irradiation, K+ ions yield differs from the control level, 

taken as 100%, by no more than 2%. Eighteen hours after 

the light exposure to erythrocytes, the K+ ions yield 

almost did not change compared to control samples, 

exceeding their value only by 2–5%. Note that the control 

unirradiated samples were incubated under the same 

conditions for 18 h as the irradiated ones. In this case, 

there were also no significant differences in the effect of 

green and blue LEDs. 

It was found that the effect of light both from blue and 

green spectrum regions on the erythrocyte suspension in 

the presence of bilirubin also practically does not lead to 

an increase in the concentration of K+ ions in the 

supernatant (compared to unirradiated samples) when 

monitoring concentrations 40 min after the termination 

of irradiation (Fig. 3, bars “Br”, tsmp = 40 min). 

A different situation is realized 18 h after the 

termination of light exposure to erythrocytes treated with 

bilirubin. In these conditions, potassium leakage from the 

erythrocytes increased on average (compared to control 

samples for this time period) by 14% when exposed to 

blue LED light and by 25% when exposed to green LED 

light (Fig. 3, bars “Br”, tsmp = 18 h). In this case, there are 

significant differences (α < 0.05, marked with * in Fig. 3) 

in K+ ions leakage between control and irradiated 

suspensions, as well as between suspensions irradiated by 

blue and green LEDs. Moreover, the radiation of green 

spectrum region has a more pronounced (by about 10%) 

damaging effect on erythrocytes, despite of weaker 

absorption of light in this region by bilirubin localized in 

the erythrocytes (Fig. 1, curve 3). 

As it is known, bilirubin is a rather weak 

photosensitizer: the quantum yield of singlet oxygen 

generation sensitized by it is   0.01 [3]. Nevertheless, 

according to literature data [44], photodamage of 

erythrocyte membranes sensitized by bilirubin can be 

determined by the participation of this active oxygen 

form. In this regard, we investigated the possible 

participation of singlet oxygen in the photodamage of 

erythrocyte membranes by controlling the effect of 

sodium azide, a well-known singlet oxygen quencher, on 

the magnitude of the photobiological effect, estimated by 

the K+ ions yield from the cells. The performed studies 

have shown (Fig. 3, bars “Br+NaN3” versus “Br”, 

tsmp = 18 h) that the addition of sodium azide to the 

bilirubin-sensitized erythrocyte suspension before 

irradiation reduces the value of the effect [K+
ir]/[K+

un] 

(18 h after the irradiation) on average by only 1% when 

exposed to both blue and green light. This value is not 

statistically significant according to the assessment. 

Thus, it can be concluded that sodium azide does not 

actually block the light-induced yield of potassium ions, 

and, accordingly, singlet oxygen almost does not 

participate in the photochemical processes responsible 

for changing the permeability of cell membranes to 

potassium ions. 

4.3 The Effect of Radiation from LED Sources 

in the Blue and Green Spectral Regions on 

the Release of Hemoglobin from 

Erythrocytes 

The release of hemoglobin from the erythrocytes is the 

most frequently studied parameter characterizing the 

breakage of the integrity of the erythrocyte cell 

membrane under the influence of physical 

factors [31, 32, 44, 47]. It should be noted that when the 

erythrocyte cell membrane is damaged, along with 

hemoglobin, other heme derivatives (hemin, 

cytochromes, catalase and peroxidase enzymes, 

protoporphyrin, etc.) may appear in the extracellular 

space. However, the contribution to the recorded 

absorption spectrum of the supernatant, collected during 

the sedimentation of erythrocytes and diluted multiply 

with NaCl-isotonic solution is actually determined by 

hemoglobin. Fig. 4 shows the absorption spectra of 

supernatants from erythrocyte suspensions with bilirubin 

(curves 1, 2, 3), with bilirubin and azide (curves 4, 5, 6) 

in NaCl-isotonic solution, which were irradiated with 

blue (curves 2, 6) and green (curves 3, 5) LEDs with 

irradiance of ILED  12 mW/cm2 for 20 min, as well as 

from their unirradiated analogues (curves 1, 4). The 

supernatants were extracted from erythrocyte 

suspensions tsmp = 40 min after the light exposure. 
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Fig. 4 Absorption spectra of supernatants from 

erythrocyte suspensions with bilirubin (1, 2, 3), with 

bilirubin and 50 mM NaN3 (4, 5, 6) in NaCl-isotonic 

solution, irradiated with blue LED (2, 6), green LED 

(3, 5) and unirradiated (1, 4). ILED  12 mW/cm2, 

exposure time is 20 min, sampling time is 40 min. 

The absorption spectra of supernatants in NaCl-

isotonic solution for irradiated and unirradiated 

erythrocyte suspensions look like typical hemoglobin 

absorption spectra with maxima in the region of 416 nm 

(Soret band), as well as in the region of 540 nm and 

575 nm. 

As follows from Fig. 4, the greatest dynamic range of 

changes upon exposure of the erythrocytes to light is 

observed at the maximum of the Soret band. For this 

reason, further, the ODir/ODun value was chosen as a 

quantitative measure to characterize the erythrocyte 

hemolysis, where ODir and ODun are optical densities at 

the maximum of the Soret band (around 416 nm) of the 

supernatants diluted multiply in NaCl-isotonic solution 

in the same proportions for irradiated and unirradiated 

control erythrocyte suspensions, respectively. 

The performed studies showed the presence of 

erythrocyte hemolysis in unirradiated control samples, 

which is manifested in an increase in the optical density 

of the Soret band maximum of hemoglobin in the 

supernatant (Table 1) from ODun = 0.129 ± 0.045 when 

analyzed after 40 min of incubation at a room 

temperature to ODun = 0.147 ± 0.049 after 18 h of dark 

storage at 8 ºC. The addition of bilirubin at a 

concentration of 171 μM to the erythrocytes suspension 

(without exposure to light) increases the rate of 

hemolysis. This is confirmed by an increase in optical 

density at the maximum of the Soret band of hemoglobin 

in the supernatant already 40 min after incubation of cells 

with bilirubin (ODun = 0.152 ± 0.019) compared to cells 

without bilirubin additives (ODun = 0.129 ± 0.045). This 

tendency remains when analyzing the release of 

hemoglobin from erythrocytes after 18 h of dark storage: 

for cells with bilirubin ODun = 0.187 ± 0.026; for cells 

without addition of bilirubin ODun = 0.147 ± 0.049.  

The results of studies of the effect of light from blue 

(max = 463 nm) and green (max = 517 nm) spectral 

regions on erythrocyte hemolysis during irradiation 

(irradiance ILED  12 mW/cm2, exposure time 20 min) 

without bilirubin, as well as upon sensitization of cells 

with 171 μM of bilirubin, are shown in Fig. 5. The results 

are presented in the form of histograms reflecting the 

change of the optical density of ODir/ODun in the 

supernatant of erythrocytes suspensions irradiated 

against unirradiated ones. Data on the effect of sodium 

azide, a singlet oxygen quencher, on the hemolysis 

process sensitized by bilirubin are also shown in Fig. 5. 

The data are presented as an arithmetic mean for four 

independent experiments. 

From the data presented in Table 1 and Fig. 5, it 

follows that the most pronounced photodamage of 

erythrocytes, controlled by the release of hemoglobin, is 

observed upon exposure to light in the blue and green 

spectral regions without adding bilirubin (bars “no Br”). 

So, already 40 min after irradiation of erythrocyte 

suspensions without bilirubin with blue light, 

ODir/ODun = 1.41 ± 0.30, and when exposed to green 

radiation, ODir/ODun = 1.57 ± 0.49. 18 h after the 

termination of irradiation and dark storage of erythrocyte 

suspensions, the corresponding ODir/ODun values are 

1.48 ± 0.42 for blue light and 1.34 ± 0.24 for green one. 

Thus, irradiation of erythrocytes without bilirubin 

accelerates the release of hemoglobin from erythrocytes 

by an average of 40–50% relative to the corresponding 

unirradiated suspensions. 

 
 

 

Fig. 5 Change of the optical density ODir/ODun in 

supernatant (of the irradiated and unirradiated 

suspensions) after exposure to blue LED 

(max = 463 nm, blue bars) or green LED 

(max = 517 nm, green bars) at irradiance 

ILED  12 mW/cm2 for 20 min to an erythrocytes 

suspension: without bilirubin (no Br), with 171 μM of 

bilirubin (BR), with 171 μM of bilirubin (BR) and 50 mM 

of sodium azide (Br + NaN3), tsmp = 40 min and 18 h after 

the light exposure. Error bars refer to errors of ODir/ODun 

means. An asterisk * indicates differences in values at the 

significance level of 0.05; ** – at the significance level 

of 0.2. 
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Table 1 Optical density at the maximum of the absorption spectrum of supernatant from erythrocyte suspension. 

* OD (Optical density) values are presented as an arithmetic mean ± error of mean for four independent experiments 

(with erythrocytes of four donors), tsmp (sampling time) is time interval between stopping irradiation and starting to 

monitor changes in erythrocytes. 

During the experiments, it was found out that 

irradiation of the erythrocyte suspension in the presence 

of bilirubin not only does not enhance hemolysis, but 

even slightly reduces it compared to the data of 

irradiation without bilirubin. Thus, 40 min after the 

irradiation of erythrocytes sensitized by bilirubin with 

blue light, the average value of ODir/ODun = 1.10 ± 0.17, 

and with green light – the average value of 

ODir/ODun = 1.16 ± 0.10. In 18 h, the value of the blue 

light-photoinduced effect decreases slightly to 

ODir/ODun = 1.05 ± 0.28. That is, the hemoglobin release 

from the erythrocytes irradiated in the presence of 

bilirubin, exceeds the corresponding value for 

unirradiated cells on average by 5–15%, which is 

significantly lower than for irradiation of erythrocytes 

without bilirubin (see above). Thus, the presence of 

171 μM of bilirubin in the suspension and its subsequent 

binding to erythrocytes significantly (by ~ 20–40%) 

increases the resistance of cells to hemolysis initiated 

in vitro by the light exposure of blue-green spectral 

region. It should be noted that the mean ODir/ODun values 

of the samples without bilirubin and those with bilirubin 

differ statistically significantly (according to the Kramer-

Welch test applied to small independent samples) both 

under blue and green LEDs irradiation.  

The performed studies also demonstrated (Table 1 

and Fig. 5) that the addition of sodium azide to the 

erythrocyte suspension, at least does not block the 

photodamage of erythrocyte membranes initiated by 

exposure to light of the blue and green spectral regions in 

the presence of bilirubin. Moreover, when exposed to 

blue light in the presence of bilirubin and azide, the 

damaging effect exceeds the effect observed in the 

absence of azide (Fig. 5, blue bars “Br + NaN3” versus 

“Br”, tsmp = 40 min, 18 h): when analyzed 40 min after 

irradiation, the corresponding values of ODir/ODun are 

1.25 and 1.10, and in 18 h of incubation 

ODir/ODun = 1.31 and 1.05, respectively. The given 

measures are statistically significantly different (with the 

significance level of 0.05). 

In contrast to azide influence to the effects induced 

with blue light, green light irradiation of the erythrocytes 

suspension with bilirubin in the presence of azide leads 

to the decrease in hemoglobin release compared to 

similar samples without azide (Fig. 5, green bars “Br” 

versus “Br + NaN3”, tsmp = 40 min, 18 h). In this case, 

when analyzed 40 min after irradiation, the 

corresponding average values are: for samples with 

bilirubin ODir/ODun = 1.16 and for samples with bilirubin 

and azide it is 1.08, and in 18 h ODir/ODun = 1.16 and 

1.12. Thus, the addition of NaN3 before irradiation of 

bilirubin-containing erythrocytes with green light 

(contrary to exposure with blue light) somewhat reduces 

the release of hemoglobin through the cell membrane, 

which may serve as confirmation of the partial 

participation of singlet oxygen in the photochemical 

process. 

5 Discussion 

5.1 Effect of LEDs Radiation on Erythrocytes 

in the Absence of Exogenous Bilirubin 

The performed study has shown that the effect of 

radiation from LED sources of blue (max = 463 nm) or 

green (max = 517 nm) spectral regions at irradiance of 

ILED  12 mW/cm2 for 20 min (energy dose 

D = 14.4 J/cm2) on the suspension of human erythrocytes 

without the addition of bilirubin practically does not 

affect the permeability of cell membranes for potassium 

ions (Fig. 3). The photoinduced effect assessed by this 

test, is practically absent when it is monitored both 

40 min and 18 h after the irradiation. The results obtained 

correspond to the literature data, which studied the effect 

of blue light from special fluorescent lamps (with a 

maximum in the emission spectrum at 450–460 nm) on 

the potassium ions leakage from erythrocytes [31], and 

Na+ ions leakage from the sealed erythrocyte ghosts [32]. 

Therefore, it can be stated that upon exposure to blue 

light, no endogenous compounds sensitize damage to the 

molecules that control the release of potassium ions from 

Supernatant 

from 

suspensions 

unirradiated 

or irradiated 

by 

OD in “no Br” sample OD in “Br” sample OD in “Br + NaN3” sample 

tsmp = 40 min tsmp = 18 h tsmp = 40 min tsmp = 18 h tsmp = 40 min tsmp = 18 h 

Unirradiated 0.129 ± 0.045 0.147 ± 0.049 0.152 ± 0.019 0.187 ± 0.026 0.177 ± 0.025 0.229 ± 0.037 

Blue LED 0.171 ± 0.046 0.202 ± 0.043 0.168 ± 0.021 0.197 ± 0.033 0.217 ± 0.025 0.298 ± 0.043 

Green LED 0.185 ± 0.046 0.187 ± 0.026 0.178 ± 0.024 0.216 ± 0.030 0.185 ± 0.024 0.260 ± 0.051 



J.V. Kruchenok et al.: Bilirubin- and Blue-Green Light-Induced Damage of Human Erythrocytes doi: 10.18287/JBPE23.09.020303 

J of Biomedical Photonics & Eng 9(2) 2023   9 Jun 2023 © J-BPE 020303-8 

erythrocytes (for example, the enzyme Na/K-ATPase, 

providing an asymmetric distribution of sodium and 

potassium ions on both sides of the erythrocyte 

membrane). Another possible explanation for this result 

is that the antioxidant system of the erythrocyte prevents 

possible damage to the molecular structures of 

membranes responsible for permeability to potassium 

ions [49]. According to Ref. [49], “Under intensive 

photodynamic action resulting in cell lysis directly on 

lighting main defence role plays membrane bound alpha-

tocopherol; under erythrocyte hemolysis in dark after 

shot photodynamic action – decisive meaning has 

cytoplasm glutathione”; and in general, the nature and 

mechanisms of the mutually coordinated functioning of 

these and other antioxidants present in the cell depend on 

the intensity and site of application of the oxidative 

action.  

A different situation is realized when analyzing the 

hemoglobin molecules release from erythrocytes under 

irradiation with the same parameters. According to the 

data obtained (Fig. 5), irradiation of the erythrocyte 

suspension without bilirubin accelerates the release of 

hemoglobin by an average of 45% relative to the 

corresponding unirradiated suspensions. At the same 

time, a significant excess of the optical density of the 

supernatant from the irradiated samples over the control 

variant is observed both when assessing hemoglobin 

concentrations 40 min and 18 h after the termination of 

irradiation. It is characteristic that, 40 min after the 

termination of the irradiation, a more pronounced effect 

is observed upon exposure to light in green spectral 

region: mean value ODir/ODun = 1.57, while after 

irradiation with blue light, mean value ODir/ODun = 1.41. 

However, 18 h after the irradiation and dark storage of 

erythrocyte suspensions, the corresponding mean values 

ODir/ODun  are 1.48 for blue light and 1.34 for green one. 

That is, the magnitude of the effect (in relation to the 

control unirradiated samples) upon exposure to blue light 

on the second day, at least, does not decrease, and, upon 

exposure to green light, it decreases by ~ 20%. 

Based on the data obtained, it can be assumed that 

damage to erythrocyte membranes upon exposure to 

blue-green light in the absence of exogenous bilirubin is 

due to photochemical reactions sensitized by endogenous 

compounds. At the same time, it is well known that 

hemoglobin is not a photosensitizer and does not generate 

singlet oxygen upon exposure to light [50]. In our 

opinion, flavin compounds (riboflavin, flavin 

mononucleotide, FMN, and flavin adenine dinucleotide, 

FAD) and porphyrins (protoporphyrin IX, PPIX and 

zinc-protoporphyrin IX, ZnPP)) can primarily be such 

endogenous photosensitizers that absorb visible radiation 

and generate reactive oxygen species (ROS) with high 

efficiency. The participation of endogenous flavin and 

porphyrin photosensitizers in regulatory and lethal 

effects of optical radiation in the visible spectral region 

was previously established in our laboratory in relation 

to microbial cells and spermatozoa [51–53]. It is known 

that flavin and porphyrin photosensitizers are capable of 

generating singlet oxygen 1O2 quite efficiently [53, 54]. 

The quantum yield of 1O2 generation in an aqueous 

medium is φΔ = 0.54 for riboflavin, φΔ = 0.51 for FMN, 

φΔ = 0.07 for FAD, φΔ = 0.77 for the monomeric form of 

PPIX and φΔ = 0.91 for the monomeric form of ZnPP (in 

the presence of Triton X-100 in water). Along with 

singlet oxygen, riboflavin and protoporphyrin IX also 

sensitizes the formation of other ROS: superoxide 

radicals, hydrogen peroxide. At the same time, flavin 

photosensitizers (riboflavin, FMN and FAD) have 

similar absorption characteristics: their long-wave 

maximum in the absorption spectrum is located in the 

region of 445 nm. PPIX and ZnPP in aqueous media are 

prone to aggregation and the position of the most intense 

band (Soret band) in their absorption spectrum strongly 

depends on the pH of the medium, the formation of 

complexes with macromolecules, etc. As a rule, the Soret 

band maximum for PPIX and ZnPP is in the region of 

380–410 nm. Currently, the presence of porphyrin and 

flavin photosensitizers in human erythrocytes is beyond 

doubt: they are recorded by fluorescence, acetone 

extraction followed by fluorescence analysis, 

chromatographic method, etc. According to Ref. [55], the 

concentration of FMN and FAD in adult human 

erythrocytes is 44 and 469 nM, respectively; riboflavin is 

present only in trace amounts. As for PPIX, according 

to Ref. [56], its concentration in the adult healthy human 

erythrocytes is 0.60–0.75 μg/ml of erythrocytes and can 

vary significantly at various diseases. It is also known 

that non-heme protoporphyrins present in a healthy body 

in the form of approximately 85–95% ZnPP and 5–15% 

PPIX [57]. 

We should note that in the presence of several 

photosensitizers in the system, their relative contribution 

to the realization of photobiological effect depends on a 

number of factors: the generation efficiency of ROS, 

concentration, molar extinction coefficient, localization 

near the sensitive biologically important biosubstrate, the 

presence of closely located ROS quenchers, etc. 

Therefore, it is quite a difficult task to assess the 

contribution of a particular photoacceptor to the total 

photobiological effect, taking into account the overlap of 

the absorption spectra of potential endogenous 

photosensitizers, as well as the multiplicity of influencing 

factors. At the same time, certain conclusions can be 

made from the analysis of the absorption spectra of 

photosensitizers. As an example, Fig. 6 shows the 

absorption spectra of monomeric forms of potential 

endogenous photosensitizers: FMN in the PBS (curve 1), 

PPIX (curve 2) and ZnPP (curve 3) in dimethylsulfoxide. 

The arrows in Fig. 6 indicate the wavelengths of radiation 

from LED sources affecting the erythrocyte suspension. 

As it follows from Fig. 6, LED sources of radiation 

both with max = 463 nm and max = 517 nm is able to 

excite each of mentioned above endogenous 

photosensitizers, since it is absorbed by these compounds 

to one degree or another. Moreover, the radiation of blue 

spectral region is near the maximum of the long-wave 

absorption band FMN (max = 447 nm), while the radiation 

of green spectral region falls on the long-wavelength 

slope  of  the  absorption  spectrum of  the  specified  flavin. 
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Fig. 6 Normalized absorption spectra of endogenous 

photosensitizers: 1 – FMN in PBS, 2 and 3 – PPIX and 

Zn-PPIX in dimethylsulfoxide, respectively. The 

concentration in solutions was 1 μM. Arrows indicate the 

radiation wavelengths of LED sources. 

As for porphyrin photosensitizers, the radiation with both 

max = 463 nm and max = 517 nm corresponds to the 

minimum absorption of ZnPP, characterized by an 

intense Soret band (S2S0 – transition) with maximum 

for the monomeric form in the region max = 422 nm 

(B(0,0)) and two Q-bands (S1S0 – transition) with 

maxima at max = 547 nm (Q(1.0)) and max = 584 nm 

(Q(0.0)). Light absorption by PPIX is due to the presence 

of an intense Soret band (S2S0 – transition) in the 

spectrum with maximum for the monomeric form in the 

region of max = 408 nm (B(0,0)) and four Q–bands 

(S1S0 – transition) with maxima at max = 507 nm 

(Qy(1,0)), max = 543 nm (Qy(0,0)), max = 575 nm 

(Qx(1,0)) max = 630 nm (Qx(0,0)). As it can be seen from 

Fig. 6, the radiation of green spectral region with 

max = 517 nm is absorbed by protoporphyrin IX 

somewhat more efficiently than the radiation of blue 

region with max = 463 nm. 

Analysis of the abovementioned spectral 

characteristics of endogenous photosensitizers allows 

allow us to conclude that if the light-induced release of 

hemoglobin molecules from the erythrocytes was 

stipulated by sensitizing effect of flavins, then the 

observed photobiological effect in the absence of 

exogenous bilirubin (Fig. 5) should be much more 

pronounced when the erythrocyte suspension is exposed 

to light of blue spectral region, since radiation with a 

wavelength of max = 463 nm is absorbed approximately 

50 times more efficiently than radiation with 

max = 517 nm. At the same time, according to Fig. 5, 

when controlling the hemoglobin molecules release 

40 min after the erythrocyte suspension irradiation in the 

absence of bilirubin, a more pronounced effect is 

observed when exposed to green region radiation. And 

although the situation slightly changes when monitoring 

the process 18 h after the irradiation (Fig. 5), the data 

presented cast doubt on the leading role of flavins in 

sensitizing photodamage to the erythrocyte membrane 

when exposed to radiation in blue-green spectrum region. 

At the same time, it is not possible to make a choice in 

favor of ZnPP or PPIX due to their different 

concentrations in the erythrocytes [56, 57], as well as 

overlapping absorption spectra. 

Thus, we have reasons to believe that the excitation 

of endogenous porphyrin and flavin photosensitizers 

localized in erythrocytes, when exposed to radiation from 

blue-green spectral region and the subsequent generation 

of ROS (primarily singlet oxygen) by them can cause 

photodamage of the cell membrane, initiating the release 

of hemoglobin molecules – photohemolysis. The ability 

of optical radiation of blue spectral region 

(max = 405 nm, I = 30 mW/cm2, energy dose – 72 J/cm2) 

to affect the erythrocyte suspension in the absence of 

exogenous photosensitizers is also evidenced by the 

results of studies [58], in which a significant decrease (by 

0.44%) in erythrocytes volume as a result of their 

irradiation has been determined. 

It should be noted that the noticeable effect of blue 

light from LED sources on the release of hemoglobin 

from erythrocytes during their irradiation of suspension 

without bilirubin does not agree with data [31, 34], 

according to which, irradiation of the erythrocytes 

suspension with the light of blue fluorescent lamp almost 

does not lead to an acceleration of hemolysis compared 

to control unirradiated samples (in the stated studies, 

control of hemoglobin concentrations in the supernatant 

was also carried out 18 h after the irradiation). At the 

same time, the energy parameters of the exposed 

radiation in our studies and in Ref. [34] (max = 450 nm, 

I  8 mW/cm2, dose – 14 J/cm2) were also quite close. In 

our opinion, a possible reason for the observed 

differences in the results is the different methods of 

hemolysis control: in studies [34], it was initiated 

osmotically by adding a suspension of irradiated or 

non-irradiated erythrocytes into NaCl solution of low 

(0.35–0.45%) concentration (hypotonic solution). 

Besides, in study [34], not free bilirubin but its complex 

with albumin (ratio bilirubin/albumin = 0.8) was added 

into the erythrocyte suspension. The absence of data 

about the light energy parameters in Ref. [31] does not 

allow us to determine the reason for the observed 

differences between our results and data [31] at 

irradiation of the erythrocytes suspension without 

bilirubin. 

As for green spectrum region radiation, we failed to 

find in the literature studies on its effect on hemolysis of 

human erythrocytes in vitro. However, in Ref. [59] it was 

found that against the background of experimental 

endotoxic shock in the membranes of rat erythrocytes, a 

more effective increase in lipid oxidation occurs at 

irradiation in vivo with green laser radiation of 532.5 nm 

(dose – 0.75 J/cm2), than at irradiation with blue of 

441.2 nm or red of 632.8 nm laser radiation at the same 

dose. The authors [59] also believe that this may be an 

indirect confirmation of the hypothesis about porphyrins 

as primary photoacceptors in erythrocytes. 
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5.2 Effect of LEDs Radiation on Erythrocytes 

in the Presence of Exogenous Bilirubin 

As it has been already noted, the study of the sensitizing 

effect of bilirubin on erythrocyte membranes is of 

particular interest due to the importance of reducing the 

effectiveness of this process as a side adverse effect 

during phototherapy of hyperbilirubinemia in newborns. 

The performed studies have shown (Table 1) that the 

interaction of bilirubin at concentration of 171 μM (at 

which phototherapy of newborns with 

hyperbilirubinemia syndrome is prescribed) leads to 

molecular structural changes of the erythrocyte 

membrane, which is confirmed by the intensification of 

hemoglobin release through the membrane in dark 

conditions (without suspension irradiation). Evidence of 

this is an increase of the optical density in the Soret band 

maximum of hemoglobin in the supernatant both 40 min 

and 18 h after incubation of erythrocytes with bilirubin in 

comparison with cells that do not contain pigment. The 

effects registered by us when bilirubin binds to the 

erythrocyte membrane are in accordance with 

studies [32, 44]. According to these results, the damage 

of erythrocyte membranes resulting from cross-linking of 

membrane proteins plays a critical role in cell lysis. At 

the same time, peroxidation of unsaturated membrane 

lipids, which occurs during irradiation, also disturbs the 

membrane structure. However, protein modification, 

rather than peroxidation of unsaturated membrane lipids, 

is the determining factor in the initiation of cell lysis (in 

the photohemolytic mechanism) [44]. 

It could be expected that the effect of blue light 

corresponding to the absorption band of bilirubin on cells 

loaded with this pigment would contribute to their 

accelerated destruction due to the photodynamic effect. 

Moreover, the ability of bilirubin and its photoproducts 

to sensitize photodamage of erythrocyte membranes has 

been repeatedly noted in the literature [31, 32, 34, 44]. 

However, our studies have shown that irradiation of the 

erythrocyte suspension in the presence of 171 μM of 

bilirubin does not enhance hemolysis, moreover slightly 

reduces it compared to the data of irradiation without 

bilirubin. 

The analysis 40 min after irradiation with blue light 

has shown that the excess of the optical density of the 

supernatant over the control samples was, on average, 

40% in the absence of bilirubin and 10% in the case of 

sensitization with bilirubin; for green light the 

corresponding values were 57% and 16% (Fig. 5). The 

analysis of hemolysis 18 h after the irradiation with blue 

light has shown that the magnitudes of the 

photohemolytic effect for the erythrocyte suspensions not 

containing and containing bilirubin are 48 and 5%, 

respectively, and when exposed to green light – 34% and 

16%. Thus, the binding of bilirubin to erythrocytes 

significantly (by ~ 20–40%) increases the resistance of 

cells to hemolysis initiated in vitro by exposure to light 

in blue and green spectral regions compared to the 

erythrocytes without bilirubin. In our opinion, the 

protective effect of bilirubin is connected with the 

antioxidant properties of bilirubin (and its 

photoproducts), which is one of the most powerful 

endogenous antioxidants [60, 61]. Thus, according 

to Ref. [60], 10 nM of bilirubin is enough to protect 

cultured cells from the destructive effects of 10,000-fold 

molar excess of hydrogen peroxide. Since bilirubin is a 

very weak photosensitizer (the quantum yield of the 

singlet oxygen formation sensitized by it is 0.01 [3]), 

then, likely, its antioxidant effect prevails over the 

sensitizing one in the processes controlling the release of 

hemoglobin through the erythrocyte membrane. 

One of the reasons for the difference between our data 

and the results of [31, 34], having observed the 

acceleration of hemolysis due to the sensitizing effect of 

bilirubin, are different conditions for addition of the 

pigment to erythrocyte suspension. In studies [31, 34], 

bilirubin was added as part of a complex with albumin, 

while in our studies – in phosphate buffered saline. At the 

same time, according to Ref. [48, 62], the incorporation 

of bilirubin into biomembranes can be carried out both in 

the form of a monoanion and in the form of aggregates of 

molecules, which can affect the sensitizing and 

antioxidant properties of tetrapyrrol. 

Studies have shown that, unlike hemolysis processes, 

where the antioxidant properties of bilirubin are 

primarily manifested, when studying the effect of light 

exposure on the leakage of potassium ions, the 

sensitizing properties of this pigment are more 

pronounced (Fig. 3). Moreover, the most significant 

light-induced structural changes of membranes 

(estimated by the potassium leakage) in the presence of 

exogenous bilirubin are observed not immediately after 

the light exposure of blue or green spectral regions, but 

18 h after irradiation. Consequently, for the 

implementation of photodynamic damage to membranes 

when they are sensitized by bilirubin, a certain time is 

required. This conclusion is supported by the data of the 

authors [63] that the processes of peroxidation of 

unsaturated membrane lipids of the erythrocyte 

membranes during their sensitization with tetrapyrroles 

continue after the irradiation procedure. The authors [64] 

also point to the reliably registered secondary production 

of ROS and, above all, hydrogen peroxide hundreds of 

minutes after the irradiation of various cell types in the 

presence of a photosensitizer. 

Another discovered characteristic feature of the 

bilirubin–sensitized leakage of potassium ions from 

erythrocytes is an “abnormal” dependence on the 

wavelength of the incident radiation. Thus, at monitoring 

of this process 18 h after the light exposure, potassium 

leakage from erythrocytes increased on average 

(compared to control samples for this time period) by 

14% when exposed to blue LED light and by 25% when 

exposed to green LED light. Thus, upon sensitization of 

erythrocytes with bilirubin, the radiation of green spectral 

region has a more pronounced effect on the potassium 

ions leakage, despite the weaker absorption of light in 

this region by bilirubin localized in erythrocytes (Fig. 1, 

curve 3). At the same time (as it was already noted), in 

the absence of bilirubin, the exposure of the erythrocyte 
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suspension to light of blue or green spectral regions 

almost does not affect the potassium ions leakage, 

exceeding the values for control (unirradiated) samples 

by 2–5% ([K+
ir]/[K+

un]  1.02–1.05). Consequently, the 

difference in the effect of blue and green light is 

stipulated by the different efficiency of photochemical 

processes affecting the potassium ions leakage during 

photoexcitation of bilirubin or its photoproducts with 

radiation wavelength of max = 463 nm and 

max = 517 nm without a noticeable contribution of 

endogenous photosensitizers. The reasons for observed 

higher photobiological effect of green light compared to 

blue one in the case of bilirubin-sensitized erythrocytes 

require a separate discussion. Literature studies of 

erythrocytes on this issue are unknown to us. At the same 

time, there are comparative data in the literature [65] on 

the survival of bilirubin-sensitized cultured animal cells 

when exposed to radiation of blue ( = 457.9 nm) and 

green ( = 514.5 nm) spectral regions. As in our studies 

with the potassium ions leakage from erythrocytes, the 

photobiological effect due to the sensitizing action of 

bilirubin, estimated with colorimetric MTT assay, in 

cultured somatic cells is more pronounced when exposed 

to radiation of green spectral region than blue one. 

Besides, our data on the photosensitizing effect of 

bilirubin to the potassium ions leakage from the 

erythrocytes under the blue radiation are in agreement 

with the results of studies [31]. 

In our opinion, the abnormal (based on the absorption 

spectrum of bilirubin bound to erythrocyte membranes) 

dependence of the light-induced potassium ions leakage 

from the erythrocytes on the wavelength of the incident 

radiation can be explained by several reasons. One of 

them is that along with bilirubin, its configurational and 

structural photoisomers can contribute to the 

sensitization effects, since the ability of bilirubin 

photoproducts to sensitize (with greater efficiency 

compared to bilirubin) the damage of biomolecules in 

solution is well known [23, 26]. At the same time, the 

quantum yield of photoproducts, as well as the ratio 

between the concentrations of individual photoproducts, 

strongly depend on the wavelength of the radiation due 

to a) bichromophoric nature of the absorption and 

emission of light by bilirubin molecules; b) presence of 

intramolecular energy transfer between two unequal 

chromophores forming a pigment molecule; c) 

dependence of the efficiency of intramolecular energy 

transfer of electronic excitation on the radiation 

wavelength [37–41, 66, 67]. 

Another reason for the increase in the bilirubin-

sensitized potassium ions leakage during the transition 

from blue irradiation with max = 463 nm to green 

irradiation with max = 517 nm may be the heterogeneity 

(heterogeneous nature) of the microenvironment of 

sensitizer molecules in the erythrocyte membrane. This 

is indicated by the broadened absorption spectrum of 

bilirubin embedded in the erythrocyte membrane (Fig. 1, 

curve 3), as well as a strong dependence of the position 

of the fluorescence excitation spectrum of bilirubin 

bound to human erythrocyte ghosts on the registration 

wavelength, found in Ref. [68]. In this regard, there are 

reasons to believe that radiation of different wavelengths 

can excite bilirubin localized in different sites/regions of 

the erythrocyte membrane and initiate various 

photochemical processes (lipid peroxidation, cross-

linking of proteins and damage to protein-lipid contacts 

in the membrane, inactivation of the Na/K-ATPase 

enzyme, etc.).  

5.3 Involvement of ROS in Bilirubin-Sensitized 

Photodamage of Erythrocyte Membranes 

Another characteristic feature of photochemical 

processes in the erythrocyte membranes initiated by 

exposure to light in the presence of exogenous bilirubin 

should be noted. It consists in a weakly pronounced effect 

of sodium azide, a well-known singlet oxygen quencher, 

on the light-induced leakage of both potassium ions 

(Fig. 3) and hemoglobin molecules (Fig. 5). 

In our opinion, the reasons for a weak effect of this 

singlet oxygen quencher on photochemical processes in 

erythrocytes during their bilirubin – sensitization may be 

the following: a) low availability of singlet oxygen 

generation sites in the membrane for sodium azide; 

b) participation in damage to erythrocyte membranes of 

other ROS and free radicals, for which sodium azide does 

not act as a quencher. Moreover, unlike singlet oxygen, 

other reactive oxygen species (primarily hydrogen 

peroxide) can play a main role in the membrane damage 

already after the light exposure [64]. Since the lifetime of 

singlet oxygen in an aqueous medium is about 3 μs, its 

damaging effect on the erythrocyte membrane actually 

stops immediately after the irradiation stops, while 

chemical reactions mediated by hydrogen peroxide 

continue for a long time [63, 64]. Another reason for the 

weakly expressed effect of azide on the photobiological 

processes, estimated by the potassium ions or 

hemoglobin molecules leakage, may be the ability of 

azide ions to interact with heme iron [69], which actually 

reduces the concentration of free (unbound) intracellular 

azide capable to quench singlet oxygen generated by a 

photosensitizer. The spectral data obtained (Fig. 4, 

Table 1) also allow us to confirm the existence of such an 

interaction. This is manifested in a higher optical density 

of the supernatants (in NaCl-isotonic solution) from 

unirradiated erythrocytes suspensions with bilirubin and 

azide (curve 4 in Fig. 4) compared to the corresponding 

data for the erythrocyte suspension with bilirubin without 

NaN3 (curve 1 in Fig. 4). Thus, for the studied biological 

system, there is a pronounced interaction of sodium azide 

with the erythrocyte membrane and erythrocyte 

hemoglobin under dark conditions, which can affect the 

photochemical and subsequent chemical reactions in 

cells [70]. 

Attention is also drawn to the seemingly abnormal 

effect of sodium azide on blue-light-induced release of 

hemoglobin molecules from the bilirubin-sensitized 

erythrocytes (Table 1 and Fig. 5). According to the 

experimental data obtained, when exposed to blue light 

in the presence of bilirubin and azide, the damaging 
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effect on membranes, estimated by the release of 

hemoglobin molecules from cells, exceeds the effect 

observed in the absence of azide (Fig. 5, blue bars 

“Br+NaN3” versus “Br”). That is, the addition of the 

known singlet oxygen quencher sodium azide to the 

suspension of cells not only does not reduce the 

magnitude of the photobiological effect, but also 

increases it. In this regard, it should be noted that an 

increase in the photobiological effect due to the addition 

of sodium azide for the first time was noted in 

Refs. [71, 72] during the sensitization of microbial cells 

with methylene blue. The authors [71, 72] have shown 

that this effect is stipulated by the formation of azide 

radicals (having a high reactivity) due to electron transfer 

from the excited form of the sensitizer. According to 

Refs. [71, 72], the decrease or increase in the efficiency 

of photochemical reactions due to the addition of azide 

largely depends on the contribution to the total process of 

reactions of type II (occurring with the participation of 

singlet oxygen) or type I (due to radical processes). 

Typically, that the addition of NaN3 before irradiation 

of bilirubin-containing erythrocytes with green light (in 

contrast to exposure to blue light) slightly reduces the 

release of hemoglobin through the cell membrane, which 

may be a confirmation of the partial participation of 

singlet oxygen in the photochemical process. On the 

other hand, the multidirectional action of azide on 

hemolytic effects initiated in erythrocyte membranes by 

light of the same intensity in blue and green spectral 

regions indicates the different nature of the 

photochemical processes underlying them. In this regard, 

we can expect a significant role of bilirubin photoisomers 

in the effects of sensitized damage of erythrocyte 

membranes. Moreover, the contribution of various 

configurational and structural isomers of bilirubin to the 

total light absorption may differ markedly when exposed 

to light with wavelengths of max = 463 nm and 

max = 517 nm. The reasons for this are the different 

absorption spectra of bilirubin photoisomers [23], as well 

as the dependence of the quantum yield of the bilirubin 

photoisomer formation on the wavelength of the incident 

radiation [37–41, 65, 66]. 

6 Conclusions 

The effect of radiation from LED sources of blue 

(max = 463 nm) or green (max = 517 nm) spectral 

regions at irradiance of I = 12 mW/cm2 for 20 min 

(energy dose D = 14.4 J / cm2) on the human erythrocyte 

suspension in the phosphate buffered saline leads to 

erythrocyte membrane damages, which is confirmed by 

an increase in the optical density of supernatant in the 

Soret band of hemoglobin. The values of photohemolytic 

effects are approximately equal when exposed to 

radiation from blue and green spectral regions. 

Molecular-structural changes in erythrocyte 

membranes when exposed to light of the mentioned 

above parameters are most likely stipulated by the 

excitation of endogenous porphyrin (protoporphyrin IX, 

zinc-protoporphyrin) and flavin (flavin mononucleotide, 

flavinadenindinucleotide) photosensitizers contained in 

the erythrocytes in low concentrations, but characterized 

by high efficiency of generation of reactive oxygen 

species. The leading role of porphyrin compounds in the 

effects of sensitization is substantiated. 

The effect of radiation of the same parameters on the 

erythrocyte suspension almost does not influence the 

permeability of cell membranes for potassium ions. The 

difference in the effect of blue-green radiation on the 

release of hemoglobin molecules from erythrocytes and 

ion transport through the membrane is consistent with the 

known information about the spatial separation of these 

processes in the membrane and the difference in the 

mechanisms mediating them. 

Addition of exogenous bilirubin to the erythrocyte 

suspension at concentration of 171 μM, at which 

phototherapy is prescribed for newborns with 

hyperbilirubinemia syndrome, accelerates spontaneous 

(dark) hemolysis, but reduces the light-induced 

hemoglobin release relative to cells that do not contain 

bilirubin.  

Bilirubin, along with weak sensitizing properties, has 

antioxidant functions, reducing the release of 

hemoglobin molecules from the erythrocytes initiated by 

photochemical reactions in the membrane due to the 

excitation of endogenous porphyrin and flavin 

photosensitizers localized in these cells. 

Bilirubin-sensitized leakage of potassium ions is 

more pronounced upon exposure to radiation of green 

spectral region, despite the weaker absorption of light in 

this region by bilirubin localized in erythrocytes. The 

reason for the abnormal dependence of the light-induced 

leakage of potassium ions from the erythrocytes on the 

wavelength of the incident radiation may be the 

participation of bilirubin photoisomers in sensitization 

processes, the quantum yield of which depends on the 

exciting radiation wavelength. Another reason for the 

increase in the potassium ions leakage during the 

transition from blue to green radiation may be the 

heterogeneity of the microenvironment of bilirubin 

molecules in the erythrocyte membrane. As a result, 

radiation of different wavelengths can excite bilirubin 

localized in different membrane sites and initiate 

different destructive processes in the membrane. 

Photochemical destructive processes in the 

erythrocyte membrane, initiated due to the sensitizing 

effect of bilirubin and its photoisomers, proceed with 

insignificant participation of singlet oxygen, which is 

confirmed by a slight decrease in the leakage of 

potassium ions and hemoglobin molecules when the 1О2 

quencher, sodium azide, is added to the suspension 

before irradiation. 

Reliably recorded damages of the bilirubin-sensitized 

erythrocyte membranes upon exposure to radiation of 

blue-green spectral region indicates the importance of 

optimizing the parameters of phototherapy of 

hyperbilirubinemia of newborns in order to reduce 

effectively the level of bilirubin and ensure minimal 

possible adverse side effects. The presence of the 

damaging effect of blue-green light on erythrocyte 
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membranes should also be taken into account at the 

development of photobiomodulation methods (including 

those based on intravenous exposure to blue light) and 

photodecontamination based on the inactivation of 

microorganisms due to excitation of endogenous 

photosensitizers. 
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Abstract. Biotechnology is playing an extremely important part in medical 
advances. In actuality, they are the basis of pathology diagnosis, which 
provides doctors with the quantitative data required to choose the best 
treatment. This study looks at the facts of a case of weak muscular activity and 
devises solutions to help the disabled or very ill for the specialist to improve 
the patient's condition by choosing accurate treatment. This would enhance 
their psychological condition and make it easier for them to do their daily 
activities. The data are collected by surface electromyography (EMG) from the 
lower limb of the leg gait events (heel strike, foot flat, midstance, heel off, toe-
off, and medium swing) on the right, left, and both legs are estimated. The 
system consists of a microcontroller, a myograph sensor, and Bluetooth. 
Healthy individuals utilize both legs regularly in a balanced manner and 
during a walk as well as stair ascending tests. On both sides of the legs (right 
and left), sensors are placed on the quadriceps, hamstrings, tibialis, and triceps 
muscles. The system was tested on 28 people (17 males and 11 females) aged 
24–54 years old. The suggested method is used to analyze gait in real-time. 
© 2023 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

Electromyography (EMG) is a method for measuring and 

monitoring electrical impulses in muscle contraction. An 

EMG examination can be used in a variety of clinical and 

biological circumstances. Surface EMG is employed in 

experimental gait analysis and for physiological 

diagnostics. EMG is applied to control prosthetic devices 

such as artificial limbs, forearms, arms, knees, and lower 

limbs. So, a systematic review of current publications on 

the EMG activity of six muscles throughout physical 

fitness activities in healthy individuals was proposed [1]. 

However, the level of proof in the included papers was 

mostly medium, suggesting that further high-quality 

research was needed to decrease the risk of distortion and 

make definite conclusions concerning muscle activation. 

Also, study of electromyography systems, control 

models, problems, and potential future approaches was 

introduced [2]. This review focuses on the potential for 

EMG control to enable expanded capabilities in 

mechanical lower limb prostheses as well as the 

challenges, knowledge gaps, and research possibilities in 

this area from the viewpoints of patient care and 

individual muscle control. In addition, to capture the 

mechanical behaviour of the lower leg, staircase 

ambulation was used [3] as a basis for wearable 

technology and control systems. This article would 

specifically address transitions between level walking 

and stair mobility, as well as transitions between bipedal 

walking and walking. 

Biomedical technologies are becoming increasingly 

important in modern medicine. In reality, they were at the 

heart of pathology diagnosis and follow-up, providing 

doctors with the statistical data needed to choose the best 

medication. The biomedical techniques that are used in 

gait parameters, covering the top issues utilized in 

clinical practice for neurologic, musculoskeletal, and 

rheumatic disorders and emphasizing their usefulness in 

mailto:huda_baban@mtu.edu.iq
https://dx.doi.org/10.18287/JBPE23.09.020304


Z.M. Nahi et al.: Lower Limb Analysis of the Biomechanical Gait Cycle at... doi: 10.18287/JBPE23.09.020304 

J of Biomedical Photonics & Eng 9(2) 2023   13 Jun 2023 © J-BPE 020304-2 

the clinical environment [4]. In addition, electrical 

impedance myography (EIM) is a bioimpedance method 

that records the voltage produced by delivering a low or 

high over a muscle area without triggering myofiber or 

neuronal nerve impulses. The volume conduction 

properties (VCPs) of the muscle were measured using 

EIM. VCPs have the potential to be used as a 

standardized, measurable, and reliable 

electrophysiological diagnostic of muscle [5]. A 

classification tree gait pattern identification model 

effectively detected loading response, push-off, and 

swing for five distinct environments as well as a variety 

of walking speeds, using input data from the leg and knee 

was proposed [6]. The classifier proved resistant to a 

variety of simulated travel scenarios encountered in daily 

life and was able to generalize previously unknown data 

from diverse participants. Furthermore, displaying 

muscle activation and strength utilizing an EMG with 

auditory, vision, and/or motion presentation has been 

accomplished [7]. However, employing conductive gel to 

link the EMG electrode to the skin surface would 

generate a steady signal of muscle activity 

There are many areas, which can measure the muscle 

activity, and there are many researches in these fields 

such as to examine the worker’s body position during 

lifting and to compare the use of lower back support 

while lifting. It also uses EMG to study the worker’s 

muscle function during excessive lifting and CATIA 

Software to replicate the worker’s movement for rapid 

upper limb assessment (RULA) findings. The results 

demonstrate that workers who use lower back support 

have raw EMG signals with lower muscle activity than 

workers who do not use lower back support. When 

compared to not using back support, utilizing belt support 

can lower muscular activity by up to 67.4% [8]. 

Similarly, development of low back discomfort (LBD) 

when standing was linked to spinal muscle activation and 

pelvic motion. In analysis, the system looked at whether 

age, gender, and long-term work habits modified the 

LBD. However, given the relatively minor changes 

discovered, the therapeutic significance of this discovery 

in the chosen difference requires further investigation [9]. 

Although, a surface electromyography (sEMG) 

electrodes were used to measure muscle activity in the 

bilateral and trapezius muscles during the continuous 

farmland preparation procedure. Objective preference 

findings suggest that the bilateral, tracked by the 

trapezius left muscle, were the most uncomfortable 

during earthwork [10]. Based on machine learning, a 

unique approach for classifying gait phases in power gait 

exoskeleton users was proposed [11]. A period camera 

mounted on the crutches used for assisted walking was 

employed to capture the depth information. The machine 

learning approach predicts the first stage of data 

collection and processing throughout which the 3D 

points related to the foot and those related to the surface 

are established. 

On the other hand, there are many research measured 

the muscle activity for arm, forearm, upper arm, and wrist 

as well as arm like an electrical device that can estimate 

the activity of any muscle in the human body was 

generate. The contraction in the normal case, with 

athletic body muscles, as well as in the situation of 

neuromuscular disorder was designed [12]. The initial 

concept was based on a biosensor on the biceps muscle. 

Muscle activity was monitored using different hand-

loaded weights and varied ranges of action of the elbow 

joint. In addition, a surface EMG signal based joint 

torque estimate technique was provided to quantify the 

motion intention. To improve the accuracy of the 

calculated torque, a neural network was employed to 

learn the ideal factor of muscular strength. However, it 

should focus on creating a control technique based on this 

torque estimation method to operate rehabilitative 

exoskeleton robots [13]. Moreover, examines the 

effectiveness of stroke survivors in terms of detecting 

weak muscle activity and reaction by involuntary 

amplitude variation of EMG signals was illustrated. 

Using surface EMG data obtained from six hemiparesis 

stroke patients and six healthy participants, according to 

the findings, the amplitude-independent algorithm 

performed better in terms of recognizing weaker muscle 

activity and avoiding false alarms. However, this may be 

done by utilizing surface EMG data from individuals 

with various kinds of damage to validate the 

effectiveness of amplitude-independent approaches for 

detecting muscle activation [14]. Besides, a compare 

EMG for handstands done on three different pieces of 

equipment (ground, circles, and parallel bars), as well as 

the variation between juvenile and highly-trained senior 

gymnasts was presented. The study included ten adults 

and fifteen young gymnasts. Researchers looked at the 

magnitude of EMG signals in thirteen muscles that were 

standardized by the arbitrary angle of maximal exercise 

voluntary movement [15].  

A new force myography (FMG) sensor has been 

developed to identify physical muscle contractions in lost 

limbs [16]. FMG is an approach for registering limb 

muscle activity utilizing accelerometer sensors and 

movement observation applications. Notwithstanding its 

recent recognition among investigators, many of its 

essential properties are right now unclear. The FMG 

consists of one or maybe more sensors for obtaining 

muscle contraction data from missing limbs and an 

embedded system that receives input data from the 

sensors as well as produces control instructions. Also, 

techniques for converting FMG signals from the sensing 

element to control instructions have been developed. 

Moreover, a muscular activity visualization system was 

developed to investigate the mapping link between hand 

gestures and activated upper arm-specific muscles. The 

graphics system’s human-computer interaction showed 

that this approach could visually depict the relationship 

between multiple channels in the image space, allowing 

users to intuitively recognize the activity intensity of 

different muscles in hand movements [17]. To determine 

the lowest sample frequency required for capturing 

upper-limb FMG responses without compromising signal 

quality. Twelve participants took part in the test in which 

they were taught to perform quick hand motions while 
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FMG responses from the wrist and the bulk area of the 

arm were monitored [18]. 

In the same way, a muscle activity for the lower limbs 

and knee is clarified like postural control, as well as trunk 

independence, increased considerably after multi-muscle 

stimulation of the lower limbs was proposed. The 

aforementioned lower body part multi-muscle stimulator 

training strategy, using standard parameters at sub-

maximal rates, is therefore expected to benefit trunk 

functional status. To test the generalizability of the 

findings and the motor patterns in assisted stepping, the 

number of musculoskeletal electrical events, stand 

training routines, and a larger sample size of studies were 

required [19]. Along with, to examine the effects of 

hippotherapy on lower-body activation and gross motor 

performance in participants with cerebral palsy in a 

population with appropriate motor development. It is 

possible to infer that hippotherapy offered a sequence of 

muscular stimulation that resulted in gains in capability 

and lower limb activation, and this treatment practice 

could contribute to the active recovery and better motor 

ability of people with cerebral palsy [20]. Four short 

pieces of training of submaximal attempt in eccentric 

(ECC) cycling resulted in lower activities of the rectus 

femoris (RF), biceps femoris (BF), soleus (SOL), and 

vastus lateralis (VL) muscles. Also, an impression of 

mostly less effort in ECC than in Concentric (CON) 

cycling across a variety of power outputs – despite the 

fact that most different factors were not different between 

exercise methodologies prior to the event. Subdivisions 

in muscular activity and heart rate decreased following 

the cycling events but were generally larger with ECC 

cycling. However, before doing any muscular activity or 

sensory tests, future studies should consider undertaking 

numerous periods of ECC cycling [21]. In spite of, to 

examine hip and knee muscular activation during single-

limb standing and single-limb squat in men having 

patellofemoral pain (PFP) as well as a control group, 

which thus did not have PFP was proposed. Furthermore, 

muscle activation patterns differed between the PFP and 

healthy individuals. As a result, the findings confirm the 

idea that any impairment in the intermediate muscles 

involved in the leg might have an impact on the 

patellofemoral joint [22]. 

Inertial motion detectors are essential components of 

today’s intelligent devices. They have the ability to be a 

component of future technologies like intelligent 

buildings, the internet of things (IoT), and the internet of 

everything (IoE). A two-stage sensor fusion technique 

that produces joint angle in real-time was proposed, 

implemented, and verified [23]. In the first stage, the 

drifts in each inertial sensor combined gyroscope data 

were estimated using the method designated gradient 

declivity. To provide a real-time evaluation of the 

angular position, the inclination data from both inertial 

sensors were combined in the second stage using a 

gradient declivity approach. Examines and develops a 

mobile gait detection method for patients depending on 

an inertial measurement unit, including the hardware and 

software design of the data collection module, were 

presented [24]. Control performance of the 

musculoskeletal systems is used to determine gait 

kinematics and reaction mechanisms [25]. Inertial sensor 

information proposes a methodology for immediately 

estimating gait from inertial sensors using a single 

dynamic algorithm. Furthermore, the muscular effort was 

reduced to ensure a one-of-a-kind response. A 

seven-inertial measurement was used to collect data from 

10 people walking and jogging at six different speeds. 

Create practical and reliable approaches for detecting gait 

movements in people with gait abnormalities in real-

time. In addition, a collection of methods for online 

identification of gait patterns and actions was presented. 

Furthermore, they created an upgraded version of an 

IMU-based portable device that enables gait data 

monitoring and recording [26]. 

Typical gait analysis approaches were carried out 

under controlled conditions in a costly motion-capture 

laboratory. Although the technique produces reliable 

findings, it does not allow for continual monitoring and 

evaluation. Wearable systems with inertial measurement 

units are an option. However, inertial sensor suffers from 

drift as a result of the double processing used to obtain 

position information. However, ultrasonic sensors can be 

used to counteract this drift. A simple, reliable measure 

of the ankle angle (AA) utilizing ultrasonic sensors and 

triangulation methods without using sophisticated 

inertial sensor techniques was proposed [27]. 

Furthermore, the suggested technique detects the 

minimal toe clearance (MTC), which was another 

significant gait parameter. The suggested system 

analyzes a person’s gait for long durations for a day 

scenario and assesses essential gait characteristics that 

were utilized for gait problem therapy and fall detection 

in the older adult population. Finally, a novel approach 

for measuring knee joint angle was proposed. The 

technique used force myogram responses from thigh 

muscles as individuals walked on a machine at various 

speeds, including slow, moderate, high, and run. The 

method has been validated on both able-bodied people 

and a transfemoral prosthesis. However, research might 

look at expanding the current technique to a more diverse 

patient group [28]. The actions of the multifidus, internal 

oblique, quadriceps, and tibialis anterior muscles in 

inactive adults were identical to those observed with 

walking and hippotherapy employing various methods 

and elements. The results of this controlled research may 

be compared to those of patients with various clinical 

illnesses who appear to have independent walking 

impairment in order to truly comprehend the alterations 

that happen in their trunks [29].  

The drawback from the previous works is that they 

have used only one sensor location and one to five muscle 

types, so to get effective results in collecting data and 

analyzing it, this paper uses heel-strike, foot flat, 

midstance, heel-off, toe-off, and medium swing of the 

right leg, left leg, and both legs. This paper has been 

classified several related studies based on sensor 

location, sensor type, muscle test, and gender and 



Z.M. Nahi et al.: Lower Limb Analysis of the Biomechanical Gait Cycle at... doi: 10.18287/JBPE23.09.020304 

J of Biomedical Photonics & Eng 9(2) 2023   13 Jun 2023 © J-BPE 020304-4 

compared with proposed method as illustrated in 

(Table 1). 

The purpose of this study is to get a more thorough 

understanding of the challenges posed by weak muscular 

activity and to propose options to assist the disabled by 

enabling the specialist to assist patients, improve their 

situation and stimulate the weak muscles. The 

aforementioned would improve their psychological state 

and enable them to do their everyday tasks more 

naturally. The system components include a Bluetooth 

module, a myograph sensor, and a microcontroller. It was 

established during a walking and stair climbing test that 

healthy participants use both legs equally and in a 

balanced way. 

The research contributes: 

1. A review of the use of muscle activity systems 

in previous works.  

2. To collect surface EMG data from the lower 

limb of the leg. 

3. To predict gait events (heel-strike, foot flat, 

midstance, heel off, toe-off, and Medium swing) of the 

right leg, left leg, and both legs. 

2 Methodology 

The suggested system consists of a myograph put on the 

limb of the user, the data (muscle activity) is wirelessly 

transmissible to a computer or phone for analysis, and a 

microcontroller processes the data. The sensors were 

placed on the legs of the chosen muscles, namely 

quadriceps, hamstrings, tibialis, and triceps on both sides 

(right and left). The suggested method can be used for 

real-time motion analysis. The system is simple to wear, 

practical for outdoor usage, lightweight, and 

commercially feasible. Fig. 1 represents the block 

diagram of the system with all components. 

Table 1 Comparison of sensor location, sensor type, muscle test, and gender in previous works. 

Year, Ref. 
Sensor 

location 

Sensor 

type 
Muscle test Gender 

2020, [8] back myograph low back 7 male 

2020, [12] arm myograph biceps 4 persons 

2021, [13] arm myograph elbow joint angle not available 

2020, [14] arm myograph not available 

6 healthy and  

6 hand impairment 

(4 female) 

2019, [19] lower limbs myograph   

2019, [9] back myograph 
erector spinae and  

medio-lateral pelvic 

15 young females, 15 young 

males, 15 older males, and 

15 young males 

2019, [20] lower limbs myograph  7 individuals 

2019, [22] 
hip and knee 

muscles 
myograph not available 18 males 

2020, [16] forearm 

force 

myography 

sensor 

forearm 1 male 

2020, [17] arm sEMG upper arm muscle not available 

2019, [15] arm EMG 

anterior deltoid, pectoralis major, 

latissimus dorsi, biceps brachii, and 

trapezius descendent muscles 

10 adult and 15 young 

2021, [10] bellies sEMG trapezius and biceps brachii 10 volunteers 

2019, [18] 
wrist and 

forearm 

force 

myography 

(FMG) 

not available  12 volunteers 

2020, [28] knee FMG thigh muscles 8 men 

Proposed 

method 
lower limbs myograph 

quadriceps, hamstrings, tibialis, and 

triceps on both sides  

(right and left). 

28 persons  

(17 males and 11 females) 
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      leg

Mayograph 

sensor
Microcontroller Bluetooth 

Phone 

Computer

 
Fig. 1 Block diagram of the system. 

 

Bluetooth
Switch 

MicrocontrollerSensors
 

Fig. 2 Schematic and the hardware components of the system. 

Table 2 Action of muscles during activities. 

Muscle name Action Ph. 1 Ph. 2 Ph. 3 Ph. 4 Ph. 5 Ph. 6 

Quadriceps 
knee extensors helping in control of knee 

flexion 
W. W. N.W. W. N.W. N.W. 

Gluteus 

Maximus 
Move of the hip and thigh W. W. N.W. N.W. N.W. N.W. 

Hamstrings 
Extend the hip and flex knee via 

concentric contraction 
W. N.W. N.W. N.W. N.W. W. 

Iliopsoas 
hip flexor and active during the initial 

and mid-swing phase 
N.W. N.W. N.W. W. W. N.W. 

Tibialis 

Anterio 

During loading response and initial 

swing and the ankle dorsiflexion during 

the late swing phase. 

W. W. N.W. W. W. W. 

Triceps 
During late mid-stance and terminal 

stance 
N.W. N.W. W. N.W. N.W. N.W. 

Ph.: phase, W.: work, N.W.: not work, 

Ph. 1: heel strike, Ph. 2: foot flat, Ph. 3: Midstance, Ph. 4: Heel off, Ph. 5: Toe release, Ph. 6: Medium swing. 
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Start

System 

Preparation

Is Data 
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Sensor?

Data Reading 

And Recording

Is Data 

Receiving?

END

NO YES

NO

YES

 
Fig. 3 System flowchart. 

Besides, Fig. 2 illustrate the schematic and the 

hardware components of the system, which comprises an 

Arduino Pro Mini board [30, 31], two MyoWare muscle 

sensor module [32], and Bluetooth [33, 34]. The signals 

from the MyoWare are received by the microcontroller, 

and the computer or phone serves as an adapter between 

the microcontroller and the MyoWare. In the Arduino 

programming, the obtained signals are processed using a 

specified algorithm that cleared as a flowchart which is 

depicted in Fig. 3. 

3 Data Collection 

The position and origin point of the muscles themselves 

determine the individual body parts responses to a muscle 

function. To make this procedure simpler, the system will 

concentrate on the body's skeletal muscles. The mobility 

of the majority of skeletal muscles is restricted or guided 

by their attachment to bone, cartilage, or connective 

tissue. The testing of the data is applied to 28 normal 

people (17 males and 11 females) aged from 24 to 

54 years old. The data for this work has been collected 

from following: 

Part 1: for normal walking with and without weight 

(5 kg, 10 kg, and 15 kg); for quadriceps as well as 

hamstring muscles, once for left leg and once for right leg 

with six phases.  

Part 2: for stair clamping with and without weight 

(5 kg, 10 kg, and 15 kg), for quadriceps as well as 

hamstring muscles, once for the left leg and once for the 

right leg, with six phases. 

Part 3: six phases for two legs at the same time for 

normal walking and stair clamping with and without 

weight (5 kg, 10 kg, and 15 kg) for quadriceps and 

hamstring muscles. 

Part 4: for normal walking with and without weight 

(5 kg, 10 kg, and 15 kg); for Tibialis and triceps muscles, 

with six phases, once for left leg and once for right leg. 

Part5: for stair clamping with and without weight 

(5 kg, 10 kg, and 15 kg), for tibialis as well as triceps 

muscles, once for the left leg and once for the right leg, 

with six phases. 

Part 6: six phases for two legs at the same time for 

normal walking and stair clamping with and without 

weight (5 kg, 10 kg, and 15 kg) for Tibialis and triceps 

muscles. 

4 Result and Discussion 

For muscle evaluation by observing the user and 

recording the readings of muscle contraction and 

relaxation during walking and climbing the stairs for all 

the parts that were mentioned in the collection of data, it 

is notice that some muscles strengthen and weaken 

during the phase that is assigned to them. As illustrated 

in Table 2, that shows the action of muscles during 

activities. 

The collected data presented in Table 3 represented 

the quadriceps and hamstring muscles and the sensor on 

the left leg (with or without weight). The numbers in the 

tables are the activity of the muscles as a voltage that was 

collected from the sensor, which is measured in 

microvolts, and Fig. 4 shows the phases for each case. 

The collected data presented in Table 4 represented 

the quadriceps and hamstring muscles and the sensor on 

the left leg (with or without weight). The numbers in the 

tables are the activity of the muscles as a voltage that was 

collected from the sensor, which is measured in 

microvolts, and Fig. 5 shows the phases for each case. 

The collected data presented in Table 5 represented 

the tibialis and triceps muscles and the sensor on the left 

leg (with or without weight). The numbers in the tables 

are the activity of the muscles as a voltage that was 

collected from the sensor, which is measured in 

microvolts, and Fig. 6 shows the phases for each case. 
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Table 3 Activity of the quadriceps and hamstring muscles in microvolts (with or without weight). 

Muscle 

name 
Heel strike Foot flat Midstance Heel release 

Toe 

release 
Medium swing 

Gait cycle with normal walk 

Quadriceps 251 212 198 279 328 231 

Hamstrings 92 70 56 91 88 57 

Normal walk with 5 kg in the left hand 

Quadriceps 88 152 244 221 243 191 

Hamstrings 66 171 234 342 355 244 

Normal walk with 10 kg left hand 

Quadriceps 297 236 145 163 255 205 

Hamstrings 73 87 87 26 65 60 

Normal walk with 15 kg left hand 

Quadriceps 317 329 300 314 334 330 

Hamstrings 499 455 416 433 412 366 

Normal walk with 5 kg in the right hand 

Quadriceps 323 327 322 312 355 368 

Hamstrings 315 312 300 307 355 352 

Normal walk with 10 kg right hand 

Quadriceps 362 312 308 323 330 333 

Hamstrings 448 318 308 397 319 324 

Normal walk with 15 kg right hand 

Quadriceps 170 178 129 186 215 134 

Hamstrings 174 192 132 152 150 139 

 

a b c

d e  
Fig. 4 Phases of a) heel strike phase, b) foot flat phase, c) midstance phase, d) heel off phase, e) medium swing phase.
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Table 4 Activity of the quadriceps and hamstring muscles in microvolts (with or without weight). 

Muscle name 
Heel 

strike 
Foot flat Midstance 

Heel 

release 

Toe 

release 

Medium 

swing 

Stair climbing 

Quadriceps 116 224 214 128 146 139 

Hamstrings 227 325 238 231 265 390 

Stair climbing with 5kg in the left hand 

Quadriceps 195 213 215 171 214 153 

Hamstrings 255 291 282 263 253 276 

Stair climbing with 10kg left hand 

Quadriceps 151 212 165 191 245 303 

Hamstrings 256 281 216 254 291 250 

Stair climbing walk with 15kg left hand 

Quadriceps 128 219 231 280 192 244 

Hamstrings 312 236 314 285 218 234 

Stair climbing with 5kg in the right hand 

Quadriceps 125 237 195 324 142 205 

Hamstrings 157 218 253 112 214 176 

Stair climbing with 10kg right hand 

Quadriceps 163 512 378 114 221 251 

Hamstrings 193 318 200 134 161 250 

Stair climbing walk with 15kg right hand 

Quadriceps 192 352 590 408 400 619 

Hamstrings 183 272 380 357 215 305 

 

a b c

d e f  

Fig. 5 Phases of a) foot flat phase, b) toe release phase, c) medium swing phase, 

d) midstance phase, e) midstance phase, f) heel strike phase. 
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Table 5 Activity of the tibialis and triceps muscles in microvolts (with or without weight). 

Muscle name 
Heel 

strike 
Foot flat Midstance Heel release Toe release Medium swing 

Stair climbing 

Tibialis 121 221 349 135 128 166 

Triceps 94 124 149 121 139 96 

Stair climbing with 5 kg in the left hand 

Tibialis 74 225 357 169 134 186 

Triceps 98 130 176 132 175 114 

Stair climbing with 10 kg left hand 

Tibialis 212 214 394 124 169 102 

Triceps 105 102 174 175 168 87 

Stair climbing walk with 15kg left hand 

Tibialis 137 246 225 235 195 285 

Triceps 114 113 224 318 405 163 

Stair climbing with 5kg in the right hand 

Tibialis 266 272 379 228 199 168 

Triceps 120 147 173 182 291 158 

Stair climbing with 10kg right hand 

Tibialis 121 276 527 287 282 202 

Triceps 106 147 183 126 389 246 

Stair climbing walk with 15kg right hand 

Tibialis 145 445 286 338 214 209 

Triceps 109 122 195 210 187 124 

 

a b  

Fig. 6 Phases of a) foot flat phase, b) medium swing phase. 

The collected data presented in Table 6 represented 

the right (R.) triceps and left (L.) triceps muscles and the 

sensor on the left and right leg (with or without weight). 

The numbers in the tables are the activity of the muscles 

as a voltage that was collected from the sensor, which is 

measured in microvolts, and Fig. 7 shows the phases for 

each case. 
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Table 6 Activity of the right (R.) triceps and left (L.) triceps muscles in microvolts (with or without weight). 

Muscle name 
Heel 

strike 
Foot flat Midstance Heel release Toe release Medium swing 

Normal walk 

R. Triceps 138 141 193 124 120 117 

L. Triceps 130 124 127 103 200 190 

Normal walk with 5kg in the left hand 

R. Triceps 85 202 145 76 162 188 

L. Triceps 167 111 103 105 231 193 

Normal walk with 10kg left hand 

R. Triceps 124 80 177 70 160 190 

L. Triceps 118 140 121 155 181 204 

Normal walk with 15kg left hand 

R. Triceps 88 374 356 98 213 188 

L. Triceps 125 160 109 100 165 211 

Normal walk with 5kg in the right hand 

R. Triceps 92 208 292 100 122 128 

L. Triceps 128 193 124 105 212 231 

Normal walk with 10kg right hand 

R. Triceps 106 190 324 80 79 115 

L. Triceps 130 163 146 107 228 282 

Normal walk with 15kg right hand 

R. Triceps 167 140 355 86 135 127 

L. Triceps 110 240 110 100 244 258 

 

a b  

Fig. 7 Phases of a) heel strike phase, b) Midstance phase. 
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From the results, in normal walking with quadriceps 

muscles, when the weight is in the left hand, the activity 

increases, and in stair climbing, when the weight is in the 

left hand, the activity decreases significantly in the first 

three stages and increases in the other three. Also, in 

normal walking with tibialis muscle weight in the left 

hand, the activity increases, and when stair ascending 

with weight in the left hand, the action is the same as with 

weight. In addition, in a comparison between the left and 

right triceps muscles, when the weight is in the left hand, 

the activity increases in the left muscle more than the 

right, and when the weight is in the right hand, the 

activity increases in the right muscle more than the left. 

5 Conclusion  

In this paper, the activation values of the tibialis, triceps, 

quadriceps, and hamstring muscles are measured and 

analyzed in different conditions. The value is found by a 

wireless system using an Arduino microcontroller and 

wearable muscle sensors. With the practical experience, 

which involved the gait cycle at various phases, the 

biomechanics influence was implemented. On the right, 

left, and both legs, gait cycles are computed in real-time 

for heel contact, foot neutrality, oriented practices, heel 

release, toe-off, and medium swing. The results are found 

with phases of the gait cycle in normal walking and 

upstairs, with and without lifting weight. The 

measurements are applied to 28 individuals (17 males 

and 11 females) aged 24–54 years old, and the collected 

data represents the voltage activity of the muscles that 

can be used for future work to get more equate results to 

analyze the biomechanical gait cycle at various phases in 

real time. 

Acknowledgements 

For their assistance throughout this investigation, the 

authors gratefully acknowledge the Department of 

Medical Instrumentation Techniques Engineering, 

Electrical Engineering Technical College, Middle 

Technical University. 

Disclosures 

The authors have no relevant financial interest in this 

article and no conflict of interest to disclose. 

References 

1. J. M. Oliva-Lozano, J. M. Muyor, “Core muscle activity during physical fitness exercises: A systematic review,” 

International Journal of Environmental Research and Public Health 17(12), 4306 (2020).  

2. A. Fleming, N. Stafford, S. Huang, X. Hu, D. P. Ferris, and H. H. Huang, “Myoelectric control of robotic lower limb 

prostheses: a review of electromyography interfaces, control paradigms, challenges and future directions,” Journal 

of Neural Engineering 18(4), 041004 (2021). 

3. M. Grimmer, J. Zeiss, F. Weigand, G. Zhao, S. Lamm, M. Steil, and A. Heller, “Lower limb joint biomechanics-

based identification of gait transitions in between level walking and stair ambulation,” Plos One 15(9), e0239148 

(2020). 

4. F. Lullo, L. Donisi, G. Piscosquito, B. Lanzillo, C. Armando, and G. D’Addio, “Gait analysis: technical notes,” 

Journal of Advanced Health Care 2(1), 67–70 (2020). 

5. B. Sanchez, O. G. Martinsen, T. J. Freeborn, and C. M. Furse, “Electrical impedance myography: a critical review 

and outlook,” Clinical Neurophysiology 132(2), 338–344 (2021). 

6. J. D. Farah, N. Baddour, and E. D. Lemaire, “Design, development, and evaluation of a local sensor-based gait phase 

recognition system using a logistic model decision tree for orthosis-control,” Journal of NeuroEngineering and 

Rehabilitation 16(1), 22 (2019). 

7. X. Zou, “The Design of the Electromyography Sensor with the Modifying Circuit,” Journal of Physics: Conference 

Series 1693, 012189 (2020). 

8. M. A. M. Said, B. E. J. Tubam, N. K. Khamis, and A. Arsad, “A Study of Postural Safety and Low-Cost 

Electromyography (EMG) Device Towards Grocery Workers in Kota Samarahan, Sarawak,” Journal of Engineering 

and Science Research 4(4), 1–5 (2020). 

9. R. Wall, T. Laeubli, R. Seibt, M. A. Rieger, and B. Steinhilber, “Associations between low back muscle activity, 

pelvic movement and low back discomfort development during prolonged standing–An exploratory laboratory 

study,” International Journal of Industrial Ergonomics 72, 380–389 (2019). 

10. R. N. Kumar, A. Saravanan, S. Shankar, R. Nithyaprakash, B. Jaikumar, A. Mohanraj, and K. Mohanprasath, 

“Investigating the Impact of the Hoe handle Length and Angle on the Shoulder and Arm Muscle Activity during 

Manual Farming Activities,” Journal of the Institution of Engineers (India): Series A 102(4), 1053–1060 (2021). 

11. S. Pasinetti, A. Fornaser, M. Lancini, M. De Cecco, and G. Sansoni, “Assisted gait phase estimation through an 

embedded depth camera using modified random forest algorithm classification,” IEEE Sensors Journal 20(6), 3343–

3355 (2019). 

12. Z. Majid, N. T. Al-Sharify, and Z. T. Al-Sharify, “Measurement of Muscle Activity using Arduino Advanced 

Software for Sustainable Aid,” Journal of Green Engineering 10(9), 4965–4976 (2020). 

https://doi.org/10.3390/ijerph17124306
https://doi.org/10.1088/1741-2552/ac1176
https://doi.org/10.1088/1741-2552/ac1176
https://doi.org/10.1371/journal.pone.0239148
https://doi.org/10.1371/journal.pone.0239148
https://jahc.eu/jahc2002-002/
https://doi.org/10.1016/j.clinph.2020.11.014
https://doi.org/10.1016/j.clinph.2020.11.014
https://doi.org/10.1186/s12984-019-0486-z
https://doi.org/10.1186/s12984-019-0486-z
https://doi.org/10.1088/1742-6596/1693/1/012189
https://www.sciencegate.app/document/10.26666/rmp.jesr.2020.4.1
https://www.sciencegate.app/document/10.26666/rmp.jesr.2020.4.1
https://doi.org/10.1016/j.ergon.2019.07.001
https://doi.org/10.1016/j.ergon.2019.07.001
https://doi.org/10.1016/j.ergon.2019.07.001
https://doi.org/10.1007/s40030-021-00572-7
https://doi.org/10.1007/s40030-021-00572-7
https://ieeexplore.ieee.org/abstract/document/8922631
https://ieeexplore.ieee.org/abstract/document/8922631
http://www.jgenng.com/wp-content/uploads/2020/11/volume10-issue9-32.pdf
http://www.jgenng.com/wp-content/uploads/2020/11/volume10-issue9-32.pdf


Z.M. Nahi et al.: Lower Limb Analysis of the Biomechanical Gait Cycle at... doi: 10.18287/JBPE23.09.020304 

J of Biomedical Photonics & Eng 9(2) 2023   13 Jun 2023 © J-BPE 020304-12 

13. D. Xu, Q. Wu, and Y. Zhu, “Development of a sEMG-based joint torque estimation strategy using Hill-type muscle 

model and neural network,” Journal of Medical and Biological Engineering 41, 34–44 (2021). 

14. H. K. Hameed, W. Z. Wan Hasan, S. Shafie, S. A. Ahmad, H. Jaafar, and L. N. Inche Mat, “Investigating the 

performance of an amplitude-independent algorithm for detecting the hand muscle activity of stroke survivors,” 

Journal of Medical Engineering & Technology 44(3), 139–148 (2020). 

15. A. Kochanowicz, B. Niespodzinski, J. Mieszkowski, M. Marina, K. Kochanowicz, and M. Zasada, “Changes in the 

muscle activity of gymnasts during a handstand on various apparatus,” The Journal of Strength & Conditioning 

Research 33(6), 1609–1618 (2019). 

16. A. Prakash, A. K. Sahi, N. Sharma, and S. Sharma, “Force myography controlled multifunctional hand prosthesis for 

upper-limb amputees,” Biomedical Signal Processing and Control 62, 102122 (2020). 

17. Y. Cheng, G. Li, J. Li, Y. Sun, G. Jiang, F. Zeng, H. Zhao, and D. Chen, “Visualization of activated muscle area 

based on sEMG,” Journal of Intelligent & Fuzzy Systems 38(3), 2623–2634 (2020). 

18. Z. G. Xiao, C. Menon, “An investigation on the sampling frequency of the upper-limb force myographic signals,” 

Sensors 19(11), 2432 (2019). 

19. K. Momeni, A. Ramanujam, E. L. Garbarini, and G. F. Forrest, “Multi-muscle electrical stimulation and stand 

training: effects on standing,” The Journal of Spinal Cord Medicine 42(3), 378–386 (2019). 

20. M. F. Ribeiro, A. P. Espindula, J. B. Lage, D. E. B. Júnior, L. H. Diniz, E. C. de Mello, A. A. Ferreira, M. L. Fonseca 

Ferraz, and V. de P. A. Teixeira, “Analysis of the electromiographic activity of lower limb and motor function in 

hippotherapy practitioners with cerebral palsy,” Journal of Bodywork and Movement Therapies 23(1), 39–47 (2019). 

21. P. Clos, R. Lepers, “Leg Muscle Activity and Perception of Effort before and after Four Short Sessions of 

Submaximal Eccentric Cycling,” International Journal of Environmental Research and Public Health 17(21), 7702 

(2020). 

22. G. H. Mirzaie, A. Rahimi, M. Kajbafvala, F. D. Manshadi, K. K. Kalantari, and A. Saidee, “Electromyographic 

activity of the hip and knee muscles during functional tasks in males with and without patellofemoral pain,” Journal 

of bodywork and movement therapies 23(1), 54–58 (2019). 

23. S. Majumder, M. J. Deen, “Wearable IMU-based system for real-time monitoring of lower-limb joints,” IEEE 

Sensors Journal 21(6), 8267–8275 (2020). 

24. S. Gong, Z. Wang, W. Ye, and Q. Hua, “Real-time Detection System of Gait Event for Disabled People,” Journal of 

Physics: Conference Series 1650, 032106 (2020). 

25. E. Dorschky, M. Nitschke, A.-K. Seifer, A. J. van den Bogert, and B. M. Eskofier, “Estimation of gait kinematics 

and kinetics from inertial sensor data using optimal control of musculoskeletal models,” Journal of Biomechanics 95, 

109278 (2019). 

26. J. C. Perez-Ibarra, A. A. Siqueira, and H. I. Krebs, “Identification of gait events in healthy and Parkinson’s disease 

subjects using inertial sensors: A supervised learning approach,” IEEE Sensors Journal 20(24), 14984–14993 (2020). 

27. N. Mani, P. Haridoss, and B. George, “A wearable ultrasonic-based ankle angle and toe clearance sensing system for 

gait analysis,” IEEE Sensors Journal 21(6), 8593–8603 (2020). 

28. A. Kumar, A. K. Godiyal, P. Joshi, and D. Joshi, “A new force myography-based approach for continuous estimation 

of knee joint angle in lower limb amputees and able-bodied subjects,” IEEE Journal of Biomedical and Health 

Informatics 25(3), 701–710 (2020). 

29. M. A. B. Silva, A. F. G. Lupianhes, J. B. Lage, L. A. P. Sande, R. C. Rosa, L. A. Lombardi, and A. P. Espindula, 

“Electromyographic analysis of muscle activation of the trunk and lower limbs during human gait and hippotherapy 

using different ride mount materials,” Journal of Bodywork and Movement Therapies 27, 507–511 (2021). 

30. Getting Started with the Arduino Pro Mini (accessed on 17 January 2023). [https://docs.arduino.cc/retired/getting-

started-guides/ArduinoProMini].  

31. A. B. Fakhri, S. K. Gharghan, S. L. Mohammed, and S. L. Zubaidi, “Measurement Validation of Patient Vital Signs 

Monitoring System Using Wireless Sensor Network,” in 2020 13th International Conference on Developments in 

eSystems Engineering (DeSE), 423–426 (2020). 

32. Myoware-muscle-sensor (accessed on 17 January 2023). [https://www.digikey.com/en/maker/projects/myoware-

muscle-sensor-kit/39ecba5502ad4c59ad0f7eca25b6e338].  

33. ElectronicWings, Bluetooth Module HC-05 Pinout, AT Commands & Arduino Programming (accessed on 17 

January 2023). [https://www.electronicwings.com/sensors-modules/bluetooth-module-hc-05-].  

34. A. Q. Baktash, S. L. Mohammed, and H. F. Jameel, “Multi-Sign Language Glove based Hand Talking System,” in 

IOP Conference Series: Materials Science and Engineering 1105, 012078 (2021). 

 

https://doi.org/10.1007/s40846-020-00539-2
https://doi.org/10.1007/s40846-020-00539-2
https://doi.org/10.1080/03091902.2020.1753838
https://doi.org/10.1080/03091902.2020.1753838
https://doi.org/10.1519/JSC.0000000000002124
https://doi.org/10.1519/JSC.0000000000002124
https://doi.org/10.1016/j.bspc.2020.102122
https://doi.org/10.1016/j.bspc.2020.102122
https://doi.org/10.3233/jifs-179549
https://doi.org/10.3233/jifs-179549
https://doi.org/10.3390/s19112432
https://doi.org/10.1080/10790268.2018.1432311
https://doi.org/10.1080/10790268.2018.1432311
https://doi.org/10.1016/j.jbmt.2017.12.007
https://doi.org/10.1016/j.jbmt.2017.12.007
https://doi.org/10.3390/ijerph17217702
https://doi.org/10.3390/ijerph17217702
https://doi.org/10.1016/j.jbmt.2018.11.001
https://doi.org/10.1016/j.jbmt.2018.11.001
https://ieeexplore.ieee.org/abstract/document/9293265
https://doi.org/10.1088/1742-6596/1650/3/032106
https://doi.org/10.1016/j.jbiomech.2019.07.022
https://doi.org/10.1016/j.jbiomech.2019.07.022
https://ieeexplore.ieee.org/abstract/document/9146553
https://ieeexplore.ieee.org/abstract/document/9146553
https://ieeexplore.ieee.org/abstract/document/9310235
https://ieeexplore.ieee.org/abstract/document/9310235
https://ieeexplore.ieee.org/abstract/document/9091020
https://ieeexplore.ieee.org/abstract/document/9091020
https://doi.org/10.1016/j.jbmt.2021.02.013
https://doi.org/10.1016/j.jbmt.2021.02.013
https://ieeexplore.ieee.org/abstract/document/9450765
https://ieeexplore.ieee.org/abstract/document/9450765
hhttps://iopscience.iop.org/article/10.1088/1757-899X/1105/1/012078/meta


A.A. Plekhanov et al.: Side-by-Side OCE-Study of Elasticity and... doi: 10.18287/JBPE23.09.020305 

J of Biomedical Photonics & Eng 9(2) 2023   15 Jun 2023 © J-BPE 020305-1 

Side-by-Side OCE-Study of Elasticity and 
SHG-Characterization of Collagen Fibers in 
Breast Cancer Tissue before and after Chemotherapy 

Anton A. Plekhanov1*, Arseniy L. Potapov1, Mikhail V. Pavlov2, Vadim V. Elagin1, 
Ekaterina V. Gubarkova1, Alexander A. Sovetsky3, Lev A. Matveev3, Dmitriy A. Vorontsov2, 
Alexander L. Matveyev3, Alexey Y. Vorontsov2, Sergey V. Gamayunov2, Elena V. Zagaynova1, 
Marina A. Sirotkina1, Vladimir Y. Zaitsev3†, and Natalia D. Gladkova1† 
1 Privolzhsky Research Medical University, 10/1 Minin and Pozharsky sq., Nizhny Novgorod 603950, Russia 
2 Nizhny Novgorod Regional Oncologic Hospital, 11/1 Delovaya str., Nizhny Novgorod 603093, Russia 
3 Institute of Applied Physics Russian Academy of Sciences, 46 Ulyanova str., Nizhny Novgorod 603950, Russia 
† These authors contributed equally to this work 

*e-mail: strike_gor@mail.ru 

Abstract. In the recent years promising results have been shown by the use of 
Compression optical coherence elastography (C-OCE) as a new optical biopsy 
approach to morphological assessment/diagnostics of human breast cancer 
using differences in elastic properties of morphological components of 
cancerous tissues. In this study, for the first time, a relationship was 
established between microstructural organization and biomechanical 
properties of breast-cancer tissue with pathomorphological changes caused 
by chemotherapy. To characterize texture of collagen fibers in the 
microenvironment of breast cancer, high-resolution visualization by Second-
harmonic generation (SHG) microscopy was used. A side-by-side C-OCE and 
SHG imaging of patients’ breast cancer tissues before and after chemotherapy 
was carried out. Regions of the cancer stroma (collagen fibers outside 
aggregates of cancer cells) were assessed separately from regions of cancer 
cell clusters penetrated by collagen fibers. For cancer stroma areas after 
chemotherapy, a statistically significant decrease in stiffness values was found. 
Simultaneously, parameters of collagen texture in SHG images (mean 
intensity, “coherency” and “energy”) indicated increase in the collagen 
content, orientational orderliness, and collagen-texture heterogeneity. In 
contrast, cancer-cell areas post chemotherapy showed a statistically 
significant increase in stiffness. Analysis of SHG images of these regions 
indicated decrease in the inter-cellular collagen content and heterogeneity of 
its texture, whereas its orientational orderliness somewhat increased. The 
established negative correlation between stiffness and SHG parameters of 
collagen in cancer stroma indicates the contribution of the increase in 
orientational orderliness and total collagen content to the reduction in 
stiffness of breast cancer stroma after chemotherapy. For cancer-cell regions, 
significantly lower correlation between stiffness and SHG parameters 
(especially for coherency) was found, indicating stronger role of 
chemotherapy-induced changes in cancer cells themselves. These results give 
a deeper insight in the role of collagen texture organization in biomechanics of 
breast cancer tissues and contribute to a more detailed substantiation of the 
morphological characterization of breast cancer by C-OCE imaging. 
© 2023 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

Various optical technologies of bioimaging are being 

introduced into medical practice in the recent years, 

which has significantly extended possibilities for 

studying anatomical/structural features and functional 

state of patients [1]. In the last decade, a major progress 

was observed in the development of optical coherence 

tomography (OCT), where, in addition to unprecedented 

success of OCT usage in ophthalmic diagnostics, there 

was a significant advance in the abilities of OCT 

application for performing in situ optical biopsy enabling 

early cancer diagnosis and a deeper understanding of 

oncogenesis [2]. In addition to OCT-angiography that is 

already widely used in ophthalmology [3], other 

functional extensions of OCT technology are being tested 

for solving various clinical tasks. Such OCT modalities 

include, for example, cross-polarization OCT [4], OCT-

lymphangiography [5], dynamic contrast OCT [6], or 

optical coherent elastography [7, 8]. In particular, the use 

of compression optical coherence elastography (C-OCE) 

makes it possible to distinguish morphological 

components of tissue based on mechanical contrast (e.g., 

in order to identify the location and boundaries of the 

pathology). Similarly, C-COE-based evaluation of 

biomechanical properties of morphological tissue 

components gives a deeper insight in biological 

mechanisms of the formation and course of a disease) [9]. 

The C-OCE technology has a resolution of 15–100 μm, 

which makes possible studying of biological tissue at the 

level of structural/morphological components or 

agglomeration of cells [10], which in many cases is quite 

sufficient, for example, for evaluation of the efficiency of 

cancer therapy [11, 12].  

An important aspect of biomechanical visualization 

of functional changes occurring in tissues is evaluation 

and sufficiently ample understanding of contributions of 

various morphological components to the overall 

biomechanical properties of the tissue [13]. In this 

context, the use of C-OCE bodes well for studying 

biomechanical properties of tissue components in their 

natural state. During the last decade, C-OCE method has 

been attracting much attention in studies of elasticity of 

breast cancer tissues [8]. This is explained by high 

occurrence of breast cancer which is diagnosed in over 

13% of women [14]. The use of C-OCE made it possible 

to establish characteristic elastic properties for various 

individual morphological components of breast 

cancer [15, 16], as well as for different morpho-

molecular types of breast cancer [16–18] and formulate 

the corresponding C-OCE-based criteria of clean 

resection boundaries during breast-cancer 

surgery [19, 20]. C-OCE also made it possible to detect 

changes in elastic properties of cancer components 

(regions of cancer stroma and cancer cells themselves) 

after chemotherapy [11, 21]. In those studies, C-OCE 

revealed a paradoxical effect of increase in stiffness in 

regions of residual cancer cells after chemotherapy, 

whereas in histological images of these regions no 

obvious morphological changes were seen [22]. At the 

same time it is known that, for tumors demonstrating high 

resistance and weak response to therapy, specific 

structural changes are typical of extracellular 

matrix [23, 24] consisting mostly of type I collagen [25]. 

Besides, some connection was mentioned between the 

micro-environment of cancer cells, including specific 

organization of collagen bundles in cancer stroma, with 

early metastasis and occurrence of delayed 

recurrence [26, 27]. Those facts indicate the necessity of 

revealing the connection between the structure of 

collagen fibers and biomechanical properties of breast-

cancer tissues in order to get a deeper insight in tumor 

evolution and better understanding of the morphological 

background of elastographic C-OCE images. 

In this regard, in the present study we applied the 

second-harmonic generation (SHG) microscopy to 

visualize and quantitatively assess structure (texture) of 

collagen fibers in breast-cancer tissue before and after 

chemotherapy using excised tissue samples. Quantitative 

assessment of SHG images included evaluation of mean 

density of collagen (characterized by the mean intensity 

of SHG image), estimation of orientational ordering of 

collagen-fibers texture (using the parameter usually 

called “coherency”) and the parameter called “energy” to 

characterize the degree of heterogeneity of collagen 

texture. For the first time, we correlated the above-

mentioned SHG-based characteristics of collagen-fibers 

texture in breast-cancer samples with the stiffness 

(Young’s modulus) of the same regions estimated using 

C-OCE. SHG microscopy allowed us to detect not only 

fairly thick collagen bundles (which were visible in 

histological images), but also isolated collagen fibers. 

Earlier studies indicated that SHG microscopy made it 

possible both qualitative and quantitative assessment of 

microenvironment of breast-cancer cells [28]. In this 

study we performed targeted analysis of morphologically 

different regions of cancer [29], namely, regions of 

cancer stroma sufficiently distant from agglomerates of 

cancer cells and regions of cancer cells themselves. For 

the regions of cancer stroma, characteristic range of 

stiffness was determined using C-OCE and parameters of 

collagen-fibers texture for these regions were estimated 

using SHG microscopy. For the regions of cancer cells, 
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we also determined the characteristic stiffness range 

using C-OCE, parameters of collagen texture using SHG 

microscopy. Besides, density of cancer cells was 

estimated for these regions using histological images.  

The goal of this study was to reveal how the so-

determined microstructural parameters and stiffness 

values for cancer stroma and cancer-cell agglomerates 

are related to pathomorphological changes in breast-

cancer tissues caused by chemotherapy. Co-location of 

the same breast-cancer regions in the C-OCE and 

SHG-microscopy images made it possible to evaluate the 

complementary variations in stiffness and parameters of 

collagen fibers texture. The established correlation 

between the collagen texture parameters and 

biomechanical properties cancerous tissues gives a 

deeper insight in the morphological background of 

variations in stiffness of the main structural components 

of breast cancer after chemotherapy. 

2 Materials and Methods 

2.1 Patients and Therapy 

The study complies with international and ethical 

standards set out in the World Medical Association 

Declaration of Helsinki “Ethical principles for medical 

research involving human subjects” [30]. The present 

study was approved by the Institutional Review Boards 

of the Nizhny Novgorod Regional Oncologic Hospital 

(protocol #12 of December 23, 2021). All patients 

included in the study provided written informed consent 

prior to enrolment. The patients (the mean age is 

62 years; age range 34–76 years) were treated in the 

Nizhny Novgorod Regional Oncologic Hospital in 

2018–2022 and had been morphologically diagnosed 

with locally advanced breast cancers (T2-3N0-1M0 stages). 

Patients were prescribed courses of neoadjuvant 

chemotherapy according to the clinical guidelines [31], 

consisting of 4 cycles of AC (Adriamycin & Cytoxan) 

given at 3 weekly intervals comprising doxorubicin 

(60 mg/m2) and cyclophosphamide (600 mg/m2), all 

given by intravenous injection followed by 12 weekly 

paclitaxel (80 mg/m2) injections. Following completion 

of primary chemotherapy before surgical resection, 

assessments of the responses and tumor bed detection 

were performed clinically by ultrasound. The surgical 

procedure (total mastectomy) was carried out between 

the 2nd and 6th weeks following the completion of 

chemotherapy. All patients had histologically proven 

invasive adenocarcinoma (Luminal-B Her2 negative 

(n = 3) and Triple-negative (n = 7) subtypes) without 

detectable metastatic disease prior to commencing 

chemotherapy. 

2.2 Study Design 

Breast cancer tissues of 10 patients obtained by core 

needle biopsy (before chemotherapy) and surgical 

resection (after completion of chemotherapy) were 

examined (Figs. 1A–B). Two fresh tissue samples per 

patient were obtained, a core-needle biopsy tissue sample 

(∼1.5 × 0.1 × 0.1 cm) and surgically excised tissue 

samples (∼3.0 × 1.0 × 0.5 cm). Breast cancer tissue 

samples were delivered within one hour after 

punctation/resection to the laboratory in 10% solution of 

bovine serum albumin on ice. At the first stage, C-OCE 

studies of fresh breast cancer tissues were carried out for 

20–25 min (Fig. 1C). During C-OCE visualization, we 

used a 3D positioning system [32], which enabled both 

high-precision positioning of the probe in lateral 

directions (with an accuracy of 10 µm), as well vertical 

movement of the probe required for performing 

controlled compression of the studied tissue samples. 

Immediately after the C-OCE study, samples were 

subjected to histological preparation (Fig. 1D). At the 

second stage, a histological examination of the prepared 

histological slides was carried out for targeted 

comparison with C-OCE images to evaluate the cancer 

response to chemotherapy, as well as to assess the cancer-

cell density in pre- and post-chemotherapy 

samples (Fig. 1E). To analyze the organization of 

collagen fibers, deparaffinized unstained histological 

sections were studied using SHG microscopy (Fig. 1F). 

For subsequent quantitative assessment of cell 

density (in histological images), stiffness values (in 

C-OCE images) and collagen fibers texture parameters 

(in SHG images), two types of breast cancer tissue areas 

before/after chemotherapy were analyzed: cancer stroma 

(collagen fibers in the projection of the anatomical tumor 

bed, but outside cancer-cell regions) and cancer-cell 

regions themselves (clusters of cancer cells and 

penetrating collagen fibers in the tumor bulk) 

(Figs. 1G–I). 

2.3 Compression Optical Coherence 

Elastography (C-OCE) 

A custom-made spectral-domain multimodal OCT 

device (Institute of Applied Physics of Russian Academy 

of Sciences, Russia) was used [33]. The OCT device had 

the following characteristics: a central wavelength of 

1.3 µm, spectral width of 90 nm, spectral-fringe rate of 

20 kHz, radiation power on the sample of 2 mW, axial 

resolution of 10 µm, lateral resolution of 15 μm, and 

scanning depth of 2 mm in air. 

For characterization of tissue elasticity we use the 

variant of quantitative C-OCE described in detail in 

previous works [34–38]. In this C-OCE method, a thin 

layer of translucent silicone with pre-calibrated Young’s 

modulus is placed onto the surface of the studied tissue. 

This sandwich structure silicone-tissue is slightly 

compressed by the output window of the OCT probe and 

a series of complex-valued OCT scans is acquired during 

this process. In the course of compression, the tissue and 

silicone are allowed to freely expand laterally, so that 

their elastic response is determined by the Young’s 

moduli of the silicone and tissue. It was carefully verified 

that silicone is a highly elastically linear material, so that 

its cumulative strain is proportional to the elastic stress 

applied to the compressed sandwich structure. 

Consequently, by plotting the cumulative strain in the 
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silicone against the strain in the tissue beneath one 

obtains stress-strain curves ( )  characterizing the 

tissue elasticity [37]. These stress-strain curves are 

pronouncedly nonlinear for the majority of real tissues, 

so that the local slope / tgd d E    of such a curve 

yields the tangent Young’s modulus 
tgE  of the tissue. In 

was shown in previous studies [11, 16, 17, 39] that the 

tangent Young’s modulus in breast-cancer tissue is 

pronouncedly stress-dependent and may vary several 

times and even more when the applied stress varies in the 

 

range of several kPa. In view of this, for reliable 

quantitative conclusions, reproducibility and comparison 

of different measurements, the Young’s modulus 

(stiffness) of the tissue should be estimated for the same 

pre-chosen stress level [37]. It was experimentally 

verified that a stress level of 4 kPa is quite a convenient 

value for measurement procedures and at the same time 

different morphological components of breast-cancer 

tissue often demonstrate better contrast in their stiffness 

than for significantly higher and significantly lower 

stress [16, 37]. 

 

Fig. 1 Schematic of the study design demonstrating all main steps with representative images of various types. (A) harvesting 

of core needle biopsy samples before chemotherapy and (B) surgical excision of cancer samples after chemotherapy. 

(C) C-OCE examination of the fresh-tissue followed by histological preparation (D). (E) morphological assessment of the 

cancer-cell component; (F) SHG-based assessment of collagen fibers texture parameters; representative co-located 

histological image (G), C-OCE-based stiffness map (H) and SHG image (I). The images demonstrate the possibility of 

gathering various-type data for the same tissue regions for subsequent quantitative assessment of the corresponding 

parameters within a standard-size ROI of 180 × 180 μm in size. Two of such ROI are shown in panels (G), (H), and (I) by 

rectanges, one corresponding to cancer stroma and the other to a cancer cell region. 
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This fact is important for detection of tumor zones, 

for which the maximal contrast between the cancer cell 

areas with high stiffness values and stroma areas with 

medium/low stiffness values is usually observed at an 

intermediate (neither very low, no too high) stress level 

about a few kPa [16]. In this study, we adopted the 

“standardized” stress level ~ 4kPa. For this stress, it was 

previously established in Ref. [17] and confirmed in 

several independent studied [16, 18, 21, 40] on the 

possibility to differentiate stiffer breast cancer cell areas 

from the surrounding softer stroma areas that a stiffness 

of 420 kPa can be taken as the boundary (threshold) 

value. This conclusion is also true for breast cancer tissue 

after chemotherapy [21, 22]. 

2.4 Second-Harmonic Generation (SHG) 

Microscopy 

In this study, we use SHG microscopy as a high-

resolution method for visualizing type I collagen fibers, 

which play a major structural role in the tumorous 

stroma. The study was carried out on deparaffinized 

unstained sections 7 µm thick, which were made together 

with strained sections for histological examination. This 

allowed identical structures to be observed on both SHG 

images (Fig. 1I) and histological images (Fig. 1G). 

A multiphoton laser scanning microscope LSM 880 

(Carl Zeiss, Germany) was used. The images were 

constructed using an objective with a “C Plan-

Apochromat” ×40/1.3 NA oil immersion, the field of 

view is 212 × 212 μm (image size 1024 × 1024 px). The 

source of the exciting radiation was Ti:Sapphire 

femtosecond laser Mai Tai HP (Spectra Physics, USA). 

The excitation wavelength was 800 nm. The average 

laser power was maintained at 3 mW. The SHG signal 

was detected using spectral selection in the wavelength 

range 370 to 420 nm. The images were detected from the 

back-scattered SHG signal. 

2.5 Histological Examination 

Immediately after C-OCE study, for co-location, the 

positions of the C-OCE scans were marked on the surface 

of the studied samples using the histological ink (Histo-

Line, blue). Samples were fixed in 10% formalin for 48 h 

and then dehydrated using a gradient ethanol bath, 

followed by xylene purification and paraffin embedding. 

Then several (3–6) serial sections with a thickness of 

7 μm were made along the direction coinciding with the 

C-OCE-scan position. Histological sections were stained 

according to the standard technique with hematoxylin 

and eosin (H & E), which made it possible to assess the 

breast cancer tissue structures (cancer cells and stroma) 

and to carry out an accurately comparison of histological 

and C-OCE images (Figs. 1G–H), which is described in 

detail in the papers [11, 17]. 

According to the results of histological examination, 

among the ten studied cases of breast cancer, only two 

showed a pathological complete response to neoadjuvant 

chemotherapy, which was expressed in the absence of 

residual cancer cells. For eight other cases, cancer cells 

areas were identified and analyzed both before and after 

chemotherapy. Cancer stroma areas were analyzed for all 

ten cases of breast cancer before and after chemotherapy. 

2.6 Quantification of the Examination Results  

We emphasize once again that quantitative assessment of 

histological, C-OCE and SHG images was made for the 

two types of breast cancer tissue areas, i.e., before and 

after chemotherapy. We analyzed separately the cancer 

stroma (collagen fibers in the projection of the 

anatomical tumor bed, but away from cancer cells) and 

cancer cells (clusters of cancer cells and collagen fibers 

in tumor bulk) (Fig. 1G). To analyze the cellular density 

by histological images of breast cancer, the number of 

cancer cell nuclei in a region of interest (ROI) of 180 µm2 

was counted (squares in Fig. 1G) and calculated using the 

multipoint tool in ImageJ 1.8.0 software (NIH, USA). 

The same size of areas (for cancer stroma and cancer 

cells) was used for quantitative analysis of parameters in 

C-OCE and SHG images (Figs. 1H–I). For the statistical 

calculation of parameters, 30 areas of the cancer stroma 

and 30 areas of cancer cells (with the exception of two 

cases of pathologically complete response) were 

analyzed for each patients’ breast cancer tissue both 

before and after chemotherapy. 

As mentioned in Section 2.3, for quantitative 

assessment of C-OCE data, the analyzed elastographic 

maps correspond to the stress-standardization level of 

4 kPa. The “local” stiffness was estimated as a mean 

value over a rectangular ROI with a side size 180 m2. 

In order to quantify the state of type I collagen fibers in 

the studied ROIs, the methods of first-order statistics 

(mean signal intensity) and texture analysis (coherency, 

energy) of SHG images were applied. These methods are 

able to quantify changes in collagen fibers texture caused 

by various pathological conditions [41] and are widely 

used in SHG image analysis [42]. The average intensity of 

the SHG signal reflects the relative amount of collagen 

fibers in the ROI [43]. Coherency is directly proportional 

to the degree of ordering of the packaging of collagen 

fibers and reflects the degree of alignment (the existence 

dominant direction) of the fibers [44]. The “energy” 

parameter characterizes the degree of the texture 

heterogeneity. High energy values occur when the gray 

level distribution is characterized by high spatial gradients. 

In our case, this corresponds to a highly heterogeneous 

texture of collagen fibers in the ROI. The mean intensity 

of SHG-signal was calculated using ImageJ’s histogram 

analysis toolbox [45] and “coherency” and “energy” 

parameters of the SHG-visualized collagen texture were 

calculated using the OrientationJ plugin [46] (see 

Appendix section for a more detailed information). 

2.7 Statistics 

The variable for statistical intergroup (before/after 

chemotherapy) comparison was the average stiffness 

(elastic Young’s modulus) calculated from the C-OCE 

images, as well as the indices of the subsequent tissue 

morphological measuring (cell density, mean signal 
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intensity, coherency, and energy of collagen fibers) for 

tissue areas of cancer stroma and cancer cells. For 

quantitative comparative analysis of these parameters all 

results are expressed as mean ± SD. Box plots were used 

for graphical presentation of data and indicate the 

median, lower/upper quartiles (25th and 75th percentile), 

and 5th and 95th percentile. The non-parametric 

Wilcoxon signed-rank test is a were used to detect 

significant differences in numerical data between related 

studied groups (from patient before/after chemotherapy). 

The results were considered statistically significant if the 

p value was < 0.05. The Spearman’s correlation 

coefficient (r) was calculated to determine the correlation 

between stiffness values according to the C-OCE data 

and mean signal intensity, coherency, and energy 

parameters of collagen fibers according to SHG data or 

cancer cell density according to histology data. 

The calculations were carried out using the GraphPad 

Prism 8.0 (San Diego, CA, USA) and the Statistical 

Package for Social Sciences 26.0 (Chicago, IL, USA). 

 

 

Fig. 2 Representative examples of various images obtained for breast-cancer samples from one patient. Characteristic 

histological images (A) and C-OCE-based stiffness maps (B) obtained before (A1–B1) and after (A2–B2) chemotherapy. 

Panels (C)–(E) demonstrate zoomed histological images (C), C-OCE-based stiffness maps (D) and SHG-microscopy images 

(E) for the analyzed regions of cancer stroma and cancer cells before and after chemotherapy. For cancer stroma images, 

clear reduction in stiffness is visible in C-OCE images (see D1 and D2), whereas SHG images (E1–E2) demonstrate increase 

in the collagen content (via increase in the SHG-signal intensity), increase in the orientational ordering (i.e., increase in the 

coherency parameter) and increase in spatial heterogeneity (expressed via energy parameter of the collagen fibers texture) 

after chemotherapy. For cancer-cell regions, in contrast to stroma, stiffness increases (D3–D4), collagen content decreases 

after chemotheraphy. The trends for the coherency and energy of the collagen fibers texture are not visually evident and 

results of their quantification are shown in Fig. 3. 
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Fig. 3 Quantitative assessment of parameters for cancer stroma areas and cancer cells areas: Stiffness values (A) by C-OCE, 

Mean signal intensity (B), Coherency (C), and Energy (D) by SHG, and cancer Cell density in standard ROI (E) by histology; 

for each box plot, the center line represents medians, box plot limits indicate lower/upper quartiles (25th and 75th percentile), 

whiskers are 5th and 95th percentil; p-values demonstrate statistical significance of the established differences between the 

corresponding parameters before and after chemotherapy (non-parametric Wilcoxon signed-rank test); a.u. – arbitrary units; 

the exponential values for arbitrary units are retained in the form given by the ImageJ/OrientationJ software). 

3 Results 

The obtained histological images (Fig. 2A) from patients 

before and after the chemotherapy were compared with 

relevant C-OCE images (Fig. 2B) to determine the 

stiffness of areas of the cancer stroma and cancer cells. 

When assessing a full-scale tissue sample, one can note a 

change in the cellularity of the tumor, which is 

characteristic of breast cancer tissue after chemotherapy 

with a pathological partial response [47] – there is a 

prevalence of fibrosis areas and rare individual clusters 

of residual cancer cells (Fig. 2A2). When comparing full-

scale C-OCE images before and after chemotherapy, 

there is a decrease in high stiffness values areas (light and 

dark blue areas in Fig. 2B2) from cancer cells (previously 

established threshold for detection of cancer cells 

> 420 kPa [17]) and a predominance of medium and low 

stiffness values areas (orange and red areas in Fig. 2B2) 

from cancer stroma after chemotherapy. 

In a detailed comparison of histological images of 

cancer stroma areas and cancer cells areas before and 

after chemotherapy (Fig. 2C), only thickening of 

collagen bundles in cancer stroma areas after 

chemotherapy can be visually noted (Fig. 2C2). There 

were no visible qualitative features of changes in cancer 

cells (and in their density positioning relative to each 

other) or the condition of the collagen fibers after 

chemotherapy by histology (Fig. 2C4). However, 

qualitative changes in stiffness before and after 

chemotherapy were found in C-OCE images: for areas of 

cancer stroma – a decrease in stiffness was observed (the 

predominance of orange areas changed to red in 

Figs. 2D1–D2), and for areas of cancer cells – an increase 

in stiffness was observed (the predominance of light blue 

areas changed to dark blue in Figs. 2D3–D4). A detailed 

visualization of such areas in SHG images shows an 

expressive change of collagen fibers structure: for areas 

of cancer stroma – disordered thin collagen fibers are 

observed before chemotherapy (Fig. 2E1), and an 

increase in the number of collagen bundles, their 

orientational ordering and thickening are observed after 

chemotherapy (Fig. 2E2); within areas of cancer cells 

randomly oriented isolated collagen fibers are observed 
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before chemotherapy (Fig. 2E3) and demonstrate almost 

complete disappearance after chemotherapy (Fig. 2E4). 

Then, a quantitative assessment was carried out to 

determine the significance of differences in the studied 

parameters before and after chemotherapy. Fig. 3 shows 

the corresponding results: stiffness values (Fig. 3A) 

according to C-OCE images, mean SHG-signal intensity 

(Fig. 3B), parameters of coherency (Fig. 3C) and energy 

(Fig. 3D) of collagen fibers extracted from SHG images, 

and the cancer-cell density in a standard ROI (Fig. 3E) 

extracted from histological images. C-OCE indicated that 

for cancer stroma areas, the stiffness values statistically 

significantly decreased from 224 ± 95 kPa before 

chemotherapy down to 175 ± 67 kPa after chemotherapy 

(p = 0.009) (Fig. 3A1). However, the analysis of SHG-

images of these areas revealed a statistically significant 

increase (p < 0.001) in the SHG-based parameters of 

collagen texture after chemotherapy compared with the 

pre-chemotherapy values. Namely, mean signal intensity 

increased from (11.0 ± 4.5) × 103 a.u. to 

(19.4 ± 5.9) × 103 a.u., coherency increased from 

(2.1 ± 1.0) × 10-2 to (3.5 ± 1.7) × 10-2, and energy 

increased from (1.0 ± 0.5) × 108 a.u. to 

(1.7 ± 0.6) × 108 a.u. (see Figs. 3B1–D1). Increase in the 

mean signal intensity indicates the increase in collagen 

content in cancer stoma. Increase in the coherency и 

energy parameters indicate post-chemotherapy increase 

in orientational ordering accompanied by increase in 

spatial heterogeneity of the collagen fibers texture. 

For cancer cells areas, C-OCE, on the contrary to 

stroma, indicated that stiffness statistically significantly 

increased after chemotherapy from 719 ± 264 kPa to 

954 ± 231 kPa (p < 0.001) (Fig. 3A2). The SHG analysis 

of these areas, also in contrast to stroma, revealed a 

statistically significant post-chemotherapy decrease 

(p < 0.001) in the mean signal intensity from 

(3.5 ± 0.6) × 103 a.u. down to (2.6 ± 0.2) × 103 a.u., as 

well as in the energy parameter, from (8.7 ± 4.1) × 106 

a.u. down to (4.2 ± 2.3) × 106 a.u. (see Figs. 3B2 and 

3D2). These results indicate that the content of collagen 

fibers decreases (the texture visually becomes more 

rarified). This also led to a decrease in the heterogeneity 

of the collagen texture reflected in the decrease in the 

“energy” parameter of the texture. An increase 

(p = 0.049) in the coherency parameter in SHG images of 

cancer-cell areas after chemotherapy, from 

(1.3 ± 1.0) × 10-2 to (2.7 ± 3.3) × 10-2 (see Fig. 3C2), 

indicates some increase in the orientational ordering of 

the collagen fibers residual post therapy. 

 

 

 

Fig. 4 Relation between stiffness values (according to C-OCE) and values of mean signal intensity, coherency, energy 

(according to SHG) for areas of cancer stroma (A1–C1) and cancer cells (A2–С2); high inverse significant correlation is 

demonstrated between stiffness values and mean signal intensity (r = −0.854, p < 0.001) (A1) / coherency (r = −0.791, 

p < 0.001) (B1) / energy (r = −0.823, p < 0.001) (C1) for cancer stroma areas; lower significant inverse correlation is 

demonstrated between stiffness values and mean signal intensity (r = −0.609, p = 0.014) (A2) / energy (r = −0.597, p = 0.017) 

(C2) for cancer сells areas; a significant correlation has not been established between stiffness values and coherency (r = 0.482, 

p = 0.06) (B2) for cancer сells areas; black squares are values for breast cancer cases before chemotherapy; gray squares are 

values for breast cancer cases after chemotherapy; the dotted lines show 95% prediction intervals; a.u. – arbitrary units; 

exponential values for arbitrary units are kept in the form given by the ImageJ/OrientationJ software. 
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When analyzing the cancer cell density in a standard 

ROI in histological images (Fig. 3E) before and after 

chemotherapy (284.9 ± 144.0 cell/µm2 × 10−5 versus 

276.8 ± 90.6 cell/µm2 × 10−5), no statistically significant 

differences were found (p = 0.789). 

In order to analyze the relation between stiffness 

values according to C-OCE data and values of mean 

signal intensity / coherency / energy according to SHG 

data, or cancer cell density according to histology data 

the correlation coefficients were calculated separately for 

areas of cancer stroma (Figs. 4A1, B1, C1) and for cancer 

cells (Figs. 4A2, B2, C2). There was a high negative 

(inverse) correlation between the stiffness of cancer 

stroma areas and their parameters of mean signal 

intensity (r = −0.854, p < 0.001), coherency (r = −0.791, 

p < 0.001), and energy (r = −0.823, p < 0.001) (Figs. A1–

C1). Also there was an inverse correlation between the 

stiffness of cancer cells areas and their SHG parameters 

of mean signal intensity (r = −0.609, p = 0.014) (Fig. 

A2), and energy (r = −0.597, p = 0.017) (Fig. C2). No 

significant correlation has been established between the 

stiffness of cancer cells areas and SHG parameter of 

coherency (r = 0.482, p = 0.06) (Fig. B2).  

4 Discussion 

To the best of our knowledge in the reported study for the 

first time side-by-side high-resolution C-OCE-based 

characterization of stiffness with SHG-based 

characterization of collagen texture in patients’ breast-

cancer tissues before and after chemotherapy. Our earlier 

study [17] in agreement with other authors [15, 20] 

already demonstrated the possibility to efficiently 

characterize various morphological types of breast cancer 

using C-OCE and even to perform quantitative 

morphometric analysis of fresh tissue samples using the 

established differences in stiffness for regions of cancer 

cells (high stiffness values) and cancer stroma (medium 

and low stiffness values). Besides, in our recent study 

related to C-OCE-based evaluation of breast-cancer 

response to chemotherapy, a certain increase in stiffness 

of cancer-cell regions post neoadjuvant chemotherapy 

was revealed [22] in comparison with cancer-cell regions 

in samples from patients who did not receive 

chemotherapy before surgery [17]. Furthermore, in the 

present study elastic properties were studied using needle 

core biopsy tissue samples (before chemotherapy) and 

surgery tissue samples (after chemotherapy) taken from 

the same patients. The obtained results directly 

confirmed the fact of statistically significant (p < 0.001) 

increase in stiffness of residual cancer-cell regions post 

chemotherapy (954 ± 231 kPa) in comparison with the 

stiffness values before chemotherapy (719 ± 264 kPa). It 

can be noted that the hypothesis that the increase in 

stiffness of the cancer-cell regions is due to the increase 

in the density of cancer-cell packing was not confirmed. 

It was found that the packing density of cancer cells per 

unit area (counted in histological images over areas 

180 m × 180 m) did not reveal any statistically 

significantly differences (p > 0.78) between 

the pre-chemotherapy and post-chemotherapy 

samples:  284.9  ± 144.0  cel l /µm2 ×10 − 5  and  

276.8 ± 90.6 cell/µm2×10−5, respectively. Penetrating 

collagen fibers among cancer cells were hardly seen in 

such regions in histological images. An inverse situation 

was seen in the regions of cancer stroma, for which the 

stiffness values statistically significantly decreased post-

chemotherapy down to 175 ± 67 kPa from the pre-therapy 

224 ± 95 kPa (p = 0.009). However, in histological images 

for these regions, only a certain thickening of collagen 

bundles was visible. In view of this we tried to obtain a 

more detailed information about the morphological 

differences accompanying the stiffness changes in cancer 

stroma and cancer-cell regions after breast cancer 

chemotherapy by using SHG microscopy to quantitatively 

characterize collagen fibers texture. 

The importance of studying collagen as the main 

structural component of breast-tissue stroma is indicated 

by the known data on the correlation between the density 

of breast tissue with the risk of breast cancer 

development [48]. It was also shown that structural 

features and biomechanical properties of collagenous 

environment essentially affect the progressive 

development of cancer, its molecular characteristics and 

results of therapy [49]. Our previous studies 

demonstrated the possibility of identification of various 

morphological subtypes of breast cancer based on 

SHG-microscopy data on structural/textural features of 

collagen fibers [28]. In this study the limited amount of 

samples did not suffice for performing gradation of the 

revealed textural features of collagen bundles for 

multiple morpho-molecular subtypes of breast cancer. 

Nevertheless, the studies 10 cases of breast cancer before 

and after chemotherapy statistically significantly 

indicated the fact of therapy-induced variations in the 

SHG-based parameters of collagen fibers. For the regions 

of cancer stroma, statistically significant increase in the 

following SGH-based textural parameters was revealed 

(p < 0.001): mean signal intensity increase from 

(11.0 ± 4.5) × 103 a. u. to (19.4 ± 5.9) × 103 a. u. after 

chemotherapy; coherency increased from 

(2.1 ± 1.0) × 10−2  to (3.5 ± 1.7) × 10−2  after 

chemotherapy; energy increased from 

(1.0 ± 0.5) × 108 a. u. to (1.7 ± 0.6) × 108 a. u. after 

chemotherapy. These findings indicate the overall 

increase in the collagen content accompanied by increase 

in orientational ordering the collagen bundles and 

increase in spatial inhomogeneity of the collagen fibers 

texture after chemotherapy, which is also visually 

noticeable (Figs. 2E1–E2) and correlates with the results 

of other authors [50, 51]. Reorganization of collagen 

bundles and their structuring along a dominant direction 

may be associated with easier migration of cancer cells 

along the aligned collagen bundles in cases of weak 

cancer response to the chemotherapy [52, 53]. In this 

context, studies [54, 55] can be mentioned, in which 

differences were found in the SHG-based parameters 

between cases of pathological complete response of 

cancer to chemotherapy and cases of partial response. 

Our plans for future foresee to study a larger amount of 

cases corresponding to pathological complete and 
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incomplete responses to chemotherapy for performing 

side-by-side evaluation of variations in stiffness and 

SHG-based parameters to reveal differences and 

determine characteristic values of these parameters for 

each type of cancer response to the therapy. 

For the cancer-cell regions before chemotherapy, in 

the SHG images thin isolated and randomly directed 

collagen fibers are fairly well visible (Fig. 2E3), whereas 

after chemotherapy, collagen fibers among clusters of 

residual cancer cells visually almost disappear 

(Fig. 2E4). Statistical analysis of SHG images indicates 

significant reduction in the following parameters of 

collagen fibers texture (p < 0.001): mean signal intensity 

– before (3.5 ± 0.6) × 103 a. u and (2.6 ± 0.2) × 103 a. u. 

after chemotherapy; and energy – before 

(8.7 ± 4.1) × 106 a. u. and (4.2 ± 2.3) × 106 a. u. after 

chemotherapy. These variations in the collagen fibers 

texture parameters well agree with the visually observed 

reduction in the density of collagen fibers penetrating the 

cancer cell regions. The observed increase of the 

coherency parameter in the SGH images 

(1.3 ± 1.0) × 10−2 before chemotherapy versus 

(2.7 ± 3.3) × 10−2 after it) also well agrees with above-

mentioned strong reduction in the density of collagen 

fibers because residual isolated fibers demonstrate 

certain “preferential orientation” (p = 0.049). Such 

changes in the texture of breast-cancer collagen fibers 

after neoadjuvant chemotherapy were also mentioned in 

study [51]. The observed pathomorphological changes in 

the breast cancer samples are typical in cases of partial 

response of tumor to chemotherapy, for which quite 

typical are clusters of residual cancer cells embedded into 

overgrown collagenous stroma which substituted the 

regions of necrotic cancer cells that responded to the 

chemotherapy [56]. These regions of collagenous stroma 

prevail over the regions of residual cancer cells survived 

after chemotherapy, which reduces the overall stiffness 

of the tumor node detectable by instrumental diagnostic 

methods [57]. 

The performed C-OCE study and analysis of the 

complementary SHG images indicate that the stiffness 

values of cancer stroma areas demonstrate pronounced 

negative correlation with the SHG parameters of mean 

signal intensity (r = −0.854, p < 0.001), coherency 

(r = −0.791, p < 0.001) and energy (r = −0.823, 

p < 0.001). The SHG images indicate the increase in the 

content of collagen fiber, increased orientational ordering 

(coherency) and increase in the heterogeneity (energy) of 

the collagen fibers texture. These facts give reasons to 

assume that it is the change in the structural 

characteristics of the collagen fibers which give the 

dominating contribution in the decrease in stiffness of 

cancer stoma (and overall stiffness reduction of the 

tumor) after chemotherapy. These conclusions are 

consistent with the results of our previous C-OCE 

study [58] of elastic properties of the vaginal wall, in 

which a high correlation was observed between the wall 

stiffness and parameters of collagen bundles extracted 

from quantitative analysis of histological images with 

Van Gieson staining. It was found that the increase in the 

vaginal wall stiffness was accompanied by decrease in 

the coherency (orientational ordering) of collagen 

bundles, whereas the energy parameter of collagen fibers 

texture in the histological images increased. Therefore, 

for the vaginal wall in Ref. [58], the correlation between 

stiffness and coherency of the collagen fibers texture was 

also negative like in the present study, whereas for 

stiffness-energy, the positive sign of correlation in 

Ref. [58] was opposite to the negative correlation 

revealed in the present study. In this context it can be 

pointed out that in Ref. [58] the parameters of collagen 

bundles texture were estimated using Van-Gieson stained 

histological images rather that SHG-images used in the 

present study. Concerning orientation of collagen 

bundles, these two types of images could give fairly 

similar results (at least qualitatively), whereas for 

estimation of texture energy, the results based on stained 

histological images and SHG-microscopy could differ 

rather significantly.  

For the regions of cancer cells penetrated by collagen 

fibers, the sign of correlation between stiffness and 

collagen fibers texture coherency is opposite than for 

regions of cancer stroma (compare Fig. 4B2 and 

Fig. 4B1). In contrast, the revealed negative signs of 

correlation between stiffness and intensity (r = −0.597, 

p = 0.017) and between stiffness and collagen fibers 

texture energy (r = −0.597, p = 0.017) for cancer-cell 

regions qualitatively agree with the corresponding 

correlations found for cancer stroma (see Fig. 4), 

although the correlation coefficients are somewhat 

smaller than for stromal regions. The latter fact may be 

attributed to the stronger contribution of cancer cells 

themselves to stiffness of cancer-cell regions. In this 

study we limited ourselves by estimations of densities 

(concentrations) of the cancer cells before and after 

chemotherapy putting aside possible structural changes 

in the individual cancer cells caused by the therapy. 

Studying of such biomechanical characteristics with a 

sub-cellular resolution require high-resolution methods 

such as atomic-force microscopy (AFM) [59]. However, 

application of this technique for studying intact tissues 

and, moreover, living tissues is very challenging. 

Usually, AFM require utilization of either cell-culture 

samples or tissue slices in the surface layer of which there 

are very few cells with unperturbed structure [60]. Under 

such visualization conditions, the influence of 

mechanical inter-cellular transduction and influence of 

surrounding cells and extra-cellular matrix may be 

strongly perturbed [10, 61]. At the same time, it is known 

(e.g., based on electron-microscopy data [62]) that cell 

malignization is accompanied by essential 

disorganization of actin cytoskeleton, which is likely to 

affect elastic properties of individual cells and may be 

responsible for the appearance of the so-called higher 

elasticity peak according to AFM results [59, 63]. 

However, influence of chemotherapy on the state of cyto-

skeleton of residual cancer cell has not yet been studied. 

Besides, presently there is no sufficient understanding of 

the contribution of nuclei to the cellular stiffness, 

although the fact of some increase in the nuclei’s sizes 
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after chemotherapy is known [64]. In view of this only 

the use of multiparameter analysis of data form various 

diagnostic techniques may give sufficiently ample 

understanding of the contributions of various 

morphological components to the overall stiffness of 

biological tissues. 

5 Conclusion 

In this study we performed side-by-side OCE 

characterization of elasticity collagenous stromal tissue 

and quantitative characterization of collagen texture 

using SHG imaging in patients’ breast-cancer tissues 

before and after chemotherapy. The analysis of cancer 

stromal tissue (i.e. collagen fibers fairly distant from 

conglomerates of cancer cells) was performed separately 

from the regions of cancer itself (i.e., clusters of cancer 

cells penetrated by collagen fibers in the tumor bulk). For 

the regions of cancer stromal tissue after chemotherapy 

the performed C-OCE examinations for the first time 

revealed statistically significant reduction in stiffness 

(p = 0.009). In parallel, the SHG microscopy indicated 

the statistically significant increase in the amount of 

collagen bundles accompanied by increase in their 

coherency and thickening (p < 0.001). The revealed high 

negative correlation (p < 0.001) between the stiffness and 

the SHG-based parameters of collagen texture indicate an 

important contribution of the collagen organization and 

collagen-bundle thickening to the reduction of stiffness 

of the cancer stroma areas after chemotherapy. For the 

regions of residual cancer cells post chemotherapy, 

C-OCE for the first time revealed statistically significant 

opposite trends: increase in stiffness (p < 0.001), whereas 

SHG microscopy indicated statistically significant 

decrease in the amount of penetrating collagen fibers 

(p = 0.014) and reduction in their thickness (p = 0.017). 

The revealed negative correlation (p = 0.014–0.017) 

between the stiffness of these regions and SHG-based 

parameters characterizing the amount and uniformity of 

visualized collagen fibers also indicates the existence of 

some relationship between the reduction of the collagen-

fiber proportion and increase in stiffness of the residual 

cancer-cell regions after chemotherapy. Further studies 

will be focused on characterization of post-chemotherapy 

changes in the cancer cells themselves and clarification 

of the relationship of these changes with variations in 

their elastic.  

Appendix 

This section describes in more detail how the parameters 

“intensity”, “energy” and “coherency” were calculated 

for the acquired SHG images using the 

ImageJ / OrientationJ software [44]. 

Mean signal intensity is a simple first-order moment 

used to estimate the intensity of the SHG signal, the 

parameter is calculated over a rectangular processing 

window by Eq. (1A): 
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where N  is the size of the processing window and 

),( jiI  is the intensity of a pixel with coordinates ),( ji . 

The coherency and energy parameters are expressed 

via spatial derivatives xI  and yI  of the image matrix 
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In Eq. (2A), w ..  denotes the weighted inner 

product, which for two quantities is defined as 

, ( , ) ( , ) ( , )wg h w x y g x y h x y dxdy     . (3A) 

Here, ),( yxw  is the Gaussian weighting function 

that specifies the area of interest. Once the structure 

tensor in Eq. (2A) is known, the quantities “energy” and 

“coherency” in the vicinity of each pixel can be 

calculated [44, 65]. 

The energy parameter ( E ) is given by the trace of the 

tensor matrix: 

 yyxx IIIIJTraceE ,,)(  . (4A) 

The coherency parameter ( C ) is defined as the ratio 

of the difference and the sum of the maximal and minimal 

eigenvalues maxλ  and minλ  of tensor J , 
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Coherency is bounded between 0 and 1, with 1 

indicating highly oriented structures and 0 indicating 

isotropic regions. 

The OrientationJ software realizes calculation of 

tensor J defined by Eq. (2A) and then the energy and 

coherency parameters defined by Eqs. (4A) and (5A). 
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Fig. 1A The test images and the corresponding parameters of mean signal intensity, coherency and energy calculated with 

the ImageJ/OrientationJ software for each image. 

To illustrate the correspondence of these parameters 

with visually seen image features, we processed a series 

of simple test images shown in Fig. 1A with the 

ImageJ/OrientationJ software. 

We start from images with a chess-board-like 

structure, in which dark squares are characterized by 

various levels of grey color (compare panels A1, B1, C1). 

The patterns in the upper row have no preferred 

orientation, so that the coherency parameter is zero, 

whereas for the invariable pattern geometry, the 

parameters of intensity and energy monotonically 

decrease with decreasing contrast of the darker squares.  

The 2nd and 3rd rows in Fig. 1A are obtained by 

reordering the same white and dark squares as in the 

upper-row images towards more oriented structures with 

the visually most pronounced pattern orientation in the 

3rd row.  

The intensity parameter evidently remains insensitive 

to rearrangement of the squares in each column of 

Fig. 1A according to the definition given by Eq. (1A). 

Consequently, the intensity parameter remains invariable 
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for each column in Fig. 1A (albeit different for different 

columns). 

The energy parameter, for a given grey-color 

intensity, is maximal for the upper-row images, 

characterized by the most pronounced spatial 

heterogeneity and maximal length of boundaries 

separating white and dark squares, where spatial 

gradients are localized. Notice that for the same 

geometrical structure in each row in Fig. 1A, the energy 

parameter is higher for patterns with higher grey levels. 

Finally, the coherency parameter is maximal for the 

lowest row in Fig. 1A, where the patterns visually 

demonstrate the most pronounced orientation. Unlike the 

energy parameter, the coherency parameter is entirely 

determined by the pattern geometry and is insensitive to 

the grey level according to the definition given by 

Eq. (5A). Consequently, the coherency parameter 

remains invariable for each row in Fig. 1A. 
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Abstract. The possibility of hair bonding by continuous laser radiation with a 
wavelength of 980 nm has been studied. A computer optical model of a laser 
system for bonding of human hair has been created. Using the Monte Carlo 
method, the distribution of the power of the absorbed laser radiation in the 
contact area of two hairs during their laser irradiation was obtained. The 
power distribution of the absorbed laser radiation obtained in the optical 
model is used in a computer thermophysical model of the laser bonding of 
human hair, the calculation in which is carried out by the finite element 
method. The maximum values of the temperature and the Arrhenius function 
of a pair of hairs in the area of their contact are calculated for different laser 
radiation power (1–10 W) and scanning speed of the laser beam along the area 
of hair contact (1–10 mm/s). It is shown that the temperature slowly 
decreases with increasing scanning speed, at the same time the Arrhenius 
function demonstrates a sharp decrease, while the values of both the 
temperature and the Arrhenius function increase with increasing laser 
radiation power. The power of laser radiation and the scanning speed at which 
the temperature of hair denaturation is reached, and the value of the 
Arrhenius function becomes equal to one were determined. Assuming that for 
the bonding of hair it is necessary that the temperature in the irradiation area 
exceeds the temperature of hair denaturation, and the Arrhenius function is 
less than one, the region of optimal laser radiation powers and scanning 
speeds is determined. In an in vitro experiment, the possibility of hair bonding 
by radiation from a continuous diode laser with a wavelength of 980 nm was 
studied and the validity of the optimal parameters of laser exposure selected 
at the stage of theoretical research was demonstrated. The results of the study 
can be used to develop a device for laser hair extension. © 2023 Journal of 
Biomedical Photonics & Engineering. 
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1 Introduction 

Currently, laser technologies are increasingly used in 

dermatology and cosmetology [1–3]. In the field of hair 

care, laser hair extensions are gaining popularity [4]. Hair 

extensions are a highly sought-after cosmetic procedure, 

the essence of which is to attach donor hair (natural or 

artificial) to human hair in one way or another [5]. Hair 

extension methods can be divided into two large groups: 

“hot” and “cold”, that is, with and without heating, 

respectively [6]. Each of the existing extension methods 

has its advantages and disadvantages. Thus, “cold” 

methods allow to connect hair without heating it, 

however, they are distinguished by a long procedure 

duration and a limited set of hairstyle options [7]. As for 

the “hot” methods, the most well-known is capsule 
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extension, which consists in attaching donor hair with 

keratin capsules to human hair by melting these capsules 

using special thermal tongs [7]. This method of extension 

due to its speed, efficiency and flexibility is the most 

popular now. However, capsular extensions are not 

without drawbacks, mainly due to the keratin capsules 

themselves, which can cause discomfort during the first 

days after the procedure and require caution when caring 

for hair, which is associated with the risk of damage to 

the capsules. Currently, laser hair extension is a variant 

of the capsular extension technology, only in this case, 

the capsules are melted not with the help of special 

thermal tongs, but with the help of laser radiation [7]. The 

limitations associated with the use of capsules stimulate 

the search for new laser hair extension technologies 

without the use of capsules. 

The subject of tissue bonding by laser radiation has 

been actively studied almost from the moment of the 

discovery of lasers. The mechanisms of laser bonding of 

biological tissues are considered in sufficient detail in 

literature [8–10]. Among these mechanisms laser 

welding and laser soldering are distinguished. In the first 

case, the bonding is carried out directly by laser radiation, 

while in the second case, the bonding occurs due to the 

action on the bonding substance – solder [11]. Thus, the 

existing technology of laser capsule extension is one of 

the options for laser soldering. The advantages of using 

laser soldering to connect biological tissues are, firstly, 

the reduction of heating and thermal damage to the 

biological tissue itself and, secondly, the creation of a 

joint that allows the biological tissue to successfully 

undergo the healing process [12, 13]. If the first 

advantage is important for laser hair extension, then the 

second one is not important, since the hair in the joint 

area does not regenerate [14]. In this regard, considering 

the inconvenience associated with the use of keratin 

capsules, it is of interest to study the possibility of hair 

extensions by welding them with laser radiation. 

The connection of biological tissues is carried out by 

both continuous and pulsed laser radiation [11–13]. The 

main idea of using laser pulses is to reduce the thermal 

load on the biological tissues being joined [15]. The 

connection of biological tissues is possible both with a 

stationary laser spot and with a laser spot moving along 

the connection area. The choice between possible 

connection options occurs mainly based on the features 

of a particular procedure. When connecting biological 

tissues with continuous radiation, the fundamental 

parameters of laser exposure are the power of laser 

radiation and the exposure time (with a stationary laser 

spot) or scanning speed (with a moving laser spot) [16]. 

The choice of laser wavelength is very important. Hair 

consists of water, keratin, lipids, and melanin [14]. Hair 

components have specific absorption spectra [17]. 

According to Ref. [17], hair absorption in the region 

>2.7 μm is due to the absorption of water and keratin, 

while in the region <2.7 μm, it is due to the absorption of 

melanin. While extending hair, it is important that laser 

radiation is evenly absorbed throughout the entire 

volume of hair bundle, the size of which can vary from 

50–60 μm (a single hair in a pair of connected hairs) to 

1–2 mm or more (hair bundle). In this regard, the light 

attenuation coefficient at the wavelength of laser 

radiation should be in the range from 160–200 cm–1 (for 

bonding single hairs) to 5–10 cm–1 or less (for bonding 

hairs in a bundle). The absorption of a hair at a 

wavelength of 980 nm is 36.6 cm−1 [17], which makes it 

possible to use this radiation for bonding both single hairs 

and hairs in a bundle. Unfortunately, the hair welding by 

continuous laser radiation with a wavelength of 980 nm 

has not been studied. 

Based on the foregoing, the main goal of the study 

was to theoretically and experimentally study the 

possibility of bonding (extending) human hair by 

welding them with continuous laser radiation with a 

wavelength of 980 nm and to determine the optimal 

combinations of laser radiation power and laser beam 

scanning speed for this procedure. 

2 Materials and Methods 

A computer optical model of a laser system for bonding 

of human hair was created using the TracePro Expert 

ver. 7.0.1 software package (Lambda Research 

Corporation, USA). The optical model of the system 

consisted of a laser radiation source, a lens, an optical 

fiber, and a sample (Fig. 1a). 

The laser radiation source was an emitting area with 

a diameter of 300 μm. At the output of the source, the 

laser beam had a numerical aperture NA = 0.22. The 

spatial distribution in the laser beam was set to Gaussian. 

The laser radiation power at the output of the source was 

set equal to 1 W. The design parameters and optical 

properties of the lens and optical fiber are presented in 

Table 1. 

    
(a)             (b)   

Fig. 1 Scheme of a laser system for bonding of human hair (a) and 3D model of the sample (b). 
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Table 1 Design parameters and optical properties of lens and optical fiber of a laser system for bonding of human 

hair [18, 19]. 

Component of 

laser system 
Design parameters 

Optical properties 

Wavelength, 

nm 

Refractive 

index 

Absorption 

coefficient, mm–1 

Lens 
R1 = 9 mm; R2 = –9 mm; 

diameter 5 mm 
980 1.5111 2 × 10–4 

Optical fiber 

core diameter = 400 m; 

cladding diameter = 440 m; 

length = 1 m 

980 
1.457 (core); 

1.439 (cladding) 
1 × 10–5 

 

Table 2 Optical properties of human hair [20, 21]. 

Wavelength, nm Refractive index 
Absorption 

coefficient, mm–1 

Scattering 

coefficient, mm–1 
Anisotropy factor 

980 1.55 3.66 1.345 0.79 

 

 
Fig. 2 Spatial power distribution of the absorbed 980 nm 

laser radiation in the sample (function int(x, z) in the 

X Z plane). 

The sample consisted of two cylinders (hairs) with a 

diameter of 60 μm and a length of 2 mm each located in 

air, parallel to each other and in perfect contact (Fig. 1b). 

The components of a laser system for bonding of human 

hair were located in such a way that the center of the laser 

spot was on the line of contact of the hair, and its diameter 

in the plane passing through the axis of symmetry of the 

hair was 1 mm. Such a construction of the optical scheme 

was carried out considering the specifics of the 

experiments (see below), so that it would be possible to 

adequately compare their results with the results of 

theoretical simulation. The optical properties of human 

hair used for modeling are presented in Table 2. 

The calculation of the propagation of laser radiation 

in the optical model of the laser system for bonding of 

human hair was carried out by the Monte Carlo 

method [22]. The result of optical modeling was the 

interpolating function int(x, y, z) describing the spatial 

distribution of the power of the absorbed laser radiation 

in the sample. When calculating this distribution, the 

sample was divided into many cubic elements with a side 

of 4 μm (grid cell size). An example of the spatial power 

distribution of the absorbed 980 nm laser radiation in the 

sample in the X Z plane is shown in Fig. 2. 

The int(x, y, z) was used for subsequent calculations 

in a computer thermophysical model of laser bonding of 

human hair. 

A computer thermophysical model of laser bonding 

of human hair was created using the COMSOL 

Multiphysics ver. 6.0 software package (COMSOL Inc., 

USA). The geometry of the sample in the computer 

thermophysical model was the same as in the computer 

optical model described above. The thermophysical and 

kinetic properties of human hair used for modeling are 

presented in Table 3. 

The frequency factor A denotes the frequency of 

molecular collisions [25]. The simulation of the thermal 

effect of laser radiation was carried out on the basis of the 

power distribution of the absorbed laser radiation in the 

sample obtained as a result of optical simulation (see 

Fig. 2). The computational area was a parallelepiped with 

sides 120 × 2000 × 120 µm (X, Y, Z). Data on the power 

distribution of absorbed laser radiation in the sample, 

presented in tabular form, were linearly interpolated by 

software tools built into COMSOL Multiphysics ver. 6.0. 

Based on the obtained interpolating function, according 

to Ref. [26], an equation was compiled and applied to 

calculate the distribution of the volumetric power density 

of heat sources in the sample: 

( , , ) ,
P

Q int x y z
V

   (1) 

where Q is the volumetric power density of heat sources, 

int(x,y,z) is the interpolating power distribution function, 

P is the power of laser radiation at the output of the 

source, V is the volume of the grid cell of the calculation. 

Here, it should be noted that since the laser power at 

the output of the source was set equal to 1 W in the 

optical simulation, the multiplication of the interpolating 

function by the changing value of the laser power when 

specifying the heat source made it possible to easily scale 

the calculation of Q for different values of the laser 

power.
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Table 3 Thermophysical and kinetic properties of human hair [23, 24]. 

Density ρ,  

kg/m3 

Coefficient of thermal 

conductivity k, 

W/(m⋅K) 

Specific heat c, 

J/(kg⋅K) 

Frequency factor 

A, s–1 

Activation energy 

Ea, J/mol 

1.31 × 103 0.37 1 × 104 2.49 × 1013 1.47 × 105 

 

 

In thermophysical modeling in the COMSOL 

Multiphysics ver. 6.0, the finite element method [27] was 

used to solve the standard heat transfer equation for the 

physical interface “Heat transfer in solids” [28]: 

, (2) 

where ρ is the density of the sample, c is the specific heat 

capacity of the sample, T is the temperature of the 

sample, t is the time, v is the translational velocity vector 

of the sample, q is the heat flux density of the heat 

transfer, qr is the heat flux density of the radiation, Q is 

the volumetric power density of heat sources. 

To implement the finite element method, the sample 

was divided into elements. Splitting was done 

automatically with element size “Finer”. With such a 

division, the side of the element was no more than 16 μm. 

Trial calculations showed that a decrease in the size of 

the elements did not lead to a significant change in the 

results. It is important to note that the translation velocity 

vector of the sample was responsible for the velocity of 

the sample, the movement of which simulated the 

movement of the laser spot along the line of contact of 

the hair, thus, the calculation was carried out for different 

values of the scanning speed. For the correct operation of 

the thermophysical model, the coordinate systems in the 

optical and thermophysical models were matched. The 

initial conditions were established: an initial temperature 

of 298.15 K, a pressure of 101 kPa, and the presence of 

natural convection of the air surrounding the sample. In 

the COMSOL Multiphysics ver. 6.0, the convection heat 

flux in air q0 for both hairs was calculated as: 

, (3) 

where h is the heat transfer coefficient, Text is the ambient 

temperature (air), T is the hair temperature. 

The heat transfer coefficient was calculated for the 

case of a thin cylinder as: 

, (4) 

where k is the thermal conductivity of air, H is the 

cylinder (hair) height,  is the Rayleigh number, Pr is 

the Prandtl number of air, D is the cylinder (hair) 

diameter. In this case, the Rayleigh number was given as: 

3α
Ra ,

μ

p ext

H

g T T H

k


  (5) 

where g is the acceleration of gravity, αp is the coefficient 

of thermal expansion of air, μ is the dynamic viscosity of 

air [28]. 

The hairs in the model are in contact along the line of 

contact (see Fig. 1), no additional boundary conditions 

have been specified for this area due to the negligible hair 

contact area. The contribution of boiling and evaporation 

of water was not considered in the approximation that the 

water content in dry hair is low (in what follows, dry hair 

was used in the experiment). 

As a result of thermophysical modeling, the 

maximum values of temperature and the Arrhenius 

function were calculated at the line of hair contact in the 

sample. The Arrhenius function is used to assess the 

degree of thermal damage to a biological tissue (the 

relative concentration of damaged molecules) and is 

calculated as [29]: 

,  (6) 

where Ω is the value of the Arrhenius function, t is time, 

A is the frequency factor, Ea is the activation energy, 

R = 8.31 J/(mol∙K) is the universal gas constant; T is the 

temperature.  

The degree of thermal damage  is calculated as [30]: 

0

0

С( )
1 exp( ),

С t

С


      (7) 

where C0 is the initial concentration of molecules or cells, 

C(t) is the concentration of molecules or cells at a time 𝑡. 

At Ω = 1, the degree of thermal damage  becomes 

equal to 1−e−1 ≈ 0.63, and the temperature reaches a 

value sufficient for denaturation (irreversible change) of 

the biological tissue [31]. 

In the calculations, the laser radiation power was 

varied from 1 W to 10 W, and the laser spot scanning 

speed was varied from 1 mm/s to 10 mm/s. 

In an in vitro experiment, the possibility of bonding 

two human hairs by welding them with 980 nm 

continuous laser radiation was studied. Dry dark 

uncolored hair of one person (volunteer) was used in the 

study. Before the experiment, a fragment 10–15 cm long 

was mechanically cut off from a hair 50–60 cm long and 

stored for 14 days in a dry, dark, unlit, air-conditioned 

room at a temperature of 23 ± 1 °C. A total of 

20 fragments were obtained from 20 neighboring hairs. It 

 r

T
c v T q q Q

t

 
      

 

0 ( )extq h T T  

 

 
1 4

4 272 315Pr4 7Ra Pr

3 5 20 21Pr 35(64 63Pr)

H
Hk

h
H D

   
   
    

RaH

0

at E

RTAe dt

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was these hair fragments that were used to create samples 

for research. The scheme of the experimental setup is 

shown in Fig. 3. The sample was a pair of hairs 

60 ± 10 μm in diameter and 20 ± 2 mm long, fixed in a 

holder so that their surfaces were in contact with each 

other along the line of contact parallel to the hair axis. An 

Alta-ST diode laser (Dental Photonics Inc., USA) with a 

wavelength of 980 nm operating in a continuous mode 

was used as a source of laser radiation. Laser radiation 

was delivered to the sample via an optical fiber, the 

output end of which moved along the sample fixed in the 

holder. The movement of the fiber was provided by a 

scanning system controlled by a computer. 

 

Fig. 3 Scheme of an experimental setup for in vitro study 

of the possibility of bonding two human hairs by welding 

them with continuous laser radiation at a wavelength of 

980 nm. 

The design parameters and optical properties of the 

materials were identical to those used previously in 

optical modeling. After laser exposure, the samples were 

photographed using an AxioScope A1 optical 

microscope (Carl Zeiss, Germany) equipped with an 

AxioCam camera (Carl Zeiss, Germany) and the 

appearance of the samples was analyzed for visible 

changes, bonding (welding) or irreversible thermal 

damage. 

3 Results and Discussion  

The dependences of the maximum temperature and the 

maximum value of the Arrhenius function at the line of 

contact of the hairs in the sample on the scanning speed 

obtained as a result of modeling at various values of the 

laser radiation power are shown in Fig. 4(a) and 

Fig. 4(b), respectively. 

It can be seen that with an increase in the scanning 

speed at a constant laser radiation power, the maximum 

temperature at the line of hair contact in the sample 

decreases. In this case, the higher the laser radiation 

power, the higher the maximum temperature that can be 

achieved at a constant scanning speed. The melting point 

of a Caucasian hair of 508.95 K is not achieved for all 

combinations of power and speed, which is obviously 

due to the competition between heating and cooling 

processes. 

It can also be seen that with an increase in the 

scanning speed at a constant laser power, the maximum 

value of the Arrhenius function at the line of hair contact 

in the sample decreases. At the same time, the higher the 

laser radiation power, the higher the scanning speed at 

which Ωmax = 1. The maximum value Ωmax = 1, at which 

irreversible thermal damage to the hair occurs, is not 

achieved for all combinations of power and speed, which 

is due both to the competition between heating and 

cooling processes and with the contribution of the rate of 

the denaturation process. 

The analysis of the dependences presented in Fig. 4 

made it possible to determine the combinations of 

scanning speed and laser radiation power at which the 

melting temperature is reached at the hair contact line in 

the sample and at which Ωmax = 1 (see Fig. 5). 

 
(a) 

 
(b) 

Fig. 4 Dependence of the maximum temperature Tmax (a) 

and the maximum value of the Arrhenius function 

Ωmax (b) at the line of hair contact in the sample on the 

scanning speed v at different powers of laser radiation at 

a wavelength of 980 nm (dashed line corresponds to the 

melting temperature of a Caucasian hair of 

508.95 K [32]). 
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Fig. 5 Dependence of the scanning speed v at which the 

temperature at the line of hair contact in the sample 

reaches the melting point of a Caucasian hair of 508.95 K 

(line 1) and at which Ωmax = 1 (line 2) on the power of 

laser radiation P at a wavelength of 980 nm. 

Achieving the melting temperature of the hair at the 

line of contact of the hair in the sample leads to a 

reversible thermal change in the hair shell (cuticle), 

which consists mainly of keratin, and does not affect the 

hair as a whole. This change makes it possible to connect 

the hairs to each other. At the same time, reaching the 

value Ωmax = 1 by the Arrhenius function leads to 

irreversible thermal damage to the hair, which should be 

avoided. 

Thus, based on the simulation, it can be assumed that 

hair welding can be achieved by heating them to the 

melting temperature and the optimal combinations of 

laser radiation power with a wavelength of 980 nm and 

laser beam scanning speed for bonding (extension, 

welding) hair lie above line 1 and below line 2 in Fig. 5. 

In the in vitro experiment, the impact on the sample 

was carried out at three combinations of the scanning 

speed of the laser spot and the power of the laser 

radiation. Combination #1 (P = 3.5 W and v = 4 mm/s) 

lies above line 1 and line 2 in Fig. 5 and, according to the 

previously formulated assumption, should not cause 

melting and irreversible thermal damage to the hair, 

therefore, should not lead to welding. Combination #2 

(P = 5.0 W and v = 1.5 mm/s) lies below line 1 and 

above line 2 in Fig. 5 and, according to the previously 

formulated assumption, should lead to welding along the 

line of hair contact in the sample. Combination #3 

(P = 6.5 W and v = 1 mm/s) lies below line 1 and line 2 

in Fig. 5 and should lead to irreversible thermal damage 

to the hair. In total, 10 samples were studied in the 

experiment for each of the three combinations of the laser 

spot scanning speed and the laser radiation power. 

Typical photographs of samples after laser exposure with 

each of the three combinations are shown in Fig. 6. 

It can be seen that laser exposure with 

Combination #1 did not change the appearance of the 

hair and did not lead to their bonding. Combination #2 

did not change the appearance of the hair and led to their 

bonding along the line of contact. Combination #3 

changed the appearance of the hair (they increased in 

diameter and collapsed) and did not lead to their bonding 

along the line of contact. 

Thus, the results observed in the experiment confirm 

the conclusion made on the basis of modeling about the 

possibility of hair welding and the validity of the 

recommendations on choosing the optimal combinations 

of the power of continuous laser radiation with a 

wavelength of 980 nm and the scanning speed of the laser 

beam for their bonding (extension). 

 
(a) 

 
(b) 

 
(c) 

Fig. 6 Typical photographs of samples after exposure to 

continuous laser radiation with a wavelength 

of 980 nm: (a) Combination #1, (b) Combination #2, and 

(c) Combination #3. 

4 Conclusion 

In the course of the study, a computer optical model of a 

laser system for bonding of human hair and a computer 

thermophysical model of laser bonding of human hair 

were created. As a result of modeling, the dependences 

of the maximum temperature and the maximum value of 

the Arrhenius function at the line of contact of hairs in 

the sample on the scanning speed of the laser beam were 

obtained at different powers of laser radiation with a 

wavelength of 980 nm. The optimal combinations of 

laser radiation power and laser beam scanning speed for 

bonding (extension) of hair were determined. In vitro 

experiments were carried out on bonding hair with laser 
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radiation with a wavelength of 980 nm. The results of the 

experiments confirmed the possibility of bonding 

(extension) hair by welding with continuous laser 

radiation with a wavelength of 980 nm and showed a 

satisfactory agreement with the simulation results. 

Disclosures 

All authors declare that there is no conflict of interests in 

this paper. 

Acknowledgements 

The work was supported by a NIRMA grant from ITMO 

University and presented at the International Symposium 

FLAMN-22 (06.22.2022-06.30.2022, St. Petersburg, 

Russia). 

 

References 

1. S. Watanabe, “Basics of laser application to dermatology,” Archives of Dermatological Research 300, 21–30 (2008). 

2. O. V. Sheptii, L. S. Kruglova, O. V. Zhukova, T. V. Ektova, D. A. Raksha, and A. A. Shmatova, “High-energy laser 

exposure in dermatology and cosmetology,” Russian Journal of Skin and Venereal Diseases 15(6), 39–43 (2012). [in 

Russian]  

3. P. L. Bencini, A. Tourlaki, M. Galimberti, C. Longo, G. Pellacani, V. D. Giorgi, and G. Guerriero, “Nonablative 

fractional photothermolysis for acne scars: clinical and in vivo microscopic documentation of treatment efficacy,” 

Dermatologic Therapy 25(5), 463–467 (2012). 

4. A. Alessandrini, B. M. Piraccini, “Essential of hair care cosmetics,” Cosmetics 3(4), 34 (2016).  

5. C. Porterfield, The forensic value of processed human hair extensions, Master Of Science In Forensic Science Thesis, 

University of Central Oklahoma, Edmond (2014). 

6. A. Yang, M. Iorizzo, C. Vincenzi, and A. Tosti, “Hair extensions: a concerning cause of hair disorders,” British 

Journal of Dermatology 160(1), 207–209 (2009). 

7. A. Tosti, D. Asz-Sigall, and R. Pirmez (Eds.), Hair and Scalp Treatments, Springer, Cham, Switzerland (2019). 

8. T. Vo-Dinh, Biomedical Photonics Handbook, CRC Press, Boca Raton, USA (2003). ISBN: 9780429214295. 

9. L. Pavesi, P. M. Fauchet (Eds.), Biophotonics, Biological and Medical Physics, Biomedical Engineering, Springer 

Berlin, Heidelberg (2008). ISBN: 9783540767824. 

10. C. Li, K. Wang, “Effect of welding temperature and protein denaturation on strength of laser biological tissues 

welding,” Optics & Laser Techology 138, 106862 (2021). 

11. B. Ott, B. J. Züger, D. Erni, A. Banic, T. Schaffner, H. P. Weber, and M. Frenz, “Comparative in vitro study of tissue 

welding using a 808 nm diode laser and a Ho: YAG laser,” Lasers in Medical Science 16(4), 260–266 (2001). 

12. H. Ö. Tabakoğlu, M. Gülsoy, “In vivo comparison of near infrared lasers for skin welding,” Lasers in Medical Science 

25(3), 411–421 (2010). 

13. D. R. Pabittei, M. Heger, S. van Tuijl, M. Simonet, W. de Boon, A. C. van der Wal, R. Balm, and B. A. de Mol, “Ex 

vivo proof-of-concept of end-to-end scaffold-enhanced laser-assisted vascular anastomosis of porcine arteries,” 

Journal of Vascular Surgery 62(1), 200–209 (2015). 

14. B. Bhushan, Biophysics of human hair: structural, nanomechanical, and nanotribological studies, Springer Berlin, 

Heidelberg, Germany (2010). ISBN: 9783642159015. 

15. K. Litvinova, M. Chernysheva, B. Stegemann, and F. Leyva, “Autofluorescence guided welding of heart tissue by 

laser pulse bursts at 1550 nm,” Biomedical Optics Express 11(11), 6271–6280 (2020). 

16. C. Li, H. Jun, W. Kehong, L. Qimeng, and C. Zibo, “Investigation on thermal damage model of skin tissue in vitro 

by infrared laser welding,” Optics and Lasers in Engineering 124, 105807 (2020). 

17. G. B. Altshuler, I. K. Ilyasov, and C. V. Prikhodko, “Optical properties of human hair,” Laser Interaction with Hard 

and Soft Tissue II 2323, 344–350 (1995). 

18. M. N. Polyanskiy, Refractive index database, (accessed 25 April 2022). [https://refractiveindex.info]. 

19. Thorlabs, (accessed 25 April 2022). [https://www.thorlabs.com]. 

20. C. R. Robbins, Chemical and physical behavior of human hair, Springer, New York (2012). ISBN: 9781475720099. 

21. X. Huang, M. D. Protheroe, A. M. Al-Jumaily, S. P. Paul, and A. N. Chalmers, “Review of human hair optical 

properties in possible relation to melanoma development,” Journal of Biomedical Optics 23(5), 050901 (2018). 

22. D. P. Kroese, T. Brereton, T. Taimre, and Z. I. Botev, “Why the Monte Carlo method is so important today,” Wiley 

Interdisciplinary Reviews: Computational Statistics 6(6), 386–392 (2014). 

23. E. Petrovicova, Y. K. Kamath, “Heat transfer in human hair,” International Journal of Cosmetic Science 41(4), 387–

390 (2019). 

24. F. J. Wortmann, “The toughening transition in hair keratin,” Colloid and Polymer Science 271(8), 802–804 (1993). 

25. Y. N. Litvishkov, “On the physical meaning of the parameters of the Arrhenius equation,” Kimya Problemleri (3), 

456–464 (2019). [in Russian] 

https://doi.org/10.1007/s00403-007-0801-6
https://doi.org/10.17816/dv36759
https://doi.org/10.17816/dv36759
https://doi.org/10.1111/j.1529-8019.2012.01478.x
https://doi.org/10.1111/j.1529-8019.2012.01478.x
https://doi.org/10.3390/cosmetics3040034
https://doi.org/10.1111/j.1365-2133.2008.08924.x
https://doi.org/10.1007/978-3-030-21555-2
https://doi.org/10.1201/9780203008997
https://doi.org/10.1007/978-3-540-76782-4
https://doi.org/10.1016/j.optlastec.2020.106862
https://doi.org/10.1016/j.optlastec.2020.106862
https://doi.org/10.1007/PL00011362
https://doi.org/10.1007/PL00011362
https://doi.org/10.1007/s10103-009-0739-3
https://doi.org/10.1016/j.jvs.2014.01.064
https://doi.org/10.1016/j.jvs.2014.01.064
https://doi.org/10.1007/978-3-642-15901-5
https://doi.org/10.1364/BOE.400504
https://doi.org/10.1364/BOE.400504
https://doi.org/10.1016/j.optlaseng.2019.105807
https://doi.org/10.1016/j.optlaseng.2019.105807
https://doi.org/10.1117/12.199214
https://doi.org/10.1007/978-1-4757-2009-9
https://doi.org/10.1117/1.JBO.23.5.050901
https://doi.org/10.1117/1.JBO.23.5.050901
https://doi.org/10.1002/wics.1314
https://doi.org/10.1111/ics.12553
https://doi.org/10.1007/BF00660099
http://dx.doi.org/10.32737/2221-8688-2019-3-456-464


A.V. Belikov et al.: Theoretical and Experimental Study of the Hair Bonding by... doi: 10.18287/JBPE23.09.020306 

J of Biomedical Photonics & Eng 9(2) 2023   28 Jun 2023 © J-BPE 020306-8 

26. Q. M. Luong, S. D. Dams, “The light distribution in skin of a 976nm laser diode using different parameter sets in 

Monte Carlo simulations,” Philips Research, (2009). 

27. K. Shurrab, N. Kochaji, and W. Bachir, “Development of temperature distribution and light propagation model in 

biological tissue irradiated by 980 nm laser diode and using COMSOL simulation,” Journal of Lasers in Medical 

Sciences 8(3), 118–122 (2017). 

28. User’s Guide, Heat Transfer Module, COMSOL (2018). 

29. K. J. Laidler, “The development of the Arrhenius equation,” Journal of Chemical Education 61(6), 494–498 (1984). 

30. M. H. Niemz, Laser – Tissue Interactions: Fundamentals and Applications, Springer Berlin, Heidelberg (2007). 

ISBN: 978-3-540-72192-5. 

31. L. G. Astafyeva, G. I. Zheltov, “Temperature field formed inside a blood vessel under the action of pulsed laser 

radiation,” Optics and Spectroscopy 103(4), 665–670 (2007). 

32. C. R. R. C. Lima, M. M. de Almeida, M. V. R. Velasco, and J. D. R. Matos “Thermoanalytical characterization study 

of hair from different ethnicities,” Journal of Thermal Analysis and Calorimetry 123, 2321–2328 (2016). 

 

https://doi.org/10.15171/jlms.2017.21
https://doi.org/10.15171/jlms.2017.21
https://doc.comsol.com/5.4/doc/com.comsol.help.heat/HeatTransferModuleUsersGuide.pdf
https://doi.org/10.1007/978-3-540-72192-5
https://doi.org/10.1134/S0030400X07100220
https://doi.org/10.1134/S0030400X07100220
https://doi.org/10.1007/s10973-015-5070-6
https://doi.org/10.1007/s10973-015-5070-6


N.V. Remizov et al.: 3D Printed Modular Vein Viewing System Based on... doi: 10.18287/JBPE23.09.020307 

This paper was presented on the Biophotonics Workshop of the XX All-Russian Youth Conference-Contest on Optics and Laser Physics, Dedicated 

to the 100th Anniversary of N.G. Basov, Samara, Russia, November 8–12, 2022. 

3D Printed Modular Vein Viewing System Based on 
Differential Light Absorption in the Near Infrared Range 

Nikita V. Remizov*, Elena M. Bataeva, Dmitry P. Stramousov, Anastasiya A. Shatskaya, 
and Dmitry N. Artemyev 
Samara National Research University, 34 Moskovskoye shosse, Samara 443086, Russia 

*e-mail: erenv97@yandex.ru 

Abstract. There are many cases in the medical laboratory examinations when 
it is necessary to detect a vein in a patient and the blood vessels are not visible 
to the naked eye. In such situations, devices for optical vein visualization are 
required. Nowadays, the technology of optical vein visualization is promising, 
but it has a number of disadvantages. Moreover, no objective approach has 
been proposed to estimate visualization quality, which complicates the choice 
of technical parameters of a vein viewer. For this reason, a prototype of vein 
viewer with interchangeable and easily replaceable parts was presented in 
this paper. This prototype allowed to perform experiments changing the 
optical properties of the vein viewer. A new methodology of visualization 
quality estimation was developed. This new methodology allows to 
quantitatively estimate the visualization quality. Proposed technique is also 
almost independent of the human factor. The research involved 20 volunteers 
aged 20–24 with Fitzpatrick skin phototype III. Studies were carried out to 
evaluate the change in the output signal of the prototype under the use of 
different optical elements for the same object Thus, the influence of absorption 
long-pass optical filters HWB780 and HWB830 on the contrast of veins in 
relation to the skin surface when using two different LED illumination sources 
(850 nm and 940 nm peak wavelengths) was analyzed. The effectiveness of 
lenses with focal lengths of 3.6 mm, 16 mm, and 25 mm was observed. © 2023 
Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

Medical laboratory examination is one of the most 

common diagnostic methods in medicine. A number of 

diseases (including most of the infectious diseases, 

endocrine pathologies, and genetic disorders) can be 

detected exclusively by laboratory means. One of the 

main methods of laboratory examinations is a blood test. 

Blood can be drawn from a capillary in a finger or from 

a vein. Drawing blood from a vein requires detection of 

a vein of the patient, which can be difficult in cases when 

veins are not visible to the naked eye [1, 2]. Vein viewers 

are used to highlight an invisible vein and thus quickly 

locate it in order to prevent preanalytical errors and to 

avoid patient pain caused by unnecessary punctures in 

search of a vein [1–4]. 

The vein viewer is a non-invasive device that 

provides a map of the patient’s veins, including those 

invisible to the naked eye. The main principle of the 

device is the different absorption of light by blood 

hemoglobin and the surrounding tissues. The device 

emits light in the range of 750–950 nm to a part of a 

patient’s body and registers the light reflected from the 

surrounding tissues with a camera. The resulting image 

is displayed on the device screen or optionally projected 

onto the patient using a pico projector. 

A vein viewer has a wide range of applications. For 

example, it can be used during sclerotherapy or 

mailto:erenv97@yandex.ru
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phlebectomy to remove invisible varicose veins 

provoking growth of new formations [1]. It may also be 

suitable for intravenous injections, blood sampling, 

catheter placement [2–4]. There are also non-medical 

applications, such as identification of a person by the vein 

pattern in the biometrics [5]. 

Many researchers note a number of disadvantages of 

optical vein visualization technology: poor vein visibility 

in the presence of skin defects (stretch marks, scars, 

pigment spots), poor vein visibility for dark-skinned 

patients, for patients with excessive body weight, low 

visualization depth, within 3–5 mm [1–3]. 

Nevertheless, this technology is very promising. 

Improvement and active implementation of vein viewers 

would simplify a number of medical procedures, such as 

injections and blood sampling, which is necessary to 

improve patient comfort and treatment quality. 

Researchers consider the possibility of using 

polychromatic sources, multispectral imaging and 

hyperspectral imaging to improve the technology [6–8]. 

It should be noted that the visible light range is rarely 

used as a source for vein visualization because the light 

in the range below 400–700 nm has a low penetration 

depth into the biological tissue, less than 

2–4 mm, compared to the light in the range of 750–950 

nm, which can reach a penetration depth of 5 mm [1, 2]. 

In such devices, the visible range is usually employed 

only to project a vein map onto a part of the patient’s 

body. 

In addition, many studies have no evaluation of the 

obtained results. In the papers where the results have 

been evaluated [2, 6], the evaluation is performed 

roughly, visually, and highly dependent on the human 

factor. For example, in the research [2] the evaluation of 

the results is performed visually, i.e., the researcher 

assigns a class to each digital photo obtained with the 

vein viewer: “Veins are perfectly visible”, “Veins are 

visible” or “Veins are not visible”. The results provide 

statistics on the number of subjects assigned to each 

class. Similarly, the research [6] divides the pictures into 

2 classes: “Veins are visible” and “Veins are invisible”. 

Then the success rate is calculated, i.e. the ratio of the 

number of subjects whose forearm photos belong to the 

“Veins are visible” class to the total number of subjects. 

This approach makes it difficult to select optimal, 

according to the criterion of maximum vein contrast with 

respect to the skin surface, vein viewer parameters. 

Thus, there is the challenge of developing a device for 

troublesome vein visualization patients that provides 

maximum contrast of veins with respect to the skin 

surface with an affordable price. To develop such a 

device, it is necessary to carry out a number of 

experiments to select light sources, objective lenses and 

filters. In this paper, a prototype of vein viewer 

experimental stand is proposed and researches on 

selection of objective lenses, filters and light sources are 

carried out. 

A novel approach to the evaluation of visualization 

quality, which has not been found in previous studies, has 

been developed. The novel approach allows to 

quantitatively compare vein visualization results while 

using different long-pass optical filters, objective lenses, 

and light sources. 

2 Basic Principles of Vein Viewers Design 

Currently, many ways of vein viewers design are 

proposed. Basically, vein viewer construction includes an 

LED light source which emits in the near infrared range, 

a compact camera sensitive to the infrared range, and a 

long-pass optical filter attached to the objective lens of 

the camera. The spectrum of the LED source emission is 

usually located between 750 and 950 nm, at the 

researcher’s discretion [1]. Different implementations of 

optical filters are used: simple and inexpensive options, 

for example, floppy disk substrates or negative 

photographic film, or factory-produced long-pass optical 

filters [1]. 

Mark D. Francisco et al. (2021) proposed a low-cost 

vein viewer design [2]. The emitting part of the proposed 

device consists of three LEDs with a peak wavelength of 

960 nm. The reflected light is recorded using a 

1920 × 1080 UXGA (1080P) CMOS camera, with a 

long-pass IR filter attached to the lens. The 

characteristics of the filter are not specified. The filter cut 

off the visible range and passes light in the 960 nm range. 

Authors also applied digital image processing techniques 

to obtained images. 

Marathe et al. (2014) suggested the design of a 

wireless vein viewer with the ability to transmit the 

image via XBee to an image processing unit (personal 

computer) [3]. The researchers use an LED matrix 

consisting of 25 LEDs with a peak wavelength of 940 nm 

and CCD camera module. To block visible light, a long-

pass IR filter, the parameters of which are not specified, 

is attached to the camera objective lens. Data transfer via 

XBee and digital image processing is performed using 

MATLAB. 

Tran and Pham (2020) developed a vein viewer with 

computer image processing and vein map back 

projection [4]. A LED ring containing 6 LEDs with a 

peak wavelength of 850 nm is used as a light source. A 

NoIR Camera Board connected to a Raspberry Pi 3 

Model B is used to capture the image. The data is 

transmitted to a personal computer, where image 

processing and filtering is performed, as well as an output 

to the display. In addition, the image is projected onto the 

patient’s arm using a Texas Instruments 

DLPDLCR2010EVM DLP-projector. MATLAB 

environment is used for image processing. 

Dhakshayani and Yasin (2015) presented a vein 

viewer with a polychromatic source [6]. The light source 

is a LED ring, which contains 24 LEDs: 6 for each 

wavelength (740, 765, 770, 780 nm). The IR detector is 

based on a CMOS webcam. A Kodak wratten 87 IR filter 

is attached to the camera in combination with an IR photo 

film, which allows to detect light in the 740–790 nm 

range. The control device is a Raspberry Pi board. The 

resulting image then outputs to the display. 

In addition, consider the relevance of using LED 

source as part of a vein viewer. In medical facilities, gas-
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discharge lamps are often used as a light source. Such 

lamps contain spectral components in the near infrared 

range, which may give the impression that there is no 

need to use an additional source of light for vein 

visualization. However, such lamps have unpredictable 

spectral characteristics and optical power. In addition, in 

this case, the patient must be positioned in close 

proximity to the light source, due to the low power of 

infrared light, which is often impossible. 

The LED source as a part of the vein viewer has more 

stable parameters, and is designed specifically for the 

task of vein visualization, which provides stability and 

reproducibility of the results. Furthermore, such sources 

are quite small and affordable, which makes it 

unreasonable to refuse using an additional source as part 

of the vein viewer. Thus, LED source is a necessary part 

of vein viewer. 

3 Materials and Methods 

3.1 Experimental Stand 

The prototype of vein viewer experimental stand was 

developed within the scope of the given task on the basis 

of the reviewed principles (Fig.1). The prototype is 

connected to the PC via the USB interface. There is a ring 

board with IR LEDs and a camera with an IR filter 

attached to it for image registration in a 3D printed plastic 

body. The design also includes a 0.6 mm thick 3D printed 

optical diffuser, which allows for relatively uniform 

illumination from the LED ring with reduced optical 

power. A 12 V 500 mA DC power supply is connected to 

the ring board. The camera is connected to the PC via 

USB and displays the image on the screen of the PC. The 

body is placed on a tripod. The disassembled 

experimental stand is shown in Fig. 2. The developed 

design of the body allows easy and quick replacement of 

elements, which helps to carry out experiments with 

different components. 

The body model was developed in the OpenSCAD 

environment. PETG plastic was used for 3D printing of 

the bodies and diffusers. 

 
Fig. 1 3D model of the vein viewer experimental stand. 

 

Fig. 2 Disassembled experimental stand of vein viewer. 

Two LED rings were used as a light source during the 

experiment. The first had LEDs with a peak wavelength 

of 850 nm, the second – LEDs with a peak wavelength of 

940 nm. Similar parameters were used by most of the 

researchers, because the 750–950 nm light is known to 

be characterized by the greatest depth of penetration into 

the biological tissue [1–4]. Both rings were assembled 

according to the circuit diagram shown in Fig. 3. The 

LED rings were built on the basis of KR142EN12A 

(DA1) chips connected according to the current source 

circuit, and 5-mm Chanzon brand LEDs (HL1–HL24) 

with peak wavelengths at 850 and 940 nm. The optical 

power of one LED was 14 mW. 

As a result, two lighting units designed as a ring of 

LEDs with central wavelengths of 850 nm and 940 nm, 

having the same connection circuit, were produced. 

Characteristics of the blocks: 24 LEDs, the scattering 

angle of the LEDs is 90º. Optical power of each block is 

336 mW. 

The camera module based on a Sony IMX335 CMOS 

sensor was used for image capture. This module allowed 

to reduce the device size, as well as to ensure low power 

consumption and affordable cost.  

The main specifications of IMX335: 

 Max resolution: 5 MP / 2592 × 1944 px, 

 Bit rate: 10/12 bit, 

 Image Rate: 60 FPS, 

 Chromaticity: color, mono. 

 PC interface: USB 2.0. 
Spectral sensitivity plots of IMX335 are shown in 

Fig. 4. 
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Fig. 3 Circuit diagram of the lighting unit. 

 
(a) (b) 

Fig. 4 Spectral sensitivity plots of the IMX335 module: (a) chromaticity: monochrome, (b) chromaticity: color. Rectangle 

highlights the area used for experimental research. 

3.2 Methodology 

The research was carried out with 20 volunteers aged 

20–24 years old with Fitzpatrick Skin Phototype III. The 

experiments were completely safe for the eyes and the 

skin. According to the method of estimation of eye-

hazardous exposure to infrared radiation given in  

IEC 62471 : 2006 [9], eye exposure to infrared light for 

both LED rings did not exceed 40 W·m–2, which was 

significantly lower than the established limit, even for 

exposure over 1000 s, which was 100 W·m–2. Similarly, 

in accordance with the methodology for assessing the 

limit of thermal exposure hazard for the skin [9], 

provided the exposure time is 20 min, the skin exposure 

is limited to a value of 50000 J·m–2 or less, with an 

estimated limit of 117713 J·m–2. 

The contrast of veins in relation to the skin surface 

was estimated using different camera objective lenses 

and cut-off filters. 

The test subject placed his hand under the vein viewer 

stand mounted on a tripod at a distance of about 30 cm. 

Images of the hand were captured using the camera with 

the IR source turned on with different objective lenses 

and cut-off filters. No additional digital image processing 

was performed. Unlighted hand images were taken with 

a smartphone camera. A fixed exposure time of 7.7 ms 

was used to capture images. Exposure time was chosen 

empirically. 

The contrast of the obtained photos was evaluated as 

follows. The images were converted from color to black-

and-white and then converted from integer data type to a 

scale from 0 to 1. Then, similar areas with a resolution of 

at least 200 × 200 pixels were selected. For these areas 

the root-mean-square value (RMS) of contrast was 

estimated according as follows: 

𝐶𝑅𝑀𝑆 = √
1

𝑛−1
∑ (𝑥𝑖 − 𝑥̄)2𝑛
𝑖=1 , (1) 

where xi is the normalized brightness value of the i-th 

gray pixel, 0 ≤ xi ≤ 1, n is the total number of pixels in the 

image, 𝑥̄  is the mean normalized gray level, which is 

estimated as follows: 
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Fig. 5 LED rings spectrum overlap with HWB780 and HWB830 filter transmission bandwidths. 

 
(a) (b) (c) (d) 

Fig. 6 Digital images of a volunteer’s forearm with the vein viewer prototype with LED highlighting at 850 nm: 

(a) HWB830, 3.6 mm objective focal length, (b) HWB830, 16 mm objective lens focal length, (c) HWB830, 25 mm 

objective lens focal length, and (d) digital image from a smartphone. 

 
(a) (b) (c) (d) 

Fig. 7 Digital images of a volunteer’s forearm with the vein viewer prototype with LED highlighting at 850 nm: 

(a) without filter, objective lens focal length 3.6 mm, (b) HWB780, objective lens focal length 3.6 mm, (c) HWB830, 

objective lens focal length 3.6 mm, and (d) digital image from a smartphone. 

𝑥̄ =
1

𝑛
∑ 𝑥𝑖
𝑛
𝑖=1 . (2) 

This estimation technique is suitable for comparing 

the contrast of different images [10]. 

The parameters of HWB780 (780 nm) and HWB830 

(830 nm) long-pass optical filters were compared. Focal 

lengths of the lenses: 3.6 mm, 16 mm, and 25 mm. 

The plot in Fig. 5 shows the overlap of the LED ring 

spectrum with the transmission bandwidth of the 

HWB780 and HWB830 filters. 

As the Fig. 5 shows, the light from the source with a 

peak wavelength of 940 nm completely overlaps with the 

passband of the filters, while the light from the 850 nm 

source is slightly attenuated. 

4 Results 

The following results were obtained during the 

experiment and estimation. Fig. 6 shows examples of 

digital images of the hand of one of the subjects, obtained 

with the smartphone (d) and with the vein viewer 

prototype with different lenses using theHWB830filter 

(a, b, c). Fig. 7 shows examples of digital images of 

another subject obtained with a smartphone (d), without 

filter and with highlighting (a), using differentfilters 

(b, c), for an objective lens with a focal length of 3.6 mm. 
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Table 1. RMS contrast values for the 850 nm source. 

Subject № No highlight 
3.6 mm lens 16 mm lens 25 mm lens 

HWB780 HWB830 HWB780 HWB830 HWB780 HWB830 

1 0.049 0.058 0.064 0.056 0.065 0.055 0.062 

2 0.044 0.072 0.091 0.076 0.089 0.071 0.091 

3 0.056 0.105 0.122 0.109 0.120 0.101 0.122 

4 0.046 0.081 0.108 0.079 0.102 0.081 0.098 

5 0.068 0.090 0.102 0.095 0.104 0.092 0.101 

6 0.048 0.057 0.063 0.055 0.064 0.052 0.061 

7 0.066 0.088 0.099 0.091 0.102 0.089 0.099 

8 0.054 0.101 0.118 0.107 0.115 0.102 0.119 

9 0.043 0.071 0.089 0.073 0.084 0.069 0.089 

10 0.061 0.075 0.085 0.082 0.091 0.084 0.088 

11 0.058 0.109 0.127 0.115 0.126 0.107 0.128 

12 0.049 0.055 0.069 0.053 0.064 0.053 0.063 

13 0.053 0.102 0.117 0.105 0.113 0.099 0.118 

14 0.051 0.099 0.109 0.104 0.109 0.087 0.115 

15 0.044 0.069 0.094 0.072 0.091 0.071 0.092 

16 0.048 0.078 0.099 0.084 0.095 0.079 0.094 

17 0.061 0.084 0.094 0.088 0.098 0.087 0.095 

18 0.055 0.101 0.119 0.109 0.117 0.114 0.120 

19 0.067 0.090 0.101 0.095 0.102 0.091 0.100 

20 0.062 0.088 0.098 0.086 0.099 0.089 0.096 

 
Fig. 8 Digital images obtained with the vein viewer 

without diffuser. 

Figs. 6 and 7 show that in the images obtained with 

the vein viewer prototype, the vessels are much more 

recognizable than those in the digital photos from a 

smartphone. The areas used in contrast estimation are 

highlighted with a rectangle. It is not evident that the lens 

has a significant effect on the vein contrast (Fig. 6). It is 

noticeable that in the presence of a long-pass optical 

filter, veins become more recognizable (Fig. 7). 

Furthermore, several images were obtained from a 

vein viewer with highlighting, but without the diffuser. 

In this case, the images were overexposed, resulting in a 

contrast estimation tending to zero (Fig. 8).  

Table 1 shows the contrast estimation values for 

20 subjects when the highlighting in 850 nm range.  

As shown in Table 1, the influence of highlighting on 

the RMS contrast of veins is obvious. It can be noticed in 

all cases, that the use of the vein viewer provided an 

increase in contrast in comparison with the image from 

the smartphone camera. In addition, in all cases, the 

HWB830 filter, with a transmission bandwidth starting at 

830 nm, produced higher vein contrast than the 

HWB780, with a transmission bandwidth starting at 

780 nm. The contrast enhancement in percentage when 

using the HWB830 filter is shown in Fig. 9. 

Fig. 9 shows that the choice of objective lens has no 

influence on the contrast. Slight changes in the RMS 

contrast with lens change are noticeable, but they have no 

regularity and most probably are associated with manual 

cropping of images and the unavoidable slight change in 

the hand position of the test subject when capturing a new 

photo after changing the objective on the prototype. 
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Fig. 9 Contrast enhancement percentages when using the vein viewer with the HWB830 filter for image capture compared 

to using a smartphone. Results are shown for the three lenses used at focal lengths of 3.6 mm, 16 mm, and 25 mm. 

  
(a) (b) 

Fig. 10 Examples of digital photos of subjects with low RMS contrast enhancement: (a) subject №1, (b) subject №6. 

It is important to note that in 11 cases the contrast 

enhancement was 90% and higher, while in the remaining 

9 cases the enhancement did not exceed 60%. Low contrast 

enhancement in such cases is explained by different skin 

composition and greater vein depth. Examples of digital 

photos of such subjects are shown in Fig. 10. 

Fig. 10 shows that vein contrast is improved, although 

mathematically the RMS contrast enhancement is 

insignificant. 

To be compared with the previous studies [2, 6], a 

visual qualitative estimation of the results was performed. 

In 16 cases, vein visibility was strongly improved, 

including invisible veins, in 4 cases veins became more 

recognizable. 

Mark D. Francisco et al. assessed their results of vein 

visualization on the forearms as follows: in 110 cases veins 

were well visible, in 118 cases veins became visible, in 

14 cases visualization results were unsatisfactory [2]. 

Dрakshayani and Yaсin estimated their results as 

follows: in 90% of the cases, the visualization was 

satisfactory. The number of subjects was 100 [6]. 

It should be noted that an adequate comparison of 

results in the present case is impossible, because other 

studies involve significantly more subjects, as well as 

“problematic” subjects: the elderly, overweight, different 

skin types, etc. 

In addition, an experiment was performed using 8 

subjects from the original population with similar 

conditions using a LED ring with a peak wavelength of 

940 nm (Fig. 11). Only one lens with a focal length of 

16 mm was used. 

Fig. 11 illustrates that the veins of the subjects are well 

recognizable in general. 

Table 2 shows the results of this experiment in 

comparison with the 850 nm source experiment. 

According to the Table 2, the contrast increased in 4 cases 

and decreased in 4 cases. Possibly, this difference is caused 

by the individual characteristics of particular subjects. 

Therefore, it is concluded that the preference should be 

given to the possibility of switching the light range by the 

operator and using several ranges simultaneously, so that 

the device can be adjusted for each individual patient. 

Previously, the use of a polychromatic source with LEDs 

with peak wavelengths of 740, 765, 770, and 780 nm as a 

light source was proposed by Dhakshayani and Yacin [6]. 

 

  
(a) (b) 

Fig. 11 Digital photos of forearms of volunteers obtained 

using the prototype of vein viewer with LED highlighting 

at 940 nm range: (a) with HWB780 filter, (b) with 

HWB830 filter.
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Table 2 Comparison of RMS contrast for 850 nm and 940 nm sources. 

Subject № 
No 

highlighting 

850 nm LED ring 940 nm LED ring 

HWB780 HWB830 HWB780 HWB830 

1 0.049 0.056 0.065 0.071 0.084 

2 0.044 0.076 0.089 0.078 0.099 

6 0.048 0.055 0.064 0.063 0.077 

7 0.066 0.091 0.102 0.077 0.085 

10 0.061 0.082 0.091 0.074 0.081 

11 0.058 0.115 0.126 0.092 0.111 

18 0.055 0.109 0.117 0.121 0.133 

20 0.062 0.086 0.099 0.075 0.089 

5 Conclusion 

In this paper the vein viewer prototype and the technique 

for estimating the quality of visualization were proposed. 

The prototype was used to obtain images of the subjects' 

forearms using two different LED light sources: with 

peak wavelength of 850 nm and 940 nm, and different 

absorption long-pass optical filters (HWB780 and 

HWB830) and objective lenses with different focal 

lengths (3.6 mm, 16 mm, and 25 mm). The RMS contrast 

of the images was evaluated with the GNU Octave 

environment. The results show that the presence of 

highlighting increases the RMS contrast of the image, 

i.e., simplifies the detection of the subject’s veins. As can 

be seen from the results, the contrast enhancement was 

100% or more in most cases. Visual estimation shows 

that vein recognition was improved in all cases, and in 16 

out of 20 cases, visibility was sufficiently improved, i.e., 

deep invisible veins became recognizable. It was noted 

that the HWB830 long-pass optical filter, with a 

transmission bandwidth starting at 830 nm, provided 

greater contrast of veins relative to the skin surface in all 

cases. On the other hand, the choice of objective lens 

does not affect the contrast. The objective lens only 

affects the focus and hand grip area. 
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1 Introduction 

Cardiovascular diseases (CVDs) are the leading cause of 

death worldwide and in the Russian Federation. An 

estimated 17.9 million people died of cardiovascular 

disease in 2016, accounting for 31% of all deaths 

worldwide. Eighty five percent of these deaths were 

caused by heart attack and stroke [1]. Cardiovascular 

disease is the most frequent cause of hospitalization and 

disability among the population of the Russian 

Federation. At the same time, about 40% of people in 

Russia die at an active working age (25–64 years) [2]. 

The development of new methods for diagnosing and 

detecting the risks of such diseases can significantly 

increase the efficiency and accuracy of preventing these 

diseases. The application of machine learning algorithms 

for blood Raman spectra analysis is a relatively novel 

method for detecting cardiovascular diseases. 

Research into the application of machine learning to 

the processing of Raman spectra for the diagnosis of 

cardiovascular diseases is at an early stage of 

development. For example, machine learning has been 

applied to early warning of heart attacks using surface-

enhanced Raman spectroscopy [3]. 

A random forest algorithm was chosen to classify 

Raman spectra by patient groups and select the most 

significant spectral shifts [4–7]. This choice is due to the 

ability of this method to classify, the ability to select the 

most significant features and to deal with large amounts 

of data. It is also effective and relatively fast, which is 

important for the analysis of large amounts of data in a 

short time. The originality of the approach lies in the first 

application of machine learning to the processing of a 

spectral array of complex Raman light scattering spectra 

of human platelets. 

The purpose of this paper is to develop a solution for 

an important problem of differentiation of Raman 

spectra [8–11] in patients with and without 

cardiovascular pathologies, detection of spectral markers 

of platelet changes in pathologies and due to medication. 

This article describes the results of applying a 

machine learning algorithm to the processing of spectral 

data arrays for different groups of patients: healthy 

patients, patients with pathologies of cardiovascular 

disease, healthy patients receiving therapy, and patients 

with pathologies of cardiovascular disease receiving 

mailto:18377@mail.ru
https://dx.doi.org/10.18287/JBPE23.09.020308
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therapy. The applicability of the random forest algorithm 

is shown. 

2 Materials and Methods 

2.1 SERS Experiment 

For the platelet study using SERS, fresh venous blood 

samples were collected from healthy volunteers and 

patients with CVD in a vacuum tube containing EDTA 

(BD Vacutainer®). The samples were then centrifuged at 

60 g for 15 min to separate platelet-rich plasma, and then 

it was centrifuged again with 60 g for 15 min to 

precipitate leukocytes and erythrocytes. In the last step, 

platelets were precipitated by centrifugation of the 

supernatant at 1500 g for 15 min. All centrifugation steps 

were performed at 4 °C.  

Fresh venous blood samples for SERS were taken in 

a vacuum tube containing sodium citrate (Vacutainer 

4.5 ml with 3.2%® sodium citrate). SERS spectra were 

obtained on a Centaur U HR Raman spectrometer 

(NanoScanTechnology LTD, Russia) using a Cobolt 

Samba diode-pumped solid-state laser with a 

photoexcitation wavelength of λ = 532 nm and a power 

per sample of 45 mW. The optical scheme included an 

Olympus BX 41 microscope with a 100X objective (NA 

0.9). The spectrometer monochromator (ZAO Solar LS, 

Belarus) had a focal distance of 284 mm with 

a diffraction grating of 1200 gr/mm and was equipped 

with a IDus 401 CCD camera (Andor, UK). The 

resolution of camera was 1024 × 256 pixels. The 

spectrometer had a spectral resolution of 2.5 cm–1. 

A 1 × 25 µm laser spot was positioned manually on the 

platelet mass. Rayleigh scattering was eliminated with a 

reflector filter. A drop of 5 μl of platelet-rich plasma was 

applied to a previously created titanium-based 

nanostructured surface, a detailed methodology of 

production of which is described in Ref. [12] substrate, 

dried for 5 min at room temperature, and then placed in a 

microscope rack. For each sample, spectra averaged three 

times from ten different drop locations were collected. 

The exposure time for the CCD camera was set as 70 s. 

Each time before the experiment, the spectrometer was 

calibrated for silicon by a static spectrum centered at a 

spectral shift frequency of 520.1 cm–1 for 1 s. After 

registration, the spectra were saved in .txt format and in 

a special format (.ngs) on a PC connected to the Raman 

spectrometer. Due to the possibility of plasmon 

resonance generation, roughened titanium surfaces with 

spherical gold nanoparticles were used to amplify the 

Raman signal. The plasmon absorption maxima were 

λ = 530 nm and λ = 570 nm for gold nanoparticles and 

the rough Ti surface, respectively. For such structures, 

the spectral signal amplification was recorded up to 

orders of 103 times. 

The study focused on the Raman spectra of the 

following groups of patients: 

 healthy without therapy (group 1), 

 healthy on therapy (aspirin, clopidogrel) (group 2), 

 patients with cardiovascular disease without therapy 

(group 3), 

 patients with cardiovascular disease on therapy 

(group 4). 

The total number of study participants was 152. 

Subjects were divided into 4 groups: healthy volunteers 

not receiving AT (group 1) and receiving acetylsalicylic 

acid (ASA), group 2; patients with cardiovascular disease 

(CVD) without AT (group 3) and receiving AT (group 4). 

Aggregometry and SERS spectra of platelets were 

performed in all subjects. An original optical sensor 

based on gold particle-modified nanostructured titanium 

surface was developed to obtain SERS spectra of 

platelets. 

 

Fig. 1 Example of Raman spectra for healthy patients (blue line), patients with CVD on therapy (red line), group of 

healthy patients on therapy (green line) [12]. 
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Fig. 2 Decision tree in the classification of spectra by groups of healthy patients without therapy (group 1) and patients 

with cardiovascular disease pathologies without therapy (group 3). 

Spectrum data were read from the instrument and 

entered into .txt and .csv files. For the following study, 

spectral data were brought to uniformity by classifying a 

single frequency grid using the Parcer program. Uniform 

group tables were created and a unified frequency grid of 

5 cm–1 spacing was generated. Thus, the developed 

program automatically converted files and formed an 

array of data. This program was written in C++ and 

arranged the spectrum by grid cells in the range from 

400 cm–1 to 1800 cm–1 in 5 cm–1 increments. Thus, all 

spectral fluctuations were correlated with the designated 

grid. 

2.2 Spectral Data Processing with 

Machine Learning 

The Statistica 13 Random Forest module, which is an 

implementation of the random forest classifiers 

developed by Breiman [13], whose algorithm is also 

applicable to regression tasks, was chosen to process 

spectral data. 

To implement the random forest classification tasks, 

a group column was added to the data table, which 

included the name of the patient group of the selected 

observation. The dependent variable was the group 

distribution of patients according to their condition and 

medication intake. And spectral shift values between 

400 cm–1 and 1800 cm–1 were taken as continuous 

predictors. Next, a test sample of spectral observations 

was allocated using the additional option of selecting the 

proportion of test and training samples. In our study, the 

test sample represents 30% of all observations. The 

random forest method in Statistica 13 defines a boundary 

function that measures the extent to which the mean 

number of votes for the correct class exceeds the mean 

number of votes for any other class present in the 

dependent variable. This measure provides us not only 

with a convenient way to make predictions, but also a 

way to relate the validity score to those predictions. The 

accuracy of the classifier was determined by the ratio of 

the number of correct responses to the total number of 

responses. 

3 Results and Discussions 

An array of spectral data from four groups of patients was 

accumulated based on the results of spectral imaging. An 

example of the obtained spectra is shown in Fig. 1. 

 

Table 1 Classification matrix for separating healthy patients without therapy from CVD patients without therapy. 

 Predicted healthy without therapy Predicted CVDs without therapy 

True healthy without therapy 37.5% 10.07% 

True CVD without therapy 6.53% 45.9% 

Note: The number of correctly classified spectral data by patient group is highlighted in green. The number of 

misclassified spectral data is highlighted in red. 
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Table 2 The most important spectral shifts and their interpretation for the classification of healthy patients without therapy 

from CVD patients without therapy. 

Spectral shift, cm–1 
Significance of the trait, 

relative units 
Interpretation Reference 

1305 0.00803 τ(CH2) (lipids) [14] 

1485 0.00782 
1485 planar variations 

(adenine/guanine) 
[15] 

1155 0.00678 
C–C valence oscillations 

(v) in proteins 
[16–17] 

1395 0.00671 Amid [18] 

890 0.00621 CH3 bend in Tricaprylin [14] 

Table 3 Classification matrix to separate healthy patients without therapy from healthy patients on therapy. 

 Predicted healthy without therapy Predicted CVDs without therapy 

True healthy without therapy 69.38% 11.88% 

True healthy on the therapy 11.88% 6.88% 

Note: The number of correctly classified spectral data by patient group is highlighted in green. The number of 

misclassified spectral data is highlighted in red. 

Table 4 The most important spectral shifts and their interpretation for the classification of healthy patients without and 

on therapy. 

Spectral shift, cm–1 
Significance of the trait, 

relative units 
Interpretation Reference 

1040 0.00714 Unsaturated fatty acids [14] 

1035 0.00707 β(CH) in lipids [14] 

1685 0.00607 
Protein beta sheet and 

polyproline helix 
[19] 

980 0.00571 β(CH) in lipids [14] 

1165 0.005 ν(C-C) in lipids [14] 

1305 0.005 τ(CH2), δ(=CH) in lipids [14] 

 

3.1 Spectral Data Processing with Machine 

Learning 

The data were classified into patient groups using a 

random forest algorithm. Let us first consider 

differentiation of spectra by groups of healthy patients 

without therapy (group 1) and patients with 

cardiovascular pathologies without therapy (group 3). 

Fig. 2 shows one of the decision trees, which shows the 

most informative spectral lines. 

Most of the data were correctly identified using the 

random forest algorithm. The correctness of the 

algorithm for classifying the observations into groups of 

healthy patients without therapy and patients with 

cardiovascular pathology without therapy was 83.4%, as 

shown in Table 1. 

In carrying out this classification, the most significant 

spectral shifts in separating the observations into groups 

were highlighted, as presented in Table 2. 
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Table 5 Classification matrix for separating non-therapy CVD patients from therapy naive CVD patients. 

 Predicted CVDs without therapy Predicted CVDs on therapy 

True CVD without therapy 59.5% 3.0% 

True CVD on therapy 27.0% 10.5% 

Note: The number of correctly classified spectral data by patient group is highlighted in green. The number of 

misclassified spectral data is highlighted in red. 

Table 6 The most important spectral shifts and their interpretation for the classification of CVD patients without and on 

therapy. 

Spectral shift, 

cm–1 

Significance of the trait, 

relative units 
Interpretation Reference 

1565 0.00662 C–N stretching [20] 

1425 0.00655 

The band at ~1420 cm–1 observed for saturated and 

Z-unsaturated FAs is hardly seen in the spectra of the 

unsaturated compounds and presumably accounts 

for the shoulder at approximately 1422 cm–1 

[21] 

1055 0.00615 Lipid hydrocarbon chain [14] 

1440 0.00602 СH2 bend (lipids) [16–17] 

1385 0.00582 Hydrogen bonding in protein [22] 

1125 0.00576 V(Cß-methyl) [23] 

Also, a random forest algorithm was used to classify 

healthy patients on and off therapy with an accuracy of 

76.26%, as can be seen in Table 3. 

The most significant spectral shifts and their 

interpretation for the classification of healthy patients 

without and on therapy were highlighted, shown in 

Table 4. 

When the patients with cardiovascular pathologies on 

and off therapy were classified, 70% accuracy was 

achieved, as shown in Table 5. 

Table 6 highlights the most important spectral shifts 

and their interpretation for the classification of patients 

with cardiovascular pathologies without and on therapy. 

4 Conclusions 

As a result of this research, the initial results on the 

development of machine learning methods for the 

differentiation of Raman spectra in patients with and 

without cardiovascular disease pathologies were 

demonstrated.  

Approaches were applied to process spectral data 

arrays consisting of 1266 spectra for different groups of 

patients: healthy patients, patients with pathologies of 

cardiovascular diseases, healthy patients receiving 

therapy and patients with pathologies of cardiovascular 

diseases receiving therapy. The applicability of the 

random forest algorithm was shown. Potential 

biomarkers of differences between patient groups on 

which the given algorithms were tested were identified. 

The achieved accuracy of classification using the 

random forest algorithm of spectra across the groups of 

healthy patients without therapy and patients with 

cardiovascular pathologies without therapy was 83.4%. 

Classification of the healthy patients on and off therapy 

shows the accuracy of 76.26% and classification of the 

patients with cardiovascular pathologies shows 70% 

accuracy. 
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