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Optical Properties of Perfused Rat Liver Tissues
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Abstract. In this work, we demonstrate the results of measuring the optical
properties of rat liver tissue slices after the liver itself underwent the perfusion
procedure with an isotonic solution. The approach is suggested as a means to
attenuate the influence of blood absorption on recorded characteristics and
demonstrates its effectiveness in changing the composition of recorded spectra in
the visible range. The data obtained seem promising to be used to upgrade the
proposed methodology and apply the results for the diagnosis and modeling of
light-tissue interaction in liver under healthy and pathological conditions.

© 2022 Journal of Biomedical Photonics & Engineering.
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1 Introduction

Optical diagnostic methods remain a promising area of
biotechnical research and continue to improve to find new
applications in medicine [1-3], including surgery [4-8]. In
turn, surgery tends to widely introduce less radical surgical
procedures. This trend requires the development of
technologies for an objective assessment of the functional
state of organ tissues right in the course of surgery. A wide
range of continuously evolving spectroscopy and imaging
techniques based on various phenomena of light-tissue
interaction can be used to obtain real-time diagnostic
information [9, 10]. Research aimed at combining new
optical methods with standard surgical equipment is of
special relevance at present [11-14].

Developing and calibrating new optical diagnostic
methods requires knowledge of tissue optical properties
(absorption and scattering coefficients, anisotropy factor,
refractive index, etc.). To date, many data have been
accumulated on the optical characteristics of various
tissues [15,16] (e.g. skin and muscles [17, 18],
liver [19, 20], pancreas [21], bones [22], blood [23],
brain [24]), including pathological ones [25, 26].

A number of clinical studies in hepatology use liver
optical properties to develop approaches for optimizing
the treatment [27, 28] or for differentiating between
healthy and tumor tissues [4, 29]. However, the fact that
the liver is an organ with a high blood supply is not taken
into account [20], and therefore it would be important to
exclude or reduce the excessive influence of one of the
strongest optical absorbers, blood, in some regions of the
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optical spectrum. Hemoglobin and its derivatives are
chromophores that significantly absorb optical radiation
in the visible range, affecting the results of measurements
by various methods, including those based on excitation
and registration of endogenous  fluorescence
spectra [30, 31].

To reduce the influence of the strong absorption
properties of blood hemoglobin on the measured optical
characteristics of the liver, it is possible to use a perfusion
procedure to remove blood from the blood vessels of the
liver using, for example, an isotonic solution
(0.9% NacCl).

Organ perfusion is used in biomedical research for
several purposes: as a model to study the effects of
ischemia and reperfusion in transplantology [32], for
preliminary preparation of the liver parenchyma before
hepatocyte isolation [33-35], and for obtaining
biomatrixes in tissue engineering [36].

Thus, the aim of this work was to measure the optical
characteristics of the rat liver using the approach to
reduce blood volume by perfusing the organ before
preparing the acute slices used for spectrophotometric
measurements.

2 Methods and Materials

The studies were approved by the Ethics Committee of
Orel State University named after 1. S. Turgenev
(protocol No. 188 of 21.02.2020) and were carried out in
accordance with the principles of Good Laboratory
Practice [37].
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mailto:kandkseniya@gmail.com
https://dx.doi.org/10.18287/JBPE23.09.010301

K. Kandurova et al.: Optical Properties of Perfused Rat Liver Tissues

Object:
Male Wistar rats .
Infusion pump
1000 ml/h

12 min 18 min

doi: 10.18287/JBPE23.09.010301

«— D HBSS
mﬁ] I solution at 37°C

2 glass slides

Liver
tissue
slice

~75 min

26 min 38 min

Fig. 1 Schematic of the rat liver perfusion procedure used to prepare tissue samples for optical measurements with an
approximate time frame for observations of changes in the liver tissue.

In the study, male Wistar rats (n = 3 per experimental
group and n=3 per control group, age — 3 months,
weight — 220-250 g) were used. The experimental studies
included two stages: liver perfusion in laboratory animals
to obtain liver tissue samples and following
spectrophotometric measurements. To assess the
efficiency of the perfusion procedure, the optical
characteristics obtained were compared with those of the
control group of rats, which were measured in fresh
slices.

The perfusion procedure was performed under
anesthesia. Zoletil 100 (Vibrac, France) and Xyla
(Interchemie, The Netherlands) in standard doses were
used to anesthetize the animal. The rat was fixed on a
special platform in the supine position with a gauze
holder. After the onset of deep anesthesia, a layer-by-
layer dissection of the anterior abdominal wall along the
median line was performed to provide access to the
abdominal cavity. The portal vein of the liver was then
isolated from the connective tissue space using soft
forceps and isolated from the rest of the tissues. Ligatures
were placed under the portal vein, one of them prevented
blood flow. Subsequently, a vascular catheter (22 G) pre-
filled with heparin solution (5000 i.u./ml) was inserted
into the vein via a guide. The catheter was fixated with
the remaining ligatures and connected by flexible tubes
to an infusion system. Hank’s Balanced Salt Solution
(HBSS), pH=7.4, 37 °C, was injected into the vessel. The
inferior vena cava was perforated to ensure fluid outflow.
The flow rate of the solution was 1000 mi/h, the total
volume of the solution was about 1.5-2.0 I. The
important part of the procedure was to keep the rat’s heart
working, which accelerated the withdrawal of blood from
the liver vessels. In some cases, rapid liver perfusion was
performed to eliminate probable stasis in small vessels.

During perfusion (Fig. 1), there was a change in the
color of the liver from red-brown to yellow-gray and the
vascular pattern became visible on the surface of the
organ. The degree of perfusion sufficient for optical
measurements was determined by the color of the liver
and the intensity of HBSS solution staining with blood
washed out. At the end of the procedure, the catheter was
carefully disconnected and the animal was removed from
the experiment by euthanasia. The liver was isolated
from the abdominal cavity and placed in a Petri dish with
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HBSS solution. The liver slices were made by hand and
their thickness (0.9-1.0 mm) was calculated by taking
into account the thickness of the glass slides measured by
a micrometer MK 0-25 (measuring range 0-25 mm,
measuring error 4 pm).

The obtained tissue slices (N = 8 samples in the study
group and N =11 in the control group) were placed
between two standard 1-mm silicate glass slides. A fixed
distance of 0.95 mm between the glasses was maintained.
A Shimadzu UV-2600 dual-beam spectrophotometer
(Shimadzu Corporation, Japan) with an ISR-2600Plus
integrating sphere module was used to measure the
characteristics of tissue samples. The sphere has a
diameter of 60 mm with two detectors (photomultiplier
and InGaAs detector) and allows recording spectra in the
range of 220-1400 nm with a step of 1 nm. The
arrangement of the samples relative to the sphere ports
(S side — sample side and R side — reference side) is
shown in Fig. 2.

Reflectance
standard

Detectors
PMT Reflectance

standard

(@)
R side
S side
Reflectance
standard

(b)

Fig. 2 Schematic of measurements of the optical
characteristics of liver tissue samples using an integrating
sphere with a double-beam system: (a) total
transmittance Ty, (b) total reflectance R:.
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Fig. 3 Average (mean + standard deviation) spectra of total transmittance T; (a) and total reflection R; (b) of rat liver tissue
samples subjected (red line) and not subjected (green line) to the perfusion procedure along with typical wavelengths of

light absorption by the main chromophores.
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Fig. 4 Average (mean + standard deviation) spectra of total transmittance T: (a) and total reflection R (b) of rat liver tissue
samples subjected (red line) and not subjected (green line) to the perfusion procedure: comparison of results in the

450-650 nm range.

The absorption coefficient p. and the reduced
scattering coefficient pus” were calculated by the inverse
adding-doubling method using the algorithm developed
and described by S. Prahl [38]. For calculations, the value
of the anisotropy factor g was assumed to be 0.7
according to data from the literature for liver
tissue [4, 20, 39]. The algorithm used considers the
interaction of radiation with the sample sandwiched
between the slides. Thus, the calculation takes into
account the specular reflectance from the air, glass and
tissue borders.

3 Results and Discussion

The results of the spectral measurements obtained for all
samples were averaged. Fig. 3 shows the mean and
standard deviation of the total transmittance and
reflectance values of the obtained rat liver tissue samples.

The spectra show an increase in total transmittance
and reflectance with increasing wavelength, as well as a
slight decrease in the 500-600 nm range. Regarding the
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visible range, the observed picture is mainly due to the
presence of bilirubin pigment in the tissue (spectral range
with the characteristic wavelength of light absorption is
marked in Fig. 3 by number | (hereinafter the same for
other chromophores)) — one of the main components of
bile produced by hepatocytes [40-42] — as well as two
forms of blood protein hemoglobin — oxygen-bound
oxyhemoglobin (1) and unbound deoxyhemoglobin (111)
[23,40,43]. In the near-infrared (NIR) region, the
spectral profile of liver tissue is largely determined by the
intersection of the lipid (IV) and water (V) absorption
bands [43-45].

Highly oxygenated blood has two distinctive peaks in
the absorption spectrum at 415 nm (Soret band) and at
542 and 578 nm (Q-bands); deoxygenated blood has
these peaks at 425, 554 and 760 nm [46]. In the
500-600 nm range, all recorded spectra had a similar
characteristic decrease in reflectance and transmittance
due to the presence of hemoglobin. The analysis of the
data obtained (Fig. 4) revealed that the liver slices of the
control group had a typical absorption peak only at a

9 Dec 2022 © J-BPE
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wavelength of 554 nm. There was also a characteristic
decrease in transmittance and reflectance in the
deoxyhemoglobin absorption band at 760 nm. The
specific characteristic of the liver blood supply is the
increase in venous blood content [47], which causes a
higher intensity of light absorption by deoxyhemoglobin.

After perfusion was performed, the oxyhemoglobin
absorption became dominant in liver slices, though
there was a 15-20 nm blue-shift of this part of the
spectrum. This can be caused by the influence of the
spectral characteristics of bile, which has local
absorption maxima at wavelengths of 409 and 605 nm.
At the same time, the second absorption maximum of
bile becomes well manifested in the spectrum of
perfused liver tissue (Fig. 4).

Therefore, despite the performed perfusion and the
visual control of the liver parenchyma during the
procedure, a portion of the blood remained in the small
vessels, but had a noticeably smaller effect on the
results of the spectral characteristics study.

After perfusion, the total transmittance values
slightly decreased in the NIR range, while the total
reflectance increased. There were no changes in the
shape of the spectra, which may indicate quantitative
rather than qualitative changes that were observed in the
oxy- and deoxyhemoglobin absorption ranges. The
HBSS solution is aqueous, which played a role in these
studies when it was used to displace blood in liver
vessels. As stated above, the NIR range is informative
for assessing changes in the water and lipid content.
According to the presented results, there is a
characteristic decrease at wavelengths around 970 and
1180-1190 nm in the perfused tissues due to water
absorption [44, 48, 49].

Fig. 5 shows graphs of the calculated dependences
of the absorption and scattering coefficients as a
function of wavelength. The absorption coefficient
showed greater reproducibility (less standard deviation)

—— Control
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1180
970 V)

) 1050 1210
(V) (V)
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(@)
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compared to the scattering coefficient and the expected
ratios of values in the bands of different main
chromophores [4, 20, 49, 50]. The values remained
almost unchanged in the NIR range, while there was a
twofold decrease at the band of 540-560 nm as a result
of the perfusion procedure.

The results of the calculation of the reduced
scattering coefficient dependence clearly demonstrate
the intended effect of the proposed approach for
wavelengths below 600 nm. Due to the high blood
content and, therefore, the low values of total
transmittance and reflectance within the hemoglobin
absorption bands, the calculated scattering coefficient
has critically low values, which are not observed after
liver perfusion. In general, the dependence of the
reduced scattering coefficient was as expected — it
decreased when the wavelength increased [19, 20, 39].

The following limitations of the experimental study
should be noted. Control of the perfusion level was
provided only by visual inspection. Despite attempts to
standardize the procedure (minimum volume of pumped
liquid, perfusion rate, etc.), its result was determined,
among other things, by individual peculiarities of the
object (anatomy and viability of the rat). The liver slices
were taken by the same lab technician, but manually
according to a specially developed technique, which
affects their thickness and area. Furthermore, the
irregular structure of the biological tissue and the
methodological difficulties of fixing the slices between
the glass slides may have influenced the results of the
study.

Thus, the proposed approach for preliminary
perfusion of liver tissues to reduce the influence of
blood on the optical characteristics of the liver
demonstrated its effectiveness, which allowed it to
significantly reduce the influence of oxy- and
deoxyhemoglobin on spectra recording results.

81 542 (1) Control
;;soo 554 760 915 —— Perfused
(1 (i (v) o70
1.2
™)
£ 1180
E V)
~ 08
)
i
0.4
1050
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Fig. 5 Average dependences (mean =+ standard deviation) of calculated absorption p, (a) and reduced scattering coefficient
us” (b) of rat liver tissue samples subjected (red line) and not subjected (green line) to the perfusion procedure along with
typical wavelengths of light absorption by the main chromophores.
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4 Conclusion

Currently, an important step in the development of
biomedical optics is the transition from theoretical and
preclinical research to the practical implementation of
technologies in clinical practice. Adequate and
effective application of optical methods in diagnostics,
surgery and therapy requires reliable data on the optical
properties of human tissues, including the liver. In this
work, we considered, in particular, acquisition of optical
properties of liver tissue along with the decreasing
influence of optical characteristics of blood. This can be
of importance when modeling spectral characteristics of
the liver in diseases such as steatosis, cirrhosis, cancer,

doi: 10.18287/JBPE23.09.010301

etc. The results presented in the work have shown that the
preliminary perfusion of the liver allows one to reduce
the influence of hemoglobin on the recorded and
calculated optical parameters.
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Abstract. The COVID-19 pandemics remains one of the largest global
challenges. Necessity of effective systemic aids for the minimization of losses
leads to the requirement of adequate models allowing to predict the impact of
different factors on the spread of the disease. Agent-based simulation models
provide a suitable solution with the possibility to accurately account for such
factors as age structure of a population, characteristics of isolation, self-
isolation strategies and testing strategies, presence of super-spreaders etc. In
this paper we report on the results of simulating the spread of COVID-19 in
several representative regions of Russia using an agent-based model with a
general pool combined with the simulation of population testing strategy. The
model accounts for the following key epidemiologic characteristics:
population age distribution, reproducibility rate, distributions of infectivity
period, a period of clinical manifestation, and age-dependent probability of
critical disease. It is demonstrated that the daily epidemiologic curves can be
predicted well for different territories with the same model parameters,
except for the initial number of infected agents and region-dependent testing
as well as isolation strategies, which are considered to be tuning parameters
of the model. The developed approach can be further expanded to other
regions of different countries, while the determined model parameters could
be used as starting values for such simulations. © 2023 Journal of Biomedical
Photonics & Engineering.
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1 Introduction for forecasting the spread of infections. Even the simplest

L logistic model based on the first order ordinary
Prediction of further development of the COVID-19 differential  equation has provided surprisingly
pandemic and timely introduction of preventive measures reasonable accuracy in describing the first wave of
require reliable tools for epidemic spread simulations. COVID-19 in different countries [1-4]. Moreover,

Several classes of models have been currently employed
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employment of its predecessor, the Gompertz model,
provides even better agreement of the predicted values
with the official statistical data [5]. Regression models
are known to provide us with rapid estimations of the
spread of infections [6, 7]. Non-adaptive models allow
obtaining the prognosis for any chosen period of time,
however, they ignore local perturbations of
epidemiologic characteristics, therefore they are not
suitable for short-term prognosis. On the contrary,
adaptive models are predominantly employed for short-
term prognosis only. Autoregressive moving average
models are applicable for short-term prognosis [8], while
autoregressive integrated moving average model is
applicable both for short-term and long-term
prognosis [9]. Dynamic Bayesian networks are employed
only for short-term prognosis and predominantly in the
form of Markov models [10]. Neural networks and other
machine learning based methods can be applied only for
short-term prognosis. Furthermore, only feedforward
neural networks and backpropagation algorithm can
address the prognosis of infections spread [11].
Dynamic systems based on differential equations,
which belong to a class of compartmental models, are
employed for long-term prognosis. The pioneering work
by Kermack and McKendrick [12] proposed SIR model,
in which the population is divided into three groups —
susceptible (S), infected (I), recovered (R) — and their
interaction is described with non-linear differential
equations. Modern compartmental models employ larger
number of groups, accounting for exposed (E),
hospitalized (H), critical (C), dead (D), and those in
quarantine (Q) or isolation (J). Compartmental models
are widely employed for the modeling of the spread of
coronavirus infections (SARS, MERS, COVID-19). For
example, SEIR (susceptible, exposed, infective,
recovered) model has been applied for modeling of
COVID-19 spread in African countries [13], Iran [14],
Indonesia [15], Spain and Italy [16], India [17, 18]. The
early COVID-19 spread and the efficacy of governmental
measures are discussed in paper [19] also with regard to
a SEIR model. Modified SEIR models may also account
for vaccination process [18, 20]. Compartmental models
are easy to construct, however, they do not capture
random factors of the infections spreading nor individual
characteristics of population members.
Individually-oriented models include so-called agent-
based models, which can be applied both for short-term
and long-term prognosis of the spread of infection. Every
member of a population (referred to as an agent) is
described by certain constant and variable characteristics,
and the rules of interactions between the agents are
determined. Agent-based models were proved to be
effective in the description of the propagation of
infections, such as Ebola virus disease [21] and
influenza [22], regarding different sizes of population.
Agent-based models were also applied for the
modeling of COVID-19 spread, for example, the
modeling of the development and the regress of the
infection in the various cities such as Helsinki [23], New
York [24], and Singapore [25]. Certain agent-based
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models were based on previously developed models for
the prediction of influenza pandemics, for example, the
NotreDame-FRED model [26], the model of Ferguson’s
research group from Imperial College London [27], and
the model for simulation of the COVID-19 pandemic in
Australia [28].

A number of studies utilized agent-based models for
assessing the impact of universal face mask wearing [29],
digital contact tracking [30-32] and social
distancing [32-34] as well as analyzing various
intervention scenarios [24, 27, 32]. Other agent-based
models were developed for modeling COVID-19
transmission in small communities such as a
university [35], a supermarket [36], and a small
town [37].

It is worth noting, that the validation strategy for a
COVID-19 spread model should be based on the
agreement with the official statistical data on daily new
cases and daily deaths. These “measurement results” may
have certain errors connected with the imperfection of the
employed “measurement instrument”, namely, a testing
system. Building a model of a testing system is a
particularly important task, since the simulated
“measurement results” taken in consideration are actually
the combined results of both the model of the disease
spread and the model of testing system. Improper model
of the testing system may result in incorrect results of the
entire model, although the disease spread part can be
valid. Moreover, this is the feedback system, since the
test positive result affect the isolation strategy and, hence,
further disease spread.

The aim of this paper is the development of an agent-
based model capable of simulating the progress of the
COVID-19 burst in different regions of the Russian
Federation. Another important issue to be resolved in this
study is the determination of the key model parameters
that can provide the agreement of the simulated dynamics
and actual statistics on daily new infection cases and
deaths associated with COVID-19. The developed
approach includes a testing strategy model based on
official data concerning daily tests performed.

2 Materials and Methods

2.1 Agent-Based COVID-19 Spread Model

2.1.1 Single Agent States

The agent-based model operates on a set of elements 9t
where each element a, € 9t is characterized by Boolean
variables representing binary states o, where n is the
element number, and j is the binary state. The elements
are traditionally called agents and each of them
represents a person in the considered population. The
number of elements in 9t usually attributed as cardinality
N = [9t] is chosen in accordance with the population of
the considered region. The agent-based model employed
in this paper is a general pool model, which is
schematically shown in Fig. 1. In the general pool model,

13 Feb 2023 © J-BPE
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Fig. 1 Basic schematic of the employed agent-based model with a general pool.
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Fig. 2 Schematic of a general disease scenario.

all the agents that leave their homesteads on a particular
day, interact with other agents, and have the equal
probability to be infected. The latter is determined by the
number of infected agents, that are not isolated and also
go out to the “pool”.

Each agent has basic properties (age h,) and the
following Boolean states: “infected” (an?), “contagious”
(0n?), “symptomatic” (o), “in critical state” (o),
“dead” (an®), “recovered” (oan®), “isolated” (own’),
“positive test” (o) that are set as ‘false’ (0) at the
initialization of the simulation and are further governed
by the Monte Carlo principle depending on a scenario.
The basic properties of each agent are predefined
randomly in accordance with the official statistical data
on the population age structure.

If for an agent n the state “infected” becomes ‘true’
(o = 1) on day i = ts}, a specific random scenario for
each infected person is generated based on the predefined
probability density distributions fi(t).

The schematic of a general disease scenario is shown
in Fig. 2. The probabilities of symptoms manifestation pm
and critical period pc(hn) are defined separately, and the
latter depends on an individual’s age h,. Any agent with
the status “in critical state” (an* = 1) has a chance to die
on any day of critical period with the given death
probability ps. The following scenario time points (t,")
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are determined in accordance with predefined probability
density distributions fi(t) based on available statistical
data on disease progression: day when person becomes
contagious (t,?), symptoms manifestation day (t.°),
critical state day (t,*), critical state overcome day (t®),
and recovery start day (%),

tnk = tnl + Fk_l(En), k = 2, 3, (1)
tnk = ”k_l + Fk_l(zn)! k = 47 51 (2)
6 _ t111 + tdl gn > pc(hn)
n - 1 5 4 f ’ 3)
thttagtity—ty | fn < pc(hn)

where tis the typical disease duration, &, , &, are random
numbers uniformly distributed on the interval [0, 1], Fi(t)
is the cumulative distribution function of corresponding
parameter:

Fe(®) = [ fi(®dr, @)

and F%(&,,) represents the inverse function. In turn, these
parameters determine the corresponding time points of
the status change:
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an?=1]i=t2 (5)

an=1 [i= te®, & < Pm (6)
o _ [ 111=t08 < Pma < pe(hn)
an - . 5 = (7)

where £, , &, are random numbers uniformly distributed
on the interval [0, 1], in here a single call for each random
number value is supposed.

2.1.2 Implementation of the General Pool
Concept

In each day the set of daily recovered agents is
determined among those agents who reached the
recovery start day in accordance with the rule:

Eﬁ: { an | | = tn6, ans = 0, ETL < pr}, (8)

(Xn6 = 1, (X,n2 = 0, (ln3 = 0, u4[]7 = 01
9)

Oﬂn8:0|ane R.

The daily death probability ps during the critical
period is predefined but can vary with time reflecting the
current situation with medical care: an overflow of the
region hospitalization capacity may decrease in the
quality of provided treatment therefore resulting in an
increase in the probability of a death. The set of daily
deaths D is determined in accordance with the following
rule:

D: { ay an' =1, & < Pa}, (10)
on’ =1, |a, € D. (11)

where py is the daily recovery probability constructed in
a similar way to the death probability. In contrast to
SIR-like models [12-20], where the total numbers of
susceptible, infected and recovered persons are governed
by differential equations, in the agent-based model, we
consider the evolutions of the sets of susceptible agents
(©), infected agents (3J), recovered agents ($R), and dead
agents (D) together with the set of contagious agents (€)
that can transmit infection to other agents (€ < J) as
follows:

D: {an| an®= 13, (12)
&: {an| on! = ON D, (13)
3 {an] ont = I\ D, (14)
R: {an| ox® = I\ D, (15)
G: {an| an? = I\ D. (16)
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The isolation of agents in the developed model rests
on two mechanisms: the first is the self-isolation, which
means that the agent does not go out to the general pool
on a particular day basing either on official governmental
recommendations, or on early onset of a disease; the
second mechanism implies forcing an agent to stay at
home or hospitalization in the case of COVID-positive
test result. As so, depending on the introduced anti-
epidemic measures accounted in the simulation, agents
also may get a binary status “isolated” (an’ =1) if a
positive COVID-19 test happens or due to self-isolation,
if they fulfill the restrictive measures on a current day.
Isolated agents do not interact with the general pool and
cannot transmit infection. The developed simulation
model accounts for the efficiency of the following
restrictive measures with the employment of what is
known as self-isolation index. This is an empirical value
similar to one firstly introduced by Yandex (Russia)
during the COVID-19 outbreak, which represents a
cumulative parameter reflecting population social
activity based on both traffic information and activities in
different internet services. In the simulations, the self-
isolation index (ls) varies between O and 5. Day-scale
time resolution allows us to account for the self-isolation
index variations associated with vacations, New Year
holidays etc. We introduce, and the quarantine quality «
which is assumed to be proportional to Is and is, described
by the empirical law:

0.5+0.71
K=—-—"7".

: 17)

This linear relation was constructed empirically in
order to fit the official data. The set € of isolated agents
that obey restrictive rules and do not interact with the
general pool on a current day is determined based on
current k value. Day-scale temporal resolution allows to
account for self-isolation index variations associated with
vacations, New Year holidays etc.

C: ({an] =0, < k}U
{an| on® =1, & <pe} U (18)

{anl an4 = 1} U {anl (X,n8 = 1})\@,

ow'=1] a, € G. (19)

The disease transmission rate is governed by the
parameter r that is defined as an average number of
agents infected by a spreader in the population during one
week given that no restrictions or isolation aids are
imposed. Given that the probabilities to be infected from
different agents are independent, the daily infection
probability p;; for a given susceptible agent interacting
with the general pool in a particular day i is calculated as:

pis = (1€ N (AN\E)/(7N). (20)
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The probability of being infected p;, is equal for all
agents who visit the pool in the current day (those who
are not isolated or self-isolated, the probability is
determined in accordance with the current self-isolation
index). Hence, the set of agents infected on a particular
day i is determined as:

S:{an| an € G\E, &, < pis}, (21)
(an =1 | an € «;5. (22)

where &, is a random number uniformly distributed on
the interval [0, 1].

2.1.3 Connection with SIRD-Like Models

The proposed approach can be directly related to the
typical SIRD-like models. The variables considered in
SIRD-like models could be derived as the cardinalities of
the considered agent sets:

S=1¢el, (23)
=131, (24)
R=1R|, (25)
D=9, (26)

which dynamics can be evaluated from basic equations
resembling the discrete form of the classical SIRD
model:

li = li.a + Ali- ARi - AD;, (27)
Si=Sii1 = Ali+y, (28)
Ri=Ria1+ AR, (29)
Di=Di1+ AD;, (30)

where i denotes current day number, while

Al =3, (31)
AR = |R|, (32)
AD; = |9, (33)

are the daily numbers of infected, recovered and dead
agents, respectively.

2.1.4 Testing System Model

An important part of the simulation is the testing system,
since the daily statistics on the number of incident cases
and deaths of numerical simulations have to be compared
to the real data. Obviously, these data depend on the
region-specific  testing  strategies, which  may
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significantly vary between different regions. In addition,
they could serve as tuning parameters of the entire model.
In the simulations the tested group X is determined each
day and consists of three parts: agents with symptoms I,
agents infected by the infected agents U revealed on the
previous day, and random agents 3 from the rest of
population:

I=MuuUu3, (34)
M: R, (1M, {a,| o, = 1}), (35)
U R, (U, {ay| i = 13), (36)

3R, (131, (GUIU W\anl o =1}),  (37)

where R, (j, ) is a random permutation of j elements
from set A. The numbers of agents in each of subgroups
M, U, 3 are defined in accordance with the following
rules:

M| = d [{an| on® =1, 0n® = 0}, (38)
|U| = Neont |)5 i—1|! (39)
I3] = N — || — U, (40)

where parameter d characterizes the fraction of the tested
agents among all symptomatic agents that have no
positive test results, and Ncn: describes the average
number of infected agents tested as contacts of the agents
with positive tests Q ;_; revealed on the previous day
i—1. These parameters may vary depending on testing
capacity and psychological status of population. The total
number of tests N/®* taken at day i is a predefined
parameter, which can be obtained from the official
statistics data. The parameters d and Ncont are empirical
and are chosen to satisfy the condition:

[M| + |U] < Nfest (41)

The set of daily detected cases Q is determined based
on the predefined test accuracy ac:

Q: {an|an€ X, &n<ac}, (42)

af=1]a, € Q. (43)

It is also assumed in the model that all the agents with
positive test results are subject to isolation until their
recovery:

an’ =1|as € Q. (44)

The number of daily detected infected agents is the
number of elements in Q:

AQ= Q. (45)

13 Feb 2023 © J-BPE



M. Kirillin et al.: Simulation of the First and the Second Waves of COVID-19 Spreading in...

The dynamics Ali(i), ADi(i), AQi(i) are the major
dependencies derived in simulations: ADi(i), AQi(i)
could be compared to the official statistical data, while
Ali(i) reveals the real progression of the epidemic.

2.2 Model Parameters Used in the Simulations

The probability distributions for different parameters of
a disease scenario (Fig. 3) are based on the available
statistical data on COVID-19 [38-41] and determine the
probabilities and durations of each period of the disease:
period before being contagious, incubation period,
disease development period, critical period, and the
probability of critical state occurrence depending on the
agent’s age. The simulations reported in this study
consider only the first two waves of the pandemic (period
from February 26™, 2020 to April 06™, 2021), at which

0.301 a
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o
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0.104
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0.00-

1 2 3 4 5
Period before contagious status, t = £2 - {1, days

0.304 c
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0.15+
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e

0.1

0.001 4
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the effect of vaccination omitted in the described model
could be considered to be negligible. Moreover, it is
assumed that the abovementioned parameters do not vary
with time, since both these waves are caused by the
COVID strains with similar contamination abilities,
except death occurrence probability during the critical
stage, since it also depends on the availability and quality
of medical care.

These distributions were already used in our previous
study [42] aiming at predicting the progression of the first
pandemic wave. In this study, the simulations of the
epidemic progress were performed for Moscow

(N =11.4-10%), Nizhny Novgorod region (N = 3.3:10%)
region

and Novosibirsk (N =2.7-10°).

4 6 8 10 12 14
Incubation period,£ - t' days

0.304 d

Lo

()

5 6 7 8 9 10 11 12 13
Critical state, « = £ - £}, days

0-10 11-17 18-34 35-50 51-65 66+

Age group h,,

Fig. 3 Probability density distributions of the disease scenario parameters: period from infection to the contagious status
T = ta?~t,! (), incubation period t = t.*>~t,! (b), period from the disease manifestation to the critical state t = ty*~t:% (),
critical state period © = t>-t,* (d), and the age-dependent probability of critical state occurrence pc(hs) (€) employed in

simulations.
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Table 1 Values of main parameters employed in
simulations.

Parameter Abbreviation  Value
Probability of symptoms 03
manifestation P '
Daily death probability in
critical state P 0.04
Average weekly number
of agents infested by a r 4.6
spreader
Probability of isolation
decision for agents with Pe 0.5

symptoms manifestation

The reproducibility rate value was determined in the
course of fitting the official statistics for the first wave
only [42], resulting in the value of r=4.6 for all the
considered regions. The number of initial infected agents
for all regions was the same as previously reported in
Ref. [42].

It was assumed that both the first and the second wave
were caused by the COVID strains with similar
contamination abilities, so this parameter was kept
constant in all the simulations. The same assumption
concerns the probability of symptoms manifestation pm
which was predefined 0.3, which corresponds to 70% of
silent (symptomless) cases typically reported in the
beginning of the pandemic. Death probability ps was
considered to be time-independent for all the regions, but
its value was different for different regions, which can be
associated with difference of treatment quality. It is
assumed that the statistics of new deaths strongly
correlates with the statistics of new cases, and the pq
coefficient was determined by finding the best fits time
series after the fit of the series for daily new cases for
each region.

In order to fit the increase of COVID-19 associated
lethal cases in Moscow in the period from 10 February
2021 to 06 April 2021 we increase the pg value for
Moscow within this period. This may originate from
deficiency of bed capacity or increased fatality ratio due

doi: 10.18287/JBPE23.09.010302

to virus mutations. The values of the key probabilistic
parameters employed in simulations are summarized in
Table 1.

In our simulations the testing model is based on the
available data of daily tests for the entire country
(Fig. 4a), since the availability of the data for specific
regions is much lower. Consequently, the number of
daily tests for each region is either taken from official
statistics [43] or determined from the daily number of
cases for the entire Russian Federation (Fig. 4a) [44] in
proportion to the particular region population. Fig. 4b
shows the relevance of such an evaluation for available
data for the Nizhny Novgorod region and compares
estimated numbers with actual data obtained for the
period 10.10.2020 — 10.04.2021. The fraction of tested
agents with symptoms d was assumed to be equal to zero
for first 25 days of simulation (26 February 2020 —
23 March 2020) indicating the time required to develop a
testing system, and then shifts to a non-zero value and
increases with the number of day i according to the
following law:

OL'<25

d® = do + (dr — do) (49

3,L>25 '

where do is initial value for i > 25, df is asymptotic value
being reached for i >» i;, iy is an empirically chosen
parameter.

The parameter Ncont determining the average number
of infected persons tested in the frames of the testing
contacts of the agents Q ;_; who got the positive test on
the previous day i — 1, was assumed to be either constant
through the entire simulation period, or to have a step-
wise decrease in the end of the second wave, since the
first wave period was characterized by the maximal
efforts to reveal all the cases.

It is worth mentioning that the tests accuracy a; was
rather low in the beginning of the pandemic, and, in this
respect, the test sensitivity is assumed to increase with
time in the beginning of the pandemic. Similar to the
dynamics of d, it was assumed that a. is described by the
following law:

T T

7x10° I I ' ' i 1.8x10*1 y . ® Tests RUS * Py /Pays |
%) a ° 'S " 1.6)(104‘ o ® Tests NN B
g > 0 e I B PR Spe o 1
ha \‘.ﬁ ° o} ’ PP .
%5 5x10°- Rt 2k 1 5 1.2x10%] 7"'“"'{‘ . 1
8 4x10° * . L oo’ ""'.{ % ] Zroacfse’, es¥eTe s . ]
€ ¢ Pl 1 A IR el AR R TN
1S 3 o ® | S 8.0x10% RIS AN T 3.7 )
S 3x10° 09.90° ¢ '- u.s a.‘" c S8%e g L,
; 5 oo R n. 3. i 26.0x10%] c A “"”g..:so o

N — © L)
5 20 *%ege0e®t * .-.: ®9°® 1 40x10°% e 8t AR
o0
S wao* ' d * 1 2.0x10%] - Ted e
S | | | |
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Fig. 4 Daily number of tests in Russian Federation (RUS) in the period 20 February 2020 — 20 April 2021 (a) and daily
number of tests in Nizhny Novgorod region (NN) versus evaluation in the period 10 October 2020 — 10 April 2021 (b).
Ratio Pnn/Prus is the ratio of populations of Nizhny Novgorod region and Russian Federation.
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Fig. 5 Empirically chosen simulation parameters (a, b, ¢) and comparison of simulated scenarios (MC) and official
statistical data (Official) for daily numbers of newly revealed COVID-19 (d, e, f) and COVID-19-associated deaths
(9, h, i) in Moscow (a, d, g), Nizhny Novgorod region (b, e, h) and Novosibirsk region (c, f, i) in the period of 26 February

2020 — 06 April 2021.

0,i <25

a.(D) = s (47
® ac’0+(ac'f_ac’0)i3lTi%'l>25 (47)

where i is the number of simulation day starting from
26 February 2020, initial aco and asymptotic acs values
are chosen empirically, as well as ir. The specificity of
the tests is assumed to equal 100%, and no false positive
test results are considered in simulations.

To provide a best-fit scenario, we manipulated with
parameters of the model, namely, primarily the
self-isolation index Is and testing strategy parameters d,
Neont and ac. Each scenario was constructed by simulation
of 10 random scenarios with the same parameters and
further averaging five scenarios that gave the minimal
deviation from the official data. Due to the stochastic
origin of the developed model, similar starting
parameters may result in totally different scenarios of an
epidemic progress.

3 Results

This study includes the analysis for three regions:
Moscow, Nizhny Novgorod region, and Novosibirsk
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region. Fig. 5 shows the best fit scenarios obtained for
these regions. The dependencies of the key time-
dependent parameters for the considered regions are
shown in Figs. 5a—c. At the first step the parameters for
the Moscow region (Fig. 5a) were determined. The
variation of the self-isolation index is the most significant
among other parameters and its dynamics is regulated by
the dates of municipal and governmental decrees and
social processes: introduction of the quarantine
regime (1), release of the restrictions (2) followed by
further cancellation of restrictive measures (3),
restoration of restrictive measures after the second wave
start (4), a winter-time isolation increase related to New
Year holidays (5), and its release (6). The parameters of
the testing system are quite hard to be accurately
extracted from the official data, so they were empirically
fitted based on general conclusions. The test accuracy ac
was assumed to be quite low (aco = 0.4) in the beginning
of the testing period and rose up to 90% (acs = 0.9) during
two months of the testing period (4). In Moscow the rise
of the test accuracy (Fig. 5a) is assumed to be faster, since
the newly developed tests arrive first of all to the capital,
which is followed by their distribution to other regions.
Similar trend is chosen for the percentage d of the
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symptomatic agents with symptoms manifestation that
are being tested (3). It is assumed, that in the very
beginning of the pandemic only few of them are tested,
however, with its progression the testing strategy changes
both due to governmental requirements and people’s
awareness. The latter decrease in the d parameter for
Moscow (Fig. 5a) simulates smaller attention to early
symptom manifestation.

Figs. 5d—f show the simulated dynamics of the new
daily COVID-19 counts, while Figs.5g—i present the
simulated dynamics of the daily COVID-19 associated
lethal cases for Moscow, Nizhny Novgorod region and
Novosibirsk region, respectively. Official statistical data
for daily counts and daily deaths that was fitted by
manipulating the simulation parameters (Figs. 5a—c) are
given in each plot for the reference in Figs. 5d—i; scatter
data show the official statistical data, while solid lines
show the simulated dynamics. The new daily counts
dynamics AQ; show good agreement with the official
statistics, especially for Moscow and Novosibirsk region,
while an insignificant discrepancy is observed for the
beginning of the first wave for Nizhny Novgorod region.
Agreement of the simulation results with the official
statistics data (Figs. 5d—f) demonstrate the relevance of the
developed model. Although the deviations may occur in
particular days, the general trend is reproduced quite
accurately for all three considered regions (Figs. 5d—f)
with the same parameter r governing disease properties
and associated with the reproducibility rate. An important
advantage of the employed approach is the ability to
predict the real number of new cases, including those that
were not tested and thus did not contribute to the official
statistics. In Figs. 5d—f solid green lines demonstrate
calculated dynamics of daily detected cases, while red
solid lines show the dynamics of the evaluated total new
COVID-19 cases. The simulations show a 1.5-2 fold
difference between the evaluated numbers of the officially
confirmed new daily counts and the evaluated number of
total daily cases.

It is important to note that in general the daily deaths
time series AD; follow the trend of the daily new cases AQ;
with the delay equal to the average period between first
manifestation and death, as can be seen from official
statistics data. Since in accordance with official statistics
the death rate does not exceed 5% [45, 46], the number of
daily new COVID-19-associated deaths was simulated by
varying the parameter pqonly.

The observed trend is reproduced in all the considered
regions except the second wave for Moscow, where the
daily death statistics (Fig. 5g) shows a plateau, which is not
observed in the simulated daily new cases graph (Fig. 5d).
In this connection, a discrepancy occurs between the
model predictions and official statistics (Fig. 5g), although
for other considered regions (Figs. 5h, i) the agreement is
much better. It is also worth mentioning that the time shift
between the dependencies AQi and AD; is smaller for
Moscow as compared to Novosibirsk and Nizhny
Novgorod, which is most probably due to delay in the
representation of COVID-19 associated death cases in
official statistics in the regions with respect to Moscow,
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since the difference in disease progression in different
regions is not expected. This discrepancy could be
compensated by introducing a corresponding delay to the
model, however, it was avoided to maximally keep the
basic parameters of the model for different regions.

Despite the similarity of the key model parameters for
the first wave of the pandemic in the chosen regions, for
the second wave different trends were revealed to govern
the wave progression in different sites: for Moscow an
increased death probability was introduced in the end of
the second wave (Fig. 5a), while for Nizhny Novgorod
region the number of tested contacts Ncont Was
decreased (Fig. 5¢). In Moscow city the summer relaxation
period followed by the beginning of the second wave was
related to a higher decrease in isolation index as compared
to other regions. In Supplementary materials we present a
collection of the simulation results which do not show the
good fit to the official data, however allow to see the effect
of particular parameters on the model predictions.
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Fig. 6 Comparison of simulated scenarios (MC) and real
statistical data (Official) for daily numbers of newly
revealed COVID-19 cases for different percentage of
tested agents (different dynamics of fraction of tested
agents with symptoms d) with symptoms manifestation
(a) and different number of tested agents, which were in
contact with an agent with positive COVID-19 test (b) in
the period of 26 February 2020 — 06 April 2021.
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Fig. 7 Comparison of simulated scenarios and real
statistical data (Official) for daily numbers of newly
revealed COVID-19 (a) and COVID-19-associated
deaths (b) for different self-isolation index Is in Nizhny
Novgorod region in the period of 26 February 2020 —
06 April 2021.

In order to analyze the impact of testing strategy
parameters on the epidemic process we performed
simulations for Nizhny Novgorod region varying
parameters d and Neon. We limit ourselves by only one
region in this part of the study, since we expect that the
general trends will be similar for different regions owing
to similarity of the model parameters, since the considered
variations are higher than those between different regions.
The results for the daily revealed cases AQ; for different
values of the parameters d and Ncont are shown in Figs. 6a
and 6b, respectively.

In simulations presented in Fig. 6a, the evolution of
the fraction of agents with symptoms manifestation d that
are tested is described by Eq. 3, similar to previous
simulations with a fixed value of do = 0.35, while ds value
is varied between 0.7 and 1.0. The increase in dr value
leads to higher detection rate and, hence, a faster isolation
of the infected agents and a corresponding decrease in the
number of the revealed and total COVID-19 cases. Note
that even the total testing of all the agents with symptoms
manifestation (dr = 1) does not provide full elimination of
the pandemic progression owing to both high percentage
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of symptomless disease progression and limited accuracy
of the tests.

Fig. 6b shows simulated dynamics of AQ; for
different number of tested infected agents Ncont that were
previously contacting with the revealed cases. Similar to
variations in d, the increase in Ncont leads to decrease in
daily detected COVID-19 cases and vice versa. A
pronounced rise in AQ; for Neont =2 (red line) with a
further sharp decrease indicate the herd immunity
development, when most agents were infected and then
recovered or died. The decrease of AQi to zero for
Neont = 3 and Neont = 4 indicates the situation when all the
infected agents were revealed and isolated thus
preventing further development of the pandemic.

Fig. 7 demonstrates the effect of the basic level of the
self-isolation index Is on the dynamics of daily revealed
and lethal COVID-19 associated cases AQ;i and AD;
calculated for Nizhny Novgorod region. The results are
shown for basic self-isolation index dynamics I3%¢ (as
shown in Fig. 5¢) and its variations (+ 0.1 and + 0.3 from
base values for all days during considered period).
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Fig. 8 Comparison of simulated scenarios and real
statistical data (Official) for daily numbers of newly
revealed COVID-19 (a) and lethal COVID-19 associated
(b) cases in Nizhny Novgorod region for different
probability of symptoms manifestation pn in the period
of 26 February 2020 — 06 April 2021.

The simulated dynamics show clear evidence that the
increase of the self-isolation index leads to the decrease
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in social activity and, hence, slows down the epidemic
process and vice versa. Note that similar to the case of
Neont = 2, the decrease of 15°2 for the value of 0.3 induces
a sharp increase in the number of daily revealed cases
followed by a sharp drop indicating the formation of herd
immunity, while similarly to the case of Ncont=4
(Fig. 6b), a suppression of epidemic progression is
observed for the increase of the isolation level
(1base +0.3).

Another important parameter of the model is the
probability of symptoms manifestation pm. Fig. 8 shows
the results of simulations for Nizhny Novgorod region
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with  basic parameters and different
manifestation probability pm.

As it can be seen form Fig. 8a, the increase in the
percentage of symptoms manifestation leads to a larger
number of potentially tested agents and, therefore, to the
timely isolation of infected agents. With the significant
decrease of symptoms manifestation probability, the
pandemic scenario is represented by a quick spread of
infection and the development of herd immunity (Fig. 8a,
red curve), accompanied by huge number of lethal cases
(Fig. 8b, red curve).
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Fig. 9 Empirically chosen alternative simulation parameters (a, b) and comparison of corresponding simulated scenarios
(MC) and official statistical data (Official) for daily numbers of newly revealed COVID-19 (c, d) and COVID-19 —
associated deaths (e, f) in Moscow in the period of 26 February 2020 — 06 April 2021.

J of Biomedical Photonics & Eng 9(1) 2023

010302-11

13 Feb 2023 © J-BPE



M. Kirillin et al.: Simulation of the First and the Second Waves of COVID-19 Spreading in...

45 : : 0.10
a |

4.0 N 0.09

35 10.08

0] == = = = = = J0.07

25 40.06

~0.05

o

2.0 1 |

Is’ d, ac, Ncont

H0.04
1.5 \
H0.03

1.0+

ST ~0.02
0.0 . : i 0.00
10.02.2020  10.06.2020  10.10.2020  10.02.2021
Date

1800

1600 - AQ; MC C]
Al MC

1400 - .
= AQ Official

1200

1000

AQ, Al

800
600
400

200

0

T T
10.02.2020 10.10.2020  10.02.2021

Date
18 . . .
16 - AD; MC - €]
144 = AD; Official

T
10.06.2020

124

10

AD,

8
6
4

24

0 =
T T T
10.02.2020  10.06.2020 10.10.2020 10.02.2021
Date

doi: 10.18287/JBPE23.09.010302

4.0
3.5
3.0
2.5

2.0 1 014 &

Is' d, ac, Ncont

1.54

1.04

0.5+

0.0+
10.02.2020

T T
10.10.2020  10.02.2021

Date

T
10.06.2020

500

AQ, MC d
—— Al MC
= AQ; Official

100 A

0

T T
10.02.2020 10.10.2020  10.02.2021

Date

T
10.06.2020

18

AD, MC f

= AD; Official .
14 .

16

12 4 B
_ 10+
[a)
< g
6
4
24

0+ =
T T T
10.02.2020 10.06.2020  10.10.2020 10.02.2021
Date

Fig. 10 Empirically chosen alternative simulation parameters (a, b) and comparison of corresponding simulated scenarios
(MC) and official statistical data (Official) for daily numbers of newly revealed COVID-19 (c, d) and COVID-19—
associated deaths (e, f) in Novosibirsk region in the period of 26 February 2020 — 06 April 2021.

Since the considered simulation of pandemic
progression is a multiparameter problem, several
solutions could be found to fit the given official statistics
data. Abovementioned results were obtained for realistic
parameters, e.g. relatively smaller self-isolation index Is
during the second wave of COVID-19 in comparison to
the first one. Nonetheless, different solutions were found
for Moscow (Fig. 9) and Novosibirsk region (Fig. 10)
fitting official statistics well, and suggesting comparable
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isolation index during the first and the second waves of
the pandemic (Figs. 9a, b and 10a, b) or even higher
isolation index during the second wave (Fig. 9d, e and
10d, e). However, these scenarios implied a significant
variation of pg and d parameters during the second wave
(Figs. 9c and 9f).

As can be seen from Figs. 9 and 10, the major difference
of these scenarios from those shown in Fig. 5 lies in the total
number of daily COVID-19 cases, which is significantly
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higher than routinely revealed COVID-19 cases
(demonstrating from 2 to 9-fold difference). This situation
indicates that although the proposed model provides good
agreement with the reported official statistics, additional
information regulating model parameters is to be employed
for more accurate simulation and prediction of further
pandemic progression.

4 Conclusion

In this paper we presented an agent-based model of
COVID-19 epidemic spread with the employment of
Monte Carlo simulation principles. The model is able to
account for the age-dependent disease development,
restrictive measures as well as testing system. The results
are encouraging and were validated on the statistical data
for daily new cases and deaths which were reported
during the first and the second waves of COVID-19
pandemics from three representative regions of Russia,
such as the Moscow city, Nizhny Novgorod region, and
Novosibirsk region. The results of simulations show the
possibilities of developed model for the simulation of
disease spread with regard to analysis of restrictive
measurements and different testing strategies.

It is worth noting that different combinations of
simulations parameters could provide similar results in
the dynamics of newly revealed cases and deaths,
although the dynamics of total cases in such scenarios
may differ significantly. This indicates, that some
parameters of the model should be defined independently
based on available information on social activity/testing
strategy, etc., which could increase the accuracy of the
prognosis provided by the model.
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Abstract. Diatoms are unicellular microalgae enclosed in a hierarchically
structured silica cell wall that play a significant role in maintaining the health
of the planet’s ecosystem. As one of the main photosynthesizers, they are
responsible for 20-25% of the world’s oxygen release and carbon fixation. In
order to develop technologies for the efficient extraction of carbon dioxide, for
example, using bioreactors that provide optimal conditions for the growth of
diatoms, it is also necessary to effectively track the diatom lifecycle, as well as
control parameters that affect their growth. Here we offer a simple device
consisting of LED illumination with a central wavelength of 505 nm that allows
to monitor changes in diatom concentrations. We examined marine centric
and freshwater pennate diatom strains with different morphologies, sizes, and
volumes and obtained a linear dependence of the measured transmission on
the concentration. The results were compared with the spectrophotometric
approach, which showed a higher inaccuracy with respect to the linear fit. We
believe that such an optical setup can be used to solve the problems of
continuous flow monitoring of algae both in bioreactors as well as in their
natural environment. © 2023 Journal of Biomedical Photonics & Engineering.

Keywords: diatom algae; optical setup; spectrophotometry; fluorescence;
microscopy.
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1 Introduction

Diatoms are the most numerous representatives of
phytoplankton, having appeared nearly 200 million years
ago [1]. These exquisite single-celled microalgae thrive
wherever there is light, water, essential gases and nutrients
and play an immense role in keeping the planet’s
ecosystem working. As one of the main photosynthesizers,
they produce about 20-25% of the atmospheric oxygen
and form up to a quarter of the organic material [2]. Their
most important feature is a highly porous silica cell wall
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called frustule, whose intricate patterns and sophisticated
designs have captured the attention of researchers for
centuries [3, 4]. The silica frustule consists of two halves
(valves): the epitheca (the upper part), and the hypotheca
(the lower part), joined together by siliceous girdle bands.
Diatoms (phylum Bacillariophyta) consists of three classes
Coscinodiscophyceae (centric species with radial valve
symmetry), Mediophyceae (centric species with radial and
bipolar valve symmetry), and the bilaterally symmetric
class Bacillariophyceae [5]. Diatoms are extremely
diverse, with conservative estimates ranging from 100,000
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to 200,000 species, making them one of the most species-
rich eukaryotic lineages [6]. Their size ranges from 2 to
1500 pm, although there are a few larger species. In terms
of the number of species, pennate diatoms dominate over
the centric ones [7]. On the other hand, centric diatoms,
which are mainly planktonic, create the bulk of primary
production.

Despite their crucial role in the ecosystem, the use of
diatoms has previously been almost exclusively limited to
academic research. However, owing to their unique
structure, abundance, and properties such as high porosity,
large surface area, ease of modification, thermal stability,
good optical and mechanical properties, efforts have been
made to start exploring them for commercial and industrial
applications. Over the past 30 years, the potential of
diatom frustules as a novel functional material for bio-
manufacturing and use as gas sensors, drug delivery
systems, biosensors, solar cells, SERS platforms, battery
electrodes have been examined [8-12]. Moreover, they are
indicators of water quality and a source of bioactive
substances, such as lipids, omega-3 fatty acids, and
proteins [13, 14]. Nowadays, there is a considerable need
for optimization of algae bioreactors, both in terms of
production efficiency of target algae cultures, and in terms
of efficient monitoring of the algal life cycle for cultivation
protocols optimization. The growth of diatoms is
traditionally assessed by obtaining growth curves upon
counting cells under a microscope in selected aliquots.
However, many species are prone to aggregation and
clustering, therefore, after several days of cultivation, their
counting becomes very difficult, especially in the case of
small benthic cultures. Probably, the main difficulty in
counting cells in a microvolume in a well plate is the
impossibility of selecting adequate aliquots, so growth
curves are usually presented with rather large technical
errors. Diatom cultivation in large bioreactors and
subsequent selection of probes would lead to even greater
errors.

In order to facilitate the collection and extraction of
various bioactive compounds from diatoms, they must not
only be grown correctly under optimal conditions, but also
effectively monitored. The optical probe methods can
selectively analyze the state of diatom cells and monitor
their life cycle based on the absorbance and fluorescence
of the main light-harvesting pigments: chlorophyll a,
chlorophyll ¢ and carotenoids [15]. Chlorophyll a absorbs
energy in the violet-blue and orange-red regions of the
spectrum, while chlorophyll ¢ mainly absorbs blue and red
light [16]. Fucoxanthin, the main carotenoid in diatoms,
absorbs in the blue-green part of the spectrum
(500-530 nm). Diatoms can be easily studied and
visualized with a variety of optical methods, ranging from
the historically first light microscopy to modern methods
such as fluorescence lifetime imaging and optoacoustic
microscopy, which allow studying not only individual
cells of diatoms, but also colonies [17]. Moreover, the
photoacoustic method in combination with in situ
fluorescence imaging has been used to monitor the growth
of diatoms during long-term cultivation in the laboratory
conditions based on the absorption and fluorescence
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signals of the pigments [18-21]. These methods are also
promising for studying the activity of these
microorganisms in the natural environment, as well as for
monitoring their growth in bioreactors or aquaculture
installations. Among the current solutions for the
bioreactors, some do not allow precise control of growth
conditions, as well as continuous monitoring without
manual probing [22] and others are designed only for
chlorophyll content monitoring [23], whereas the
cultivation of diatoms requires monitoring of additional
parameters, such as carotenoid content. Moreover,
Voznesenskiy et al. showed that temperature dependence
of fluorescence intensity of chlorophyll a reflects the
specific processes in cells of different microalgae
species [24].

In this work, an optical setup consisting of LED
illumination with a central wavelength of 505 nm was
developed to monitor changes in diatom concentrations.
Here, we have selected marine centric and freshwater
pennate diatom cultures with different morphologies and
sizes to prove the versatility of our method and compared
it with results obtained using a commercially available
spectrophotometer. We believe that this setup can be used
in the future as a component in bioreactors as well as open
water bodies for the purpose of continuous flow
monitoring of algae.

2 Materials and Methods

2.1 Diatom Cell Cultures

Here we studied seven different freshwater pennate and
marine centric diatom cultures. Pennate diatom cultures
(Asterionella formosa — strain BZ 33, Amphipleura sp. —
strain Ov 466, Hannaea baicalensis — strain BK 479,
Ulnaria acus — strain 15k 595) were isolated from a natural
population in Lake Baikal and cultivated in the DM
medium [25] at 10 °C under natural light and day—night
cycle. Marine centric diatoms Biddulphiopsis titiana
(strain 0.0212-OH, Atlantic ocean), Coscinodiscus oculus-
iridis (strain 0.1211-OD, Tsushima Strait), Coscinodiscus
sp. (strain 21.0407-OA, Black sea) were cultivated in
ESAW medium prepared according to a modified recipe
as described by Polyakova et al. [26] with salinity of ca.
36%o (0.0212-OH, 0.1211-OD) and 20%o (21.0407-OA).
Cell culture flasks “T-25" (Eppendorf, Germany) with
diatom cultures were kept on a windowsill of the
laboratory at room temperature under natural light. Sample
probes were taken for measurements during the stationary
phase of growth.

2.2 Visualization of Diatom Algae

Diatoms were visualized and counted under the inverted
luminescent microscope NIB-FL (LOMO-MA, Russia)
using PH10x and PH40x objectives. Images were taken
with an UltraHD-4k (35k/s) camera. To determine the
concentration of cultures, the flasks with diatoms were
thoroughly shaken and 10 pl of each culture was applied
to a glass slide in triplicate. For fluorescent visualization,
100 ul of each diatom strain was placed in the individual
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well of 96-well plate (CellCarrier Ultra, PerkinElmer,
USA) and imaged with a x20 and x60 magnification
objectives using the Operetta High Content Imaging
System (Perkin Elmer, USA) in the fluorescence mode.
The chlorophyll autofluorescence was excited at
410-430 nm, while the emission was registered at
650-700 nm. The obtained images were processed using
Harmony 4.1 software (Perkin Elmer, USA).

2.3 Experimental Setup for Optical Monitoring

An optical setup developed to monitor changes in algae
concentrations is shown in Fig. 1(a—c). A light emitting
diode (LED) with a central wavelength of 505 nm was
used as a light source. This wavelength was chosen to
match the absorption maximum of carotenoids [27]
presented in diatoms, such as fucoxanthin and beta-
carotene [16]. The emission spectrum of LED is shown
in Fig. 1(d). Emitted light was coupled in a multimode
optical fiber with 105 pm core for spatial filtering then
collimated by f= 7.5 mm aspheric lens, passed through
plastic cuvette with analyzed volume of algae suspended
in nutrient medium and measured by a linear photodiode
(PD) with preamplifier (OPT101P, Texas Instruments,

doi: 10.18287/JBPE23.09.010303

USA). The data transfer between the optical system and
the personal computer was performed using a
microcontroller Arduino Nano. The LED and the
photodiode were powered by a 5 V voltage source. The
diameter of the probe light beam was 1.5 mm. The PD
square shaped photosensitive area size was 1.7%1.7 mm.
Discretization frequency for Arduino analog-to-digital
converter (ADC) was set to 100 Hz. A python code was
used to read the data from Arduino, and calculate mean
value and standard deviation over 12000 measurements
during 2 min. To avoid external illumination influence,
the optical setup was covered with a non-transparent
enclosure.

LED illumination was coupled into an optical fiber by
placing the end of the optical fiber to the LED light-
emitting crystal at a distance of 200 um. For this purpose,
a 350 um diameter hole was drilled in the LED
transparent body under the optical control of a
stereomicroscope ADF S645. An optical fiber was placed
in the LED drilled hole and fixed using epoxy resin as
shown on Fig. 1(b). The resulting output power of the
LED light output of the collimating aspheric lens was
8.5 uW. Mounting elements of the optical system were
produced by photopolymer printing approach.

a Optical
Cup Epoxy fiber
N Cuvette
7 K
LED ?"er Medium-_| | | Algae o
(o}
. Vid :
\ — LED light C wire LED chip
© =
3= N [l
E__; © o) _;_E‘\L"-]ear Epoxy
Optd ° o | photodiode lens/case Reflective
fib Aspheric 2 N cavity
iber lens Cuvette o AN
L 1 holder
Anode (+) Cathode (-)
d
0.0125
0.0100 -
: \
©
— 0.0075
2
.Z) / \
i ]
Photodiode £ 0.0050 / \
0.0025 / \
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Fig. 1 Experimental setup for monitoring changes in the diatom algae concentration. (a) Artistic representation of an
optical system for measuring the transmission of algae in a nutrient medium depending on their fractional dilution.
(b) Direct LED light coupling in multimode optical fiber. (c) Schematic representation of the experimental setup key
components for transmission measurements. (d) Emission spectrum of LED.
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Table 1 Size and morphology of the studied diatom cultures.

. . Length
No. Dlath culture Type Shape Diameter, (height), VOllll;le,
(strain number) pm um pm
Biddulphiopsis titiana marine rectangular with 106
! (0.0212-OH) centric round corners 132 253 3-310
Coscinodiscus oculus- marine . 103
> iridis (01211-0D) __centric disc-shaped o 10 7510
Coscinodiscus sp. marine oo 1 nd
3 (21.0407-OA) centric cylindrical 27 36 2.1-10
Amphipleura sp. freshwater I e
4 (Ov 466) pennate elliptical 7 57 2.2:10
Hannaea baicalensis  freshwater m
5 (BK 479) pennate banana-shaped 7 65 2.5-10
6 Asterionella formosa  freshwater single: elongated, 5 35 17-10°
(BZ 33) pennate star-shaped colonies )
Ulnaria acus freshwater e
7 (15k 595) pennate needle-shaped 5 175 3.4:10

0.0212-OH f 0.1211-0OD 0.1211-OD 21.0407-OA

,44‘* o

m ov4ec i N BK479 f§ O BZ 33 15k 595

Fig. 2 Brightfield microscopy images of marine centric diatoms: (a) Biddulphiopsis titiana (0.0212-OH), Coscinodiscus
oculus-iridis (0.1211-OD): (b) top view, (c) side view, (d) Coscinodiscus sp. (21.0407-OA). Fluorescence images of
marine centric diatoms: (e) Biddulphiopsis titiana (0.0212-OH), Coscinodiscus oculus-iridis (0.1211-OD): (f) top view,
(g) side view, (h) Coscinodiscus sp. (21.0407-OA). Brightfield microscopy images of freshwater pennate diatoms: (i)
Amphipleura sp. (Ov 466), (j) Hannaea baicalensis (BK 479), (k) Asterionella formosa (BZ 33), (1) Ulnaria acus (15k
595). Fluorescence images of freshwater pennate diatoms: (m) Amphipleura sp. (Ov 466), (n) Hannaea baicalensis (BK
479), (o) Asterionella formosa (BZ 33), (p) Ulnaria acus (15k 595).
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2.4 Optical Measurements and
Spectrophotometry

To verify cell counting ability of the experimental
setup, 7 diatom strains were examined. For optical
measurements, 1.5 mL of each strain were put into a
plastic cuvette in the experimental setup. A custom
python script was used to record light intensity values
for 2 min, and, subsequently, average them over
measurement time and calculate standard deviation.
Then, for each strain the sample was diluted
x1.154 times. This new sample was placed into the
experimental setup, and new light intensity values were
recorded. This procedure of dilution and measurement
was repeated 11 times for each strain. The well-plate
with the same 12 dilutions for each of 7 diatoms strains
was placed into a spectrophotometer Tecan Infinite M
Nano+ (Tecan Trading AG, Ménnedorf, Switzerland).
For all the initial diatoms concentrations extinction and
fluorescence spectra (the excitation wavelength was set
to 430 nm) were measured. Then for each sample
extinction value and fluorescence intensity were
measured. Extinction was measured at the wavelength
of 505 nm. The fluorescence intensity was registered at
680 nm, when the excitation wavelength was set to
430 nm.

3 Results and Discussion

3.1 Diatom Algae: Description and
Visualization

In this work, we studied 3 marine centric diatom strains
and 4 pennate cultures from Lake Baikal with different
sizes and morphologies (Table 1, Fig. 2). The diameter
and length or height were obtained from brightfield
images (Fig. 2), while the volume was calculated for
each strain as V = 1t (d/2)?1, where d is a diameter, 1 is a
length, approximating diatom cells as cylinders.
Brightfield images of centric (Figs. 2(a—d)) and
pennate diatom cells (Figs. 2(i-1)) show how the
chloroplast color changes from yellow to golden brown
depending on the strain. Fluorescence images
demonstrate distribution of chlorophyll throughout the
cells (Figs. 2(e-h, m—p). In the case of Biddulphiopsis
titiana (0.0212-OH), whose cell size is around 250 um,
chloroplasts partly fill the volume from both sides
(Fig. 2(e)). On the other hand, chloroplasts in
Coscinodiscus species (0.1211-OD, 21.0407-OA) are
more densely packed and have oval shape (Figs. 2(f—
h)). Figs. 2(c, g) show the side view of Coscinodiscus
oculus-iridis in the process of division. Chloroplasts in
the case of freshwater cultures Amphipleura sp. (Ov
466) and Ulnaria acus (15k 595) occupy most of the
cells (Fig. 2(m, p)), while in Hannaea baicalensis (BK
479) and Asterionella formosa (BZ 33) they are
distributed in the form of grains (Fig. 2(n, 0)).
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3.2 Optical Measurements and
Spectrophotometry

The results of measurements obtained using experimental
setup described in Fig. 1 are demonstrated in Fig. 3. For
each diatom strain measured light intensity values were
normalized by the nutrient medium light intensity values,
and the concentration values were multiplied by the
number of cells in mL, calculated on the microscope for
each diatom strain. Standard deviation, that was
calculated from 12000 measurements for each sample,
cannot be seen on graph because error bars do not exceed
the size of a dot. The observed dependence of the
measured light intensity on the relative concentration of
diatoms was approximated by the linear fit for each
diatoms strain. It can be seen that all values have high
correlation with the linear fit, and are in a good agreement
with Bouguer-Beer-Lambert Law, which states that
sample’s extinction (light attenuation) has linear
dependence on light absorber’s concentration:

A=¢€lC+G,, (1)

where A is extinction, € is molar extinction coefficient, /
is optical path, C is concentration of chromophores,
presented in diatoms, Gy is the attenuation factor,
accounting for scattering and geometry of particles [28].

1.00
‘NNLN\
=096 \%A\ \‘
3 . - AL
s NN
5 \\
® 0.92- .\0\
é "  0.0212-OH
< e 0.1211-OD
% 21.0407-0OA
|’: 0.88 v Ov466 H
¢ BK479
< Bz33
15k 595
0.84

T T T T I‘
00 05 10 15 20 25 30 35 40 x10°
Concentration (Cells/mL)

Fig. 3 Optical measurements of diatom cultures.
Dependence of light intensity on the relative diatom cell
concentrations. Light intensity was normalized on the
measurements of nutrient medium. Scatter plot
represents measured values, solid lines represent linear
fit.

To demonstrate the advantages of our system over
conventional  spectrophotometric =~ approach  and
investigate opportunities for future development of the
device, the extinction and fluorescence intensity
measurements were made. Fig.4(a) demonstrates
extinction spectra for initial concentrations of 7 diatom
strains. The dependence of diatoms extinction on the
concentration is demonstrated in Fig. 4(b). For all strains
measured values were approximated by the linear fit. The

30Jan 2023 © J-BPE



J. Cvjetinovic et al.: Concentration Dependence of Optical Transmission and...

coefficients of determination (COD) for all linear fits are
shown in Table 2. It can be seen, that for all strains
spectrophotometric measurements demonstrate lower
COD values, than optical measurements on the custom
setup, which indicates higher accuracy of the latter. This
can be explained by the difference in the sensing volume.
According to the manufacturer of Tecan Infinite M
Nano+, the spot size of the absorbance light beam is

doi: 10.18287/JBPE23.09.010303

is 6.25 mm, thus the sensing volume is V = 2.405 mm’.
In contrast to that, our setup has a spot size of light beam
scaled to 1.5 mm in diameter, and the optical path is 10
mm. Therefore, the sensing volume in our setup is
V=17.67 mm?, which is 7 times greater than in
spectrophotometer. This allows our setup to average
values more accurately even for small diatom cell
concentrations.

0.7 mm in diameter. The optical path for 200 uL sample

Table 2 Comparison of the coefficient of determination (COD) for spectrophotometric measurements with optical
measurements on the custom device.

Diatom strain Spectrophotometer, COD Custom device, COD
0.0212-OH 0.840 0.981
0.1211-OD 0.954 0.997
21.0407-0OA 0.983 0.998

Ov 466 0.929 0.996
BK 479 0.975 0.993
BZ 33 0.638 0.995
15k 595 0.901 0.999
a b
0.10 ‘ ‘
0.14 8'221183 = 0.0212-OH
21.0407-0A 0.09 * 0.1211-0D
—~ o012 Ov 465 21.0407-0A
5 - - v Ov 466
B o i
- 0.10 15K 595 = <« BZ33
-8 Nutrient medium .8 0.07 15k 595
2 0084 \\ N g
5 \\ E 0.06 >
0.06- \/\
\\f - 0.05 »
0.04 | "«
| | | | 0.04 .
400 450 500 550 600 650 700 00 05 10 15 20 25 3.0 35 40 x10
Wavelength (nm) Concentration (Cells/mL)
c d
I T I
——0.0212-OH
—~1.04 _ —~1.0 = 0.0212-OH
> o 3 ‘ ® 0.1211-0D
< Ov 466 2 21.0407-OA
30-8 ——BK 479 30.8 » v Ov466 1
g / \ ——BZ 33 g) - ¢ BK479
15k 595 4 Bz
g 0.6 / Nutrient medium E 0.6 15k35395
@ (0] ™ °
8 0.4 /\\ § 04 | 1w ’i'..
(0]
: NS | s
@ 0.2 Qoo ° v
6 / g 6 : [ ] vy
=2 J e —— 3 Y 4 <
L 0.0 === Lo WOPPPP IR AN
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T T
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Fig. 4 Spectrophotometric and fluorescence measurements of diatoms. (a) Extinction spectra. (b) Dependence of
extinction (A = 505 nm) on the diatom concentration. Scatter plot represents extinction values normalized on the nutrient
medium extinction. Solid lines represent linear fit. (c) Fluorescence intensity spectra. Excitation wavelength: 430 nm.
(d) Dependence of fluorescence intensity (Aex =430 nm, Aem = 680 nm) on the diatom concentration. Scatter plot represents
fluorescence intensity values normalized on the nutrient medium values.
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Fig. 4(c) demonstrates fluorescence intensity spectra
for initial concentrations of 7 diatom strains (excitation
wavelength: 430 nm). It can be seen that all strains
exhibit fluorescence except for nutrient medium and BK
479 strain. This observation correlates with the absence
of extinction peak of chlorophyll ¢ in BK 479, that should
be located near 680 nm. Brightfield microscopic images
and the growth curve allow to assume, that this strain was
in the transition between stationary growth phase and the
last (death) phase during measurements. The
composition and quantity of pigments is not constant and
depends on the intensity of light, the spectral composition
of light, the content of nutritional elements in water, as
well as on the growth phase and the characteristics of
diatom vital activity [16, 29]. The amount of chlorophyll
somewhat decreases at the end of the stationary phase of
growth without renewal of the medium. Thus,
fluorescence and extinction measurements of diatoms at
the wavelength of 680 nm might be a potential marker of
the diatom growth phase.

Also, Fig. 4(d) shows the dependence of fluorescence
intensity on the concentration for 7 diatom strains
(excitation wavelength: 430 nm, emission wavelength:
680 nm). One can observe, that marine centric diatom
cultures (strain No. 0.0212-OH, 0.1211-OD and 21.0407-
OA) exhibit stronger fluorescence dependence on
concentration than pennate diatom cultures (strain No.
15k 595, Ov 466, BK 479, BZ 33).
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Fig. 5 The dependence of linear fit slopes on the diameter
of diatom cells. The red circles represent slopes of linear
fit in extinction measurements. The blue squares
represent absolute values of slopes of linear fit in
transmission measurements on the custom-made setup
described in Fig. 1.

It can be noted from Figs. 3 and 4, that slopes of linear
fits differ between diatom strains. To be more precise,
slope of linear fit is connected to geometrical parameters
of a strain, and this dependence is demonstrated in Fig. 5.
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One can clearly see the monotonic dependence of the
slope on the volume of diatom cells, that was extracted
from the Table 1. The relation between slopes of linear
fits and diatom volume is similar in both extinction and
transmission measurements and mostly determined by
the extinction coefficient, that combines absorption and
scattering properties of diatoms. This knowledge could
be used for more accurate tuning of the photodetector
sensitivity for monitoring of each diatom strain and for
characterization of diatom biomass.

4 Conclusions

In this work capabilities of transmission measurements at
the wavelength of 505 nm for 7 diatom strains were
demonstrated and compared to the spectrophotometric
approach. As a result, the linear dependence of measured
transmission on the diatom concentration was observed
with high accuracy for all 7 diatom strains. However, for
spectrophotometric ~ extinction measurements  this
dependence exhibits higher inaccuracy when compared
to linear fit. Fluorescence measurements suggest that
transmission measurements at the wavelength of 680 nm
and fluorescence measurements with excitation
wavelength of 430 nm and emission wavelength of
680 nm can improve understanding of diatoms life cycles
and current state of diatoms in the bioreactor. Also, a
monotonic dependence of linear fit slopes for both
extinction and transmission measurements on the diatom
volume was demonstrated. Thus, it can be concluded that
described approach is promising for continuous
monitoring of diatoms in bioreactors, and can be
improved with addition of transmission measurements at
the wavelength of 680nm and fluorescence
measurements with the same emission wavelength, as
well as fine tuning of a photodetector sensitivity based on
the obtained dependencies of the linear fits on the diatom
volume.

Disclosures

The authors declare that there is no conflict of interest.

Acknowledgements

The work was supported by Russian Science Foundation
(RSF) grant No. 22-14-00209. The investigated marine
centric diatom strains were isolated and introduced in a
culture thanks to the project number 1210323000190,
Study of Fundamental Physical, Physiological,
Biochemical, Reproductive, Population, and Behavioural
Characteristics of Marine Hydrobionts funded by the
Ministry of Science and Higher Education of the Russian
Federation.

30Jan 2023 © J-BPE



J. Cvjetinovic et al.: Concentration Dependence of Optical Transmission and... doi: 10.18287/JBPE23.09.010303

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

M. J. Behrenfeld, K. H. Halsey, E. Boss, L. Karp-Boss, A. J. Milligan, and G. Peers, “Thoughts on the evolution and
ecological niche of diatoms,” Ecological Monographs 91(3), 01457 (2021).

S. Malviya, E. Scalco, S. Audic, F. Vincent, A. Veluchamy, J. Poulain, P. Wincker, D. Iudicone, C. de Vargas, L.
Bittner, A. Zingone, and C. Bowler, “Insights into global diatom distribution and diversity in the world’s ocean,”
Proceedings of the National Academy of Sciences 113(11), E1516—E1525 (2016).

E. De Tommasi, J. Gielis, and A. Rogato, “Diatom Frustule Morphogenesis and Function: a Multidisciplinary
Survey,” Marine Genomics 35, 1-18 (2017).

A. M. Korsunsky, P. V. Sapozhnikov, J. Everaerts, and A. I. Salimon, “Nature’s neat nanostructuration: The
fascinating frustules of diatom algae,” Materials Today 22, 159—-160 (2019).

M. D.Guiry, G. M. Guiry, AlgaeBase. World-wide electronic publication, National University of Ireland, Galway
(accessed 1 December 2022). [https://www.algaebase.org].

R. Gordon, D. Losic, M. A. Tiffany, S. S. Nagy, and F. A. S. Sterrenburg, “The Glass Menagerie: diatoms for novel
applications in nanotechnology,” Trends in Biotechnology 27(2), 116—127(2009).

N. A. Davidovich, O. I, Davidovich, Reproductive Biology of Diatoms, ARTAL, LLC, Simferopol (2022). ISBN 978-
5-907587-63-2 [in Russian].

N. Sharma, D. P. Simon, A. M. Diaz-Garza, E. Fantino, A. Messaabi, F. Meddeb-Mouelhi, H. Germain, and 1.
Desgagné-Penix, “Diatoms Biotechnology: Various Industrial Applications for a Greener Tomorrow,” Frontiers in
Marine Science 8, 636613 (2021).

A. Bozarth, U.-G. Maier, and S. Zauner, “Diatoms in biotechnology: Modern tools and applications,” Applied
Microbiology and Biotechnology 82(2), 195-201 (2009).

M. Mishra, A. P. Arukha, T. Bashir, D. Yadav, and G. B. K. S. Prasad, “All new faces of diatoms: Potential source
of nanomaterials and beyond,” Frontiers in Microbiology 8, 1239 (2017).

A. M. Korsunsky, Y. D. Bedoshvili, J. Cvjetinovic, P. Aggrey, K. I. Dragnevski, D. A. Gorin, A. I. Salimon, and Y.
V. Likhoshway, “Siliceous diatom frustules — A smart nanotechnology platform,” Materials Today: Proceedings
33(4), 2032-2040 (2020).

P. Aggrey, M. Nartey, Y. Kan, J. Cvjetinovic, A. Andrews, A. 1. Salimon, K. I. Dragnevski, and A. M. Korsunsky,
“On the diatomite-based nanostructure-preserving material synthesis for energy applications,” RSC Advances
11(51), 31884-31922 (2021).

H.-Y. Li, Y. Lu, J.-W. Zheng, W.-D. Yang, and J.-S. Liu, “Biochemical and genetic engineering of diatoms for
polyunsaturated fatty acid biosynthesis,” Marine Drugs 12(1), 153—-166 (2014).

I. Barkia, L. Al-Haj, A. Abdul Hamid, M. Zakaria, N. Saari, and F. Zadjali, “Indigenous marine diatoms as novel
sources of bioactive peptides with antihypertensive and antioxidant properties,” International Journal of Food Science
& Technology 54(5), 1514-1522 (2019).

A. Burson, M. Stomp, E. Greenwell, J. Grosse, and J. Huisman, “Competition for nutrients and light: testing advances
in resource competition with a natural phytoplankton community,” Ecology 99(5), 1108-1118 (2018).

P. Kuczynska, M. Jemiola-Rzeminska, and K. Strzalka, “Photosynthetic pigments in diatoms,” Marine Drugs 13(9),
5847-5881 (2015).

J. Cyjetinovic, A. 1. Salimon, M. V. Novoselova, P. V. Sapozhnikov, E. A. Shirshin, A. M. Yashchenok, O. Yu.
Kalinina, A. M. Korsunsky, and D. A. Gorin, “Photoacoustic and fluorescence lifetime imaging of diatoms,”
Photoacoustics 18, 100171 (2020).

J. Cyjetinovic, Y. Bedoshvili, D. Nozdriukhin, O. Efimova, A. Salimon, N. Volokitina, A. Korsunsky, and D. Gorin,
“In situ fluorescence / photoacoustic monitoring of diatom algae,” Proceedings of SPIE 11641, 116410G (2021).

J. Cvjetinovic, A. 1. Salimon, M. V. Novoselova, P. V. Sapozhnikov, O. Y. Kalinina, A. M. Korsunsky, and D. A.
Gorin, “Photoacoustic visualization of diatom algae,” Limnology and Freshwater Biology 3(4), 779-780 (2020).

J. Cvjetinovic, Y. D. Bedoshvili, D. V. Nozdriukhin, A. 1. Salimon, A. M. Korsunsky, and D. A. Gorin, “Photonic
tools for evaluating the growth of diatom colonies during long-term batch cultivation,” Journal of Physics:
Conference Series 2172(1), 012011 (2022).

J. Cvjetinovic, D. V. Nozdriukhin, Y. D. Bedoshvili, A. I. Salimon, A. M. Korsunsky, and D. A. Gorin, “Assessment
of diatom growth using fluorescence imaging,” Journal of Physics: Conference Series 1984, 012017 (2021).

L. Rodolfi, N. Biondi, A. Guccione, N. Bassi, M. D’Ottavio, G. Arganaraz, and M. R. Tredici, “Oil and
eicosapentaenoic acid production by the diatom Phaeodactylum tricornutum cultivated outdoors in Green Wall Panel
(GWP®) reactors,” Biotechnology and Bioengineering 114(10), 2204-2210 (2017).

T. Yu. Plyusnina, S. S. Khruschev, N. S. Degtereva, 1. V. Konyukhov, A. E. Solovchenko, M. Kouzmanova, V. N.
Goltsev, G. Yu. Riznichenko, and A. B. Rubin, “Gradual changes in the photosynthetic apparatus triggered by
nitrogen depletion during microalgae cultivation in photobioreactor,” Photosynthetica 58(Special Issue), 443451
(2020).

J of Biomedical Photonics & Eng 9(1) 2023 010303-8 30Jan 2023 © J-BPE


https://doi.org/10.1002/ecm.1457
https://doi.org/10.1002/ecm.1457
https://doi.org/10.1073/pnas.1509523113
https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.1016/j.mattod.2019.01.002
https://doi.org/10.1016/j.mattod.2019.01.002
https://doi.org/10.1016/j.tibtech.2008.11.003
https://doi.org/10.1016/j.tibtech.2008.11.003
http://karadag.com.ru/static/media/images/books/botany/Davidovich_Davidovich_2022_Reproductive%20Biology%20of%20Diatoms%20%28monograph%29_.pdf
https://doi.org/10.3389/fmars.2021.636613
https://doi.org/10.1007/s00253-008-1804-8
https://doi.org/10.3389/fmicb.2017.01239
https://doi.org/10.3389/fmicb.2017.01239
https://doi.org/10.1016/j.matpr.2020.08.571
https://doi.org/10.1039/D1RA05810J
https://doi.org/10.3390/md12010153
https://doi.org/10.3390/md12010153
https://doi.org/10.1111/ijfs.14006
https://doi.org/10.1111/ijfs.14006
https://doi.org/10.1002/ecy.2187
https://doi.org/10.1002/ecy.2187
https://doi.org/10.3390/md13095847
https://doi.org/10.1016/j.pacs.2020.100171
https://doi.org/10.1117/12.2588254
https://doi.org/10.31951/2658-3518-2020-A-4-779
https://doi.org/10.1088/1742-6596/2172/1/012011
https://doi.org/10.1088/1742-6596/2172/1/012011
https://doi.org/10.1088/1742-6596/1984/1/012017
https://doi.org/10.1088/1742-6596/1984/1/012017
https://doi.org/10.1002/bit.26353
https://doi.org/10.1002/bit.26353
https://doi.org/10.1002/bit.26353
https://doi.org/10.32615/ps.2020.002
https://doi.org/10.32615/ps.2020.002

J. Cvjetinovic et al.: Concentration Dependence of Optical Transmission and... doi: 10.18287/JBPE23.09.010303

24.

25.

26.

27.

28.

29.

S. S. Voznesenskiy, E. L. Gamayunov, A. Yu. Popik, Zh. V. Markina, and T. Yu. Orlova, “Temperature dependence
of the parameters of laser-induced fluorescence and species composition of phytoplankton: The theory and the
experiments,” Algal Research 44, 101719 (2019).

A. S. Thompson, J. C. Rhodes, and I. Pettman, Culture Collection of Algae and Protozoa: Catalogue of Strains,
Amblesibe, UK (1998).

S. L. Polyakova, O. I. Davidovich, Y. A. Podunay, and N. A. Davidovich, “Modification of the ESAW culture
medium used for cultivation of marine diatoms,” Marine Biological Journal 3(2), 73—-80 (2018).

R. Croce, H. Van Amerongen, “Natural strategies for photosynthetic light harvesting,” Nature Chemical Biology 10,
492-501 (2014).

V. V. Tuchin (Ed.), Tissue Optics: Light Scattering Methods and Instruments for Medical Diagnosis, 3™ Ed., SPIE
Digital Library, USA (2015). ISBN: 9781628415162.

E. S. Holdsworth, “Effect of growth factors and light quality on the growth, pigmentation and photosynthesis of two
diatoms, Thalassiosira gravida and Phacodactylum tricornutum,” Marine Biology 86, 253-262 (1985).

J of Biomedical Photonics & Eng 9(1) 2023 010303-9 30Jan 2023 © J-BPE


https://doi.org/10.1016/j.algal.2019.101719
https://doi.org/10.1016/j.algal.2019.101719
https://doi.org/10.1016/j.algal.2019.101719
https://doi.org/10.21072/mbj.2018.03.2.06
https://doi.org/10.21072/mbj.2018.03.2.06
https://doi.org/10.1038/nchembio.1555
https://doi.org/10.1117/3.1003040
https://doi.org/10.1007/BF00397512
https://doi.org/10.1007/BF00397512

T.N. Tikhonova et al.: Inhibition of Self-Assembling Peptide Fibrils Formation Using... doi: 10.18287/JBPE23.09.010304

Inhibition of Self-Assembling Peptide Fibrils Formation
Using Thioflavin T as a Photosensitizer

Tatiana N. Tikhonova'®, Anna A. Rubekina?, Viktor A. Vorobev?, Ekaterina A. Mefodeva?, Eugene
G. Maksimov?, Yuri M. Efremov3#, Maxim E. Darvin®, Peter S. Timashev3#, Peter V. Gorelkin®,

Alexander S. Erofeev®, Nikolay N. Sysoev?, and Evgeny A. Shirshin*

1 Department of Physics, M.V. Lomonosov Moscow State University, 1/2 Leninskie gory, Moscow 119991, Russia

2 Department of Biophysics, Faculty of Biology, M.V. Lomonosov Moscow State University, 1/24 Leninskie gory,
Moscow 119991, Russia

3 World-Class Research Center “Digital biodesign and personalized healthcare”, Sechenov First Moscow State Medical
University, 8-2 Trubetskaya str., Moscow 119991, Russia

4Institute for Regenerative Medicine, Sechenov University, 8—2 Trubetskaya str., Moscow 119991, Russia

5> Department of Dermatology, Venerology and Allergology, Center of Experimental and Applied Cutaneous Physiology,
Charité—Universitats medizin Berlin, Corporate Member of Freie Universitat Berlin and Humboldt-Universitat zu Berlin,
Charitéplatz 1, Berlin 10117, Germany

6 National University of Science and Technology “MISiS”, 4 Leninskiy prospekt, Moscow 119049, Russia

e-mail: *tikhonova@physics.msu.ru, *eshirshin@gmail.com

Abstract. Misfolded proteins produce fibrillar aggregates, which contain
B-sheet higher order structures. The oligomers, protofibrils, and fibrils
generated during protein aggregation process are cytotoxic and can cause
various neurodegenerative diseases. Recently the photo-active materials, the
photosensitizers, have attracted increased attention in the study and
treatment of amyloid-related diseases. Here, we studied the photodynamic
effect of the amyloid-specific fluorescence dye Thioflavin T on the formation
of self-assembled peptide hydrogel. It was demonstrated that the gelation
process under irradiation inhibits significantly, at that the structural and
mechanical properties of mature fibrils change notably suggesting that ThT
could be regarded as a theranostic probe. The developed peptide model allows
for quantification of the photodynamic agent’s efficiency in preventing
aggregation, thus paving the way for a high-throughput test system for
screening of light-responsive theranostic agents. © 2023 Journal of
Biomedical Photonics & Engineering.

Keywords: hydrogel; peptide self-assembly; photosensitizer; fibrillation;
scanning ion conductance microscopy; Thioflavin T; Fmoc-FF.
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1 Introduction Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, amyotrophic lateral sclerosis [3—6].
Development of amyloid formation inhibitors has
been the subject of numerous investigations, where both
“chemical” and “physical” mechanisms of action were
considered. While chemical approaches employ the use
of specific biomolecules as amyloid inhibitors [7],
physical strategies imply application of high hydrostatic
pressure, low temperature, and irradiation with light [8].
In the latter case irradiation is supposed to induce

Protein conformation disorders accompany disruptions in
nervous system functioning and are involved in etiology
of neurodegenerative diseases [1,2]. Misfolding and
abnormal aggregation of B-amyloid, tau, a-synuclein,
and polyglutamine containing proteins may result in the
plaques deposition in brain, and cytotoxicity of protein
aggregates, both fibrils and oligomers on the fibrillation
pathway, is considered to be among the factors initiating
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generation of reactive oxygen species (ROS, e.g., H20z,
0;, OH, '02) by photosensitizers such as light-

responsive nanomaterials (fullerene, polyoxometalate,
g-C3Ns, etc.), organic dyes (riboflavin, rose bengal,
porphyrins, etc.), metal oxide photocatalysts (Ag-TiOz,
BiVOs, etc.) [9-12]. Among different photosensitizers,
the methylene blue (MB) has been extensively used for
photodynamic treatment of cancer cells due to its high
solubility in aqueous media, low toxicity, ability to cross
the blood-brain barrier, and high quantum yield of singlet
molecular oxygen generation [13]. Lee et al. performed
in vivo experiments where MB was supplied with food
into the Drosophila organisms with model Alzheimer’s
disease, which was further illuminated by red LEDs. The
high effectiveness of photodynamic treatment with MB
as a sensitizer in suppressing synaptic toxicity and
enhancing locomotion was demonstrated [14].

Another study demonstrated that the fluorescent dye
Thioflavin T (ThT), which exhibits high affinity to
amyloid fibrils [15,16], could be used as a
photosensitizer to destroy amyloid fibrils formed of the
keratoepothelin peptide [17]. In the experiment, ThT
molecules were incorporated into the fibrils and excited
with pulsed 442 nm laser light, that led to the generation
of ROS, inhibition of growth and destruction of fibrils.

ThT acts as a molecular rotor upon excitation, i.e.,
photon absorption results in the mutual rotation of two
ThT fragments — benzthiazole ring and benzene ring, see
Fig. 1 (benzthiazole ring is marked with blue color,
benzene ring with yellow color) [18, 19]. Calculations

TICT

Potential Energy

Torsion motion, ¢
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demonstrate that in the ground state the angle between
these two fragments, @, is 37°. Upon light absorption,
ThT is excited to a local excited state (LE) with the same
geometry, from where intramolecular ultrafast relaxation
process takes place: the angle @ increases from 37° to
90°, resulting in the formation of twisted internal charge-
transfer state (TICT), which is responsible for the
ultrafast (~1 ps) relaxation of excitation. Hence, triplet
yield and, consequently, singlet oxygen generation rate
are negligible for free ThT in aqueous solution. On the
contrary, upon binding to amyloid fibrils, a significant
reduction of ThT flexibility occurs, thereby preventing
intramolecular rotation and TICT state formation. Hence,
ThT binding to fibrils leads to a 1000-fold increase of
fluorescence lifetime (up to a few ns) and makes the
population of the triplet state more efficient [20, 21]. As
the result, only bound ThT molecules are efficient as
photosensitizers. This fact suggests that ThT could be
used as a theranostic agent: it stains fibrils selectively and
potentially allows for their partial destruction via
photodynamic action (Fig. 1). The aim of the paper was
to verify this concept based on a robust and minimalistic
model system.

For this purpose, we used the fibrillar hydrogel
formed as the result the of N-fluorenylmethoxycarbonyl
diphenylalanine peptide (Fmoc-FF) self-assembly
(Fig. 1A) [22-24]. Fmoc-FF is one of the most studied
peptides for hydrogel preparation that alone or in
combination with other substances can be used as a 3D
scaffold for cartilage and bone tissue engineering [25].

(1) fibrils destruction
hv

s %&, .
\ *
« fibrils

= ThT
Photodegraded ThT

(2) fibrils staining

2 .

Fig. 1 The structure of ThT and Fmoc-FF (left) and schematic representation of the phophysical processes in ThT
according to Ref. [18]: upon excitation into the local excited (LE) state, relative rotation of two fragments in a free ThT
molecule (marked with blue and yellow rectangles in the ThT structure) occurs, leading to the emergence of the twisted
internal charge transfer (TICT) state. The TICT state exhibits ultrafast relaxation to the ground state on a ~1 ps scale.
Upon ThT binding to fibrils, its internal rotation is restricted, thus preventing the formation of the TICT state, leading to
prolonged excited state relaxation (~1 ns) and increasing the efficiency of singlet-triplet conversion and singlet oxygen
generation. Hence, ThT potentially allows for both staining and destruction of fibrils via the photosensibilisation effect.
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It was shown that ThT not only could stain mature
Fmoc-FF fibrils, but also could bind to the Fmoc-FF
aggregates formed on the initial stages of
hydrogelation [26]. The use of the peptide hydrogels as a
model system for photodynamic ThT assay is attractive
due to reproducibility of the kinetics of gel formation and
certain similarity of interaction mechanisms upon peptide
self-assembly and protein fibrils formation (m—m stacking,
hydrophobic interactions). Moreover, the duration of
fibrillation in the case of Fmoc-FF can be precisely tuned
by external conditions and be as short as a few minutes,
while for protein fibrils the aggregation process lasts
from a few hours to a few weeks [27, 28]. Hence, peptide
hydrogels could be a prospective system for testing
physical approaches to fibrils disruption, including the
photodynamic treatment.

In this paper we investigated the influence of
photosensitization effect on the fibrillar structures
formation by self-assembling Fmoc-FF peptide by a set
of methods including fluorescence spectroscopy,
fluorescence lifetime imaging microscopy (FLIM), and
scanning ion-conductance microscopy (SICM). The
kinetics of self-assembly and related morphological
alterations were studied upon irradiation of the system in
the presence of ThT. The developed model allows for
quantification of the photodynamic agent’s efficiency in
preventing aggregation, thus paving the way for a high-
throughput test system for screening of light-responsive
theranostic agent.

2 Materials and Methods

2.1 Sample Preparation

The  N-fluorenylmethoxycarbonyl  diphenylalanine
peptide (Fmoc-FF) was purchased from GL Biochem
(Shanghai, China). Thioflavin T (ThT) was obtained
from Sigma-Aldrich (Steinheim, Germany). The Fmoc-
FF hydrogel was prepared using the solvent-switch
method: peptide stock solution in dimethyl sulfoxide,
CFmoc-FF (stock) = 100 mg/mL, was dissolved with double
distilled water to a final concentration of
Crmocrr = 1 mg/mL [29, 30]. The final pH value of the
samples was set to 5.

To calculate the ThT concentration, the molar
extinction coefficient of 31600 1/(M-cm) at 410 nm was
used [31]. The temperature in the experiments was
controlled and set to 25°C. ThT concentration was
Cmntr =70 pM in all the experiments. So, the ratio of
peptide to dye concentration in all the experiment was
constant and equal to CFmoc-Fr/CTnt = 26.

Photosensitization was induced by irradiating the
samples at 460 nm with a LED (80 mW/cm?).

The sample preparation for each method was as
follows:

1) Turbidity measurements. The ratio of peptide to
dye concentration was constant, Crmoc-Fr/CThT =26
(Crmoc-rr = 1865 uM, Ctnr = 70 uM). The irradiation time
was varied (0, 5, 10, 40 min), corresponding to irradiation
doses of 0, 24, 48, and 192 J/cm?.
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2) FLIM measurements. The ratio of peptide to dye
concentration  was constant, CFmocFF/Ctnt = 26
(CrmocFr = 1865 pM, Cmr=70 puM). Excitation was
performed in the two-photon excitation regime, the
excitation wavelength was set to 900 nm. The protocol
was as follows: first, a ROI of 10x10 pm was irradiated
for a certain time, and then a scan of a larger field,
including the irradiated ROI, was performed — hence,
both irradiated and non-irradiated areas were assessed.

3) Scanning ion-conductance microscopy (SICM).
By this technique the structures of mature hydrogels were
examined in the solution— the hydrogel that was formed
without irradiation (CrmocFr= 1865 pM) and the
hydrogel that was formed after the sample was prepared
and irradiated for 1 h with a 460 nm LED (80 mW/cm?,
the irradiation dose 288 J/cm?). The samples were
prepared in a Petri dish and filled with acetate buffer,
pH 5.

4) Atomic force microscopy (AFM) measurements.
The method of sample preparation was the same as in the
SICM measurements except for the moment that the
samples were dried for 2 h after the hydrogels (with or
without irradiation) were formed.

5) Measurement of the rheological properties of the
samples. The mechanical properties of hydrogels were
examined during its formation without irradiation
(Crmocrr = 1865 pM, Crmr=70 pM) and when the
hydrogel was irradiated for 40 min with a LED (460 nm,
80 mW/cm?, the irradiation dose 192 J/cm?).

So, turbidity, FLIM and rheological measurements
were carried out during the process of hydrogel
formation, whereas the microscopy studies — AFM and
SICM, were carried out when the hydrogel had been
already formed to analyze the final structure of
investigated system.

2.2 Turbidity Measurements

Turbidity measurements were performed by measuring
the transmission of a 633 nm laser through the cuvette
(with a 2 mm optical path) with a spectrometer Maya
2000 PRO (Ocean Optics, USA) in a 180 degrees
geometry. The exposure time was set to 100 ms for each
measurement point.

2.3 Fluorescence Lifetime Imaging
Microscopy (FLIM) Measurements

For FLIM measurements, a custom setup equipped with
a Simple Tau 152 TCSPC FLIM module (Becker & Hickl
GmbH, Berlin, Germany) was used. Fluorescence was
excited by radiation from a TOPOL parametric
femtosecond generator (Avesta, Moscow, Russia). Two-
photon excitation was carried out at 900 nm with a pulse
repetition rate of 80 MHz. The duration of one pulse was
100 fs. A lens with a 60x magnification NA = 1.4 (CFI
Plan Apochromat Lambda 60x, Nikon, Japan) was used.
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2.4 Measurement of the Rheological
Properties of the Samples

The Physica MCR 302 rheometer (Anton Paar GmbH,
Graz, Austria) was used to study the mechanical properties
of hydrogel with a parallel plate geometry (25 mm in
diameter). Time sweep oscillatory measurements were
carried out immediately after preparation of samples. The
measurements were carried out at 25 °C.

2.5 Scanning lon-Conductance Microscopy

The SICM (ICAPPIC Limited, United Kingdom) was
used to investigate the samples topography. In the
experiments the inverted optical microscope Eclipse
Ti-2 (Nikon, Japan) was used. The feedback control and
piezo positioning was controlled by the ICAPPIC
Universal Controller and Piezo Control System
(ICAPPIC Limited, United Kingdom). A P-2000 laser
puller (Sutter Instruments, USA) was used to fabricate
the pipettes with inner radius 40-50 nm. The approach
rate was 120 pm-s'. The set point was 0.5% for
topography studies.

In SICM, the scanning probe is a glass pipette that is
filled with buffer with a radius on the order of several
tens of nanometers. The main Ag/AgCl electrode is

A

doi: 10.18287/JBPE23.09.010304

placed inside the pipette whereas the reference electrode
is in the Petri dish where the sample is situated. The ion
current begins to flow through the pipette tip when the
potential bias is applied between Ag/AgCl electrodes.
Away from the sample surface the ion current has a
constant value at that it starts to decrease when the tip-
sample surface distance is smaller than the probe tip
radius. To obtain the topography of the sample, a
feedback system is used based on the registration of the
ion current flowing through the pipette and the
coordinates of the piezo actuators [32].

2.6 Atomic Force Microscopy Measurements

Atomic force microscopy (AFM) photos of the dried
hydrogels were obtained using a Bruker Bioscope
Resolve AFM (Bruker, USA). The Peak Force Tapping
mode was used to minimize the tip tapping force. We
used the ScanAsyst Air cantilevers (Bruker AFM Probes,
Camarillo, CA, USA) with a nominal spring constant of
0.4 N/m and a tip radius of 2 nm. 10 x 10 pm and
3 x3 um images were obtained at a maximal force
<2 nN, at a resolution of 256 x 256 or 512 x 512 pixels.
The measurements were carried out at 25 °C for dried
samples.

1.0 1

0.8 1

Transmission

wes FOC-FF
ettt we—— FMoC-FF+ThT, Ti,=0 min
Fmoc-FF+ThT, Tj,=5 min
wee FOC-FF+ThT, Tj;,=10 min
) s FMoc-FF+ThT, T;,=40 min

Time (min)

T 7 A T
60 60 620

=

Fig. 2 (A) Irradiation time dependence of the Fmoc-FF+ThT gelation kinetics as monitored by light transmission.
CFmoc-FF = 1865 uM, Crir =70 uM (Crmoc-r/Crir = 26). The irradiation power was constant, I = 80 mW/cm?. The
irradiation wavelength was A = 460 nm. (B) The images of the Fmoc-FF systems after their transmittance curves reached
a plateau and the hydrogel was formed. Red, orange, greenish-blue, blue, and violet lines correspond to Fmoc-FF in the
absence of ThT and Fmoc-FF in the presence of ThT upon irradiation during 0, 2.5, 5, 10, and 40 min. The arrows indicate

where irradiation was switched off for each curve.
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Fig. 3 (A) FLIM images of the Fmoc-FF hydrogelation process measured at different time. The red square depicts the
area of irradiation. In the right upper corner of the images, the time from the beginning of the gelation can be seen.
Crmoc-FF = 1865 pM, Ctvr =70 uM (Scale bar 44 pum). (B) Schematic of the Fmoc-FF peptide hydrogelation process

tracked via transmission.
3 Results and Discussion

3.1 The Influence of Irradiation on Hydrogel
Formation in the Presence of ThT

Turbidity measurements allow to observe the process of
Fmoc-FF solution transition from the opaque into the
optically transparent system during the hydrogel
formation [27]. Hence, as the first step, the effect of the time
irradiation on the Fmoc-FF self-assembly rate was assessed
in the presence of ThT. Measuring the transmittance of the
Fmoc-FF system under the irradiation revealed a gradual
elongation of the hydrogelation kinetics, see Fig. 2A. The
experiments performed at a fixed concentration of the
peptide (Crmocrr = 1865 uM) and ThT (Crur =70 uM)
while varying irradiation time (0, 5, 10, and 40 min).
Importantly, no effect of irradiation on the Fmoc-FF
hydrogel formation without ThT was observed, see
Fig. S1.

As it can be seen from Fig. 2B, the irradiated area
doesn’t become transparent, moreover, the gelation
kinetics slows down strongly under irradiation (see
Fig. 2A). At the same time in the unirradiated area the
transparency is observed. So, the irradiation of peptide in
the presence of ThT leads to the inhibition of self-
assembly. The image of the Fmoc-FF system at the
beginning of hydrogel formation can be seen in Fig. S2.

3.2 Hydrogel Structural Phase Transition and
Its Dependence on the Irradiation Time as
Revealed by FLIM

To study how irradiation affects the structure of
Fmoc-FF aggregates in the presence of ThT, the FLIM
measurements were caried out. We note that FLIM
allows both for imaging of aggregates in the system as
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well as for mapping the parameters of ThT
microenvironment (mainly, viscosity) by mapping the
ThT fluorescence lifetime [33, 34]. Fig. 3A demonstrates
representative FLIM images obtained during the Fmoc-
FF hydrogelation, where the red square depicts the
irradiated area.

A number of stages could be observed under the
Fmoc-FF hydrogel formation. When a dilution of the
Fmoc-FF stock solution in water occurs, spherical
aggregates can be seen (Fig. 3A(I-1I)), that evolve into
larger spheres after a while. Then, the transition from
spheres to fibers was observed (Fig. 3A(III-1V)), at that
the mature fibrillar gel was the terminal stage of the self-
assembly process (Fig. 3A(V—VI)). The FLIM image for
the final hydrogel with the irradiation of the central part,
like Fig. 3A(VI) with smaller scale can be seen in
Fig. S3, where the significant difference between
irradiated and non-irradiated part of the hydrogel can be
seen.

Fig. 3A(I) demonstrated that in 17 min the hydrogel
had not been formed in the presence of ThT, see the non-
irradiated area (out of red square). This points on the fact
that ThT has a strong effect on the gelation process. This
data is in accordance with work where it was revealed
that ThT has a direct effect on the structural properties of
the Fmoc-FF hydrogel. The kinetics of gelation changed
significantly in the presence of dye: the growth rate
decreases and increase of the lag phase duration were
observed.

FLIM demonstrated that irradiation of the Fmoc-FF
system in the presence of ThT effects the lag phase of
hydrogel formation. Fig. 3A(VI) shows that while the
Fmoc-FF formed fibrillar structures outside the area of
irradiation, the irradiated area (red square) still contains
only spherical aggregates that corresponds to the lag-
phase of the Fmoc-FF peptide hydrogelation process
(schematically shown in Fig. 3B).
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A
Fig. 4 Structural analysis of Fmoc-FF aggregates in the presence of ThT formed during self-assembly in the absence and
presence of irradiation. AFM images for (A) Fmoc-FF hydrogel (C) Fmoc-FF aggregates formed in the presence of ThT
under irradiation. SICM images for (B) Fmoc-FF hydrogel (D) Fmoc-FF hydrogel formed in the presence of ThT under

the irradiation. By arrows the peptide aggregates are shown in the formed hydrogel. Crmocrr = 1865 uM, Cnr = 70 uM.
The samples were irradiated for 1 h with a diode, Aex = 460 nm, I = 80 mW/cm?.

3.3 The Effect of Photosensitizer on the
Morphology and Structure of Fibers in the
Fmoc-FF Hydrogel

We also assessed the morphology of the formed
Fmoc-FF aggregates using two techniques — AFM and
SICM. AFM measurements were performed on dried
samples (Fig. 4A, C), while the SICM method allowed to
obtain the topography of the surface of the sample under
the native conditions (in aqueous solution) in a non-
contact mode (Fig. 4B, D) [35-37].

Both methods revealed topography with high
resolution — the fibrils were characterized by several
hundred nanometers thickness and several micrometers
length. In the case of SICM technique the mature fibrils
are thicker as they “swelled” in aqueous solution in
comparison with dried AFM samples, see Fig. 4A, B,
correspondingly. The average thickness of fibrils that
were dried overnight and obtained by AFM technique
was d =0.33 um, while for fibrils that were studied in
aqueous solution by SICM method this value was
d=0.43 pm.

According to the obtained data it can be stated that the
fibers formed in the presence of photosensitizer (ThT)
under the irradiation are thicker and shorter (see
Fig. 4C, D) compared to the fibers formed at the absence
of ThT and irradiation (see Fig. 4A,B). Also, the
irradiated Fmoc-FF+ThT system demonstrated the
presence of large spherical aggregated, that are marked
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with arrows (~2-3 um, Fig. 3D), which are responsible
for the turbidity of the irradiated area (Fig. 2A).

So, summarizing microscopy measurements it can be
said that FLIM investigations demonstrated that the
irradiation influences namely the lag phase during
hydrogel formation: irradiation leads to the situation
when a great amount of peptide aggregates stays in the
form of spheres and do not transform into the protofibrils.
SICM and AFM studies provided information dozthat
when the irradiation is stopped the hydrogel is formed
though its structure differs from the structure of hydrogel
that is formed without irradiation: the mature irradiated
hydrogel consists of shorter fibrils, also in its structure
big peptide aggregates are observed.

3.4 The Effect of Photosensitizer on the
Mechanical Properties of the Fmoc-FF
Hydrogel

Herein the rheological measurements were carried out in
order to study the effect of photosensitizer on the
mechanical characteristics of self-assembled hydrogel.
The dependence of the storage modulus G’ on the
gelation time for Fmoc-FF+ThT hydrogel without
irradiation (black line) and with 40 min of irradiation (red
line) (the doze of irradiation was d = 192 J/m?) is shown
in Fig. 5A. The dependence of the storage modulus on
time for pure Fmoc-FF system without irradiation can be
seen in Fig. S4.
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T.N. Tikhonova et al.: Inhibition of Self-Assembling Peptide Fibrils Formation Using...

0 10 20 30 40
Time (min)

1 'y
! o
1 :I
. .
1 (@ ::
' Q10004 |
1 1
| S n
3 o
1 2 100/ firad, min: D!
' 0 .
i% ——40 :i
le '
o) P!
o 1 |
: '

T T T T ||
: :I
1 |'
| '

@ Fibrils
= ThT

@ Peptide spheres

doi: 10.18287/JBPE23.09.010304

Fmoc-FF  Fmoc-FF+ThT Fmoc-FF+ThT!

+hv

35 g§o % 0S,
A&

% LN

Photodegraded ThT

Fig. 5 (A) The dependence of storage modulus on time for Fmoc-FF + ThT hydrogel without irradiation (black line) and
with 40 min of irradiation (red line), (B) An illustration of dissociation of hydrogel fibrils by photo-excited ThT.

The storage modulus G’ for the investigated system
reached a plateau of 1800 Pa after 5 min. The photo-
excitation of photosensitizer leads to the situation when
initially the storage modulus grows to the value 1800 Pa
(like for Fmoc-FF+ThT system without irradiation)
whereafter the softening of hydrogel structure under
irradiation over time is observed (see green line in
Fig. 5A). This process can be explained as follows: due to
the photosensitization the oxidation of peptides occurs.
This process can be a reason for the weakening of the
interaction energy between peptides and further
destruction of intermolecular peptides bonds that can lead
to the decrease of systems’ Young modulus, see Fig. 5B.

The destructive effect of ThT on different amyloid
structures were demonstrated in literature. Ozawa et. al
studied the irradiation of 442 nm laser with nm on
B2-microglobulin (B2-m) in the presence of 10 uM ThT
and showed that irradiation inhibited fibrillation and led to
partial destruction of preformed fibrils [38]. Also, the
effect of laser beam on AP (1-40) fibrils in the presence of
ThT was studied [39], where irradiation also led to partial
destruction of fibrils. The effect of laser irradiation on
keratoepithelin in the presence of Thioflavin T was
demonstrated [17]. The generation of ROS from
photoexcited fluorescence dye was a reason for fibril
destruction. By Ahn et al. the chemical and mechanistic
study of photodynamic inhibition of Alzheimer’s amyloids
in the presence of ThT was conducted [40].

The chemical modifications of main amino acid
residues of due to photoexcited ThT were observed using
blue LED light (450 nm). The quantitative chemical
kinetics analysis suggested that the oxidized monomer
species did not aggregate. The authors described the
oxidation of aggregates by the generation of singlet
oxygen by photoexcited ThT. These results are in
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accordance with the data of the present work that shown
that ThT can be regarded as a photosensitizer its presence
has a direct effect on the structural and mechanical
properties of the Fmoc-FF hydrogel.

4 Conclusions

The results of the present work show that ThT can be
regarded as a photosensitizer its presence has an
influence on Fmoc-FF hydrogel properties. The kinetics
of hydrogel formation varied in the presence of photo-
excited fluorescence dye: increase of the lag phase
duration was observed. FLIM studies demonstrated that
upon irradiation inhibition of hydrogel formation occurs
due to the slow down of the metastable spheres transition
to the protofibrils. Moreover, the irradiation of
Fmoc-FF + ThT system leads to the shortening and
softening of the final fibrillar structure of hydrogel
suggesting that ThT can be regarded as a theranostic
probe: (1) due to its presence in hydrogel the laser-
induced destruction of fibrils was observed, (2) the ThT
is a gold standard for amyloids staining.
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Introduction

Abstract. The phase separation kinetics of an ethanolic L-menthol solution in
an aqueous solution of optically and biologically active chitosan L- and
D-aspartate was studied. It has been established that this process proceeds
according to the extraction crystallization mechanism and combines two types
of phase separation, namely: liquid-liquid and liquid-crystal. The effect of
aspartic acid stereoisomer, chitosan molecular weight, and polymer: acid ratio
on the optical, structural-morphological, and dimensional characteristics of
dispersed phase droplets at the initial stage of phase separation and crystal
aggregates of the L-menthol condensed phase at the final stage was assessed.
In the chitosan D-aspartate medium, as well as with an increase in the
concentration of components in the optically active medium and the molecular
weight of the polymer, the rate of phase separation, the size of droplets and
particles increase. It has been suggested that the system under study is
promising for encapsulating hydrophobic drugs, creating chirooptic
waveguides, and sensors for biomedical purposes, as well as developing new
methods for studying the fundamental principles of phase separation in
intracellular regulation of membraneless organelles and subcellular
organization of biosystems, including under stress conditions of a living
organism underlying the development of new pharmaceuticals to treat rare
and currently incurable diseases. © 2023 Journal of Biomedical Photonics &
Engineering.
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chirooptic, structural-morphological, and biological

Achieving control over the molecular and structural
chirality of the created product is one of the urgent
problems of modern materials science in the field of
stereospecific polymeric materials for biomedical
purposes. This is primarily due to some functional
features of such systems, which provide fundamentally
novel chirooptic and complementary-selective properties
inaccessible for achiral polymeric materials [1-4]. For
example, salt complexes of the aminopolysaccharide
chitosan (CS) with L- and D-ascorbic acid (AscA) or
L- and D-aspartic acid (AspA) significantly differ in
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properties from traditional chitosan-containing materials
obtained from polymer solutions in optically inactive
carboxylic acids, depending on the stereoisomer
(L- or D-) of the acid used [5—7]. At the same time,
CS salts with the biologically inactive D-isomers of
AscA and AspA have the best properties, while the
L-isomer of AscA (vitamin C) or AspA (an essential
amino acid) exhibits the highest biological activity in the
case of individual acids.

The specific biological role of D-isomers of the acids
is no longer considered as a rare occurrence, since recent
studies have revealed a deviation from the previously
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declared “chiral purity” of biosystems, in particular, the
principle of constructing natural proteins from L-amino
acids only. It has turned out that, in addition to the
detection of D-amino acids in the cell walls of
prokaryotes, free D-amino acids are involved in normal
metabolism and in the regulation of eukaryotic vital
activity [8]. D-AspA has been found in mammalian
hormone-producing cells [9] and human dental
dentin [10]. It has also been established that it is not the
natural biologically active L-isomer which is effective in
the treatment of certain diseases, but its synthetic
D-antipode [11, 12]. In addition, D-amino acids have
been shown to be highly effective in destroying biofilms
and reducing the antibiotic resistance of living
organisms, which has opened up new directions for the
development of personalized antimicrobial
drugs [13, 14].

One of the informative approaches to assessing the
stereospecificity of the spatial organization of L- and
D-isomer chitosan salts can be considered the study of
their interaction with some chiral, optically pure and, at
the same time, biologically active compound, e.g.,
L-menthol. This organic substance belongs to the class of
cyclic monoterpene alcohols, it is solid at room
temperature and melts within 42-45 °C (a-phase), is
insoluble in water and readily soluble in ethyl alcohol,
chloroform and acetone, has optical activity (in solution)
and optical anisotropy (in melts). Depending on the
conditions of phase separation (temperature gradient,
cooling rate, substrate structure, solvent, and
precipitating medium), it is characterized by a variety of
morphostructures formed in this process. For example,
ring-shaped spherulites are formed during thermally
induced crystallization from a melt in an air atmosphere,
in which acicular crystals (whiskers) of L-menthol self-
organize into radially oriented periodic regions with high
and low densities of the solid phase of the substance, or
non-banded continuous spherulites, consisting of densely
packed lamellar crystals [15]. Such rhythmic
crystallization could be due to the chirality of
L-menthol [16], as well as nonlinear diffusion of the
substance during mass transfer [17,18] and the
“unbalanced” surface energy of the system [19]. During
thermally induced crystallization in an agqueous medium
(antisolvent), the phase transition from the liquid-liquid
region to the solid-liquid one is accompanied by the
formation of the stable a-polymorphic form of
L-menthol [20, 21]. When dispersing an L-menthol
solution in ethanol or chloroform into an aqueous
medium, a phase separation of the liquid—liquid type is
observed with the formation of an oil-in-water emulsion,
whose dispersed phase is represented by nano- and
microscopic drops of the hydrophobic
component [22—24]. The liquid-liquid type of phase
separation was successfully used for the encapsulation of
L-menthol into nano- and microcapsules made of
chitosan (solutions in CH3COOH and additional cross-
linking of the polymer with Na tripolyphosphate) [25],
the vegetable protein zein [23], or polycaprolactone [24]
were used, and specific thermally induced crystallization
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with no use of any organic solvent was successfully used
for the encapsulation of L-menthol into monodisperse
spherical micro- and macroparticles [20], thus ensuring
stabilization, controlled delivery and release of this
substance. The use of L-menthol as an initiator of
multiepitaxial oriented crystallization (liquid-phase
epitaxy) made it possible to obtain ordered and aligned
poly-lactic-co-glycolic acid nanofibers for tissue
engineering scaffolds and neural interface systems [22].

L-menthol has low toxicity for humans [26, 27]. In
addition to well-known cooling properties and a
characteristic minty odor, L-menthol exhibits anesthetic,
antibacterial, antitumor and immunomodulatory effects,
and is also an effective agent for transdermal drug
transport [22, 28]. It has also demonstrated the ability to
act as an inhibitory molecule on voltage-gated channels
which significantly affect the neurotransmission
functions of a living organism and gene expression in
various cell types [29]. Based on the above properties and
taking into account the molecular chirality and variety of
supramolecular chiral symmetries formed under varying
crystallization conditions, L-menthol can be considered
as a model biosystem for studying the stereospecificity of
the chiral polymeric materials developed. In particular,
we considered L-menthol to be suitable for studying the
decay kinetics of optical anisotropy intensity during
phase separation of this substance in a chiral aqueous
medium based on the optically and biologically active
chitosan L- and D-aspartate. This process mimics liquid-
phase  separation  during intracellular  signal
transduction [30, 31].

We have previously found that the interaction of an
aqueous solution of chitosan ascorbate and an L-menthol
solution in ethyl alcohol or its mixture with acetone is
accompanied by crystalline phase separation of the
mixture system to form anisodiametric fibrillar entities in
the case of CS in L-AscA, which exhibit pronounced
optical anisotropy in polarized light, or densely packed
confocal domains of a shape close to spherical in the case
of CS in D-AscA [5, 6]. In this work, we will consider
features of the crystallization of the L-menthol + ethanol
system in an aqueous solution of CS in L- and D-AspA.

2 Materials and Methods

The following reagents were used: chitosan
hydrochloride with a viscosity average molecular weight

Mn =38 kDa (CS-38), a degree of deacetylation

DD =80 mol %, and chitosan with ]\_/In =200 kDa

(CS-200), DD =82 mol % (Bioprogress Ltd., RF);
L-AspA (JSC Bioamid, RF); D-AspA (Vekton Ltd., RF);
L-menthol with a 99% basic substance (Alfa Aesar,
Heysham, Lancs, UK); 95% ethyl alcohol (RFK Corp.,
Orel, RF); and distilled water. All reagents were chemical
grade and used without further purification.

To prepare solutions of chitosan L- and
D-asparaginate, weighed portions of CS, L- and D-AspA
powders were dissolved in distilled water under stirring
on a magnetic stirrer at 50 °C for 3 h. The concentration
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of CS was varied in the range of 0.3-0.8 g/dL, those of
L- and D-AspA were varied within 0.2-0.6 g/dL. Since
the protonation degree of -NH; groups of CS upon its
dissolution in an aqueous AspA solution does not exceed
0.8-0.9 [32], the molar ratio
[AspA]/[--NHz] = 0.85-0.95 mol/monomol was
observed in the preparation of solutions to eliminate the
influence of unbound acid. A solution of L-menthol with
a concentration of 2.5 g/dL was prepared by dissolving a
sample of air-dry L-menthol in 95% ethyl alcohol for
24 h,

Surface tension was measured on a K20 automatic
tensiometer (KRUSS GmbH, Germany) using the
Wilhelmy plate method at 25 °C.

To explore the kinetics of phase separation, 3 ml of
an aqueous solution of CS in L-(D-)AspA was poured
into a Petri dish 3 cm in diameter, and 1.5 ml of an
ethanolic L-menthol solution was added dropwise onto
the surface of the liquid medium with an automatic
dispenser without stirring the system. The Petri dish was
covered with a cover slip and left under static conditions
in an air atmosphere at a temperature of 22 +2 °C for
24 h. The phase separation process was considered
complete if there were no changes in both the size and
morphostructure of the condensed phase and the
disappearance of any birefringence effect.

The kinetics of phase separation was observed both
visually and on a LaboPol-2 (RF) polarization
microscope (PM) with the polarizer and analyzer crossed.
A halogen lamp (12 V, 30 W) served as the light source.
PM-photos were obtained by a DMC 300 (3 Mpx) USB
camera (Hangzhou, China). The size of the forming
phases (droplets and solid-phase particles) was measured
using the scale of an eyepiece micrometer with a division
value of 0.01 mm. The effective diameter was taken as
the size of droplets and particles with shapes close to
spherical, while the largest characteristic effective
diameter (largest transverse size) was taken as the size of
particles with a noticeably different from spherical shape.

The morphology of the air-dry condensed phase of
L-menthol isolated at the final stage of phase separation
was evaluated by scanning electron microscopy (SEM)
on a MIRAWLMU scanning electron microscope (Czech
Republic) at a voltage of 15 kV and a conductive current
of 400 pA. The sample preparation was carried out as
follows: the liquid phase was removed from the Petri dish
with a plastic pipette, the remaining condensed phase was
dried in air at 22 & 2°C for 24 h until the formation of an
air-dry state of the substance, then the resulting object
was fixed on a standard aluminum table of an electronic
microscope with plastic tweezers and deposited a gold
layer 5nm thick using a K450X Carbon Coater
(Germany).

3 Results and Discussion

Studying L-menthol crystallization in an optically active
aqueous medium, we discovered a new feature of the
phase separation of this substance (not having noted by
other authors), which consists in a combination of two
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types of phase separation, namely: liquid—liquid and
liquid—crystal. After applying the ethanolic L-menthol
solution to the surface of the aqueous solution of CS
L- and D-aspartate, the spontaneous dispersion of the
hydrophobic weakly polar component in the aqueous
medium begins almost immediately to form a direct oil-
in-water microemulsion. The liquid-liquid phase
separation proceeds very intensively and visually
resembles the process of water seething, just without a
characteristic sound background. Subsequently, the
process of coalescence of microdroplets proceeds, and
crystallization of the optically active low-molecular-
weight substance proceeds in the macrodroplets of the
dispersed phase. Table 1 gives PM-photos and the size of
droplets and particles formed during the phase separation
of L-menthol in the solutions of CS-38(-200) in L- and
D-AspA.

Consider the kinetics of the phase formation process
of the L-menthol + ethanol system in an aqueous solution
of chitosan L- and D-aspartate. At the initial stage of
phase separation (2-5 min after the start of the
experiment), drops of the alcoholic menthol solution,
which have microscopic dimensions and are initially
isotropic, increase up to millimeter sizes due to Brownian
aggregation of particles and acquire birefringence. When
observed in a polarizing optical microscope through a
system of crossed polarizers, it is clearly seen that phase-
separated optically anisotropic macrodroplets of the oil
phase are characterized by a ring ordering of the
substance with a radial orientation of multi-colored
texture patterns (anisotropic periodic spherulites),
Maltese-cross textures are also observed, which indicates
the beginning of L-menthol crystallization. With an
increase in the concentration of CS : AspA components
in the antisolvent liquid phase, the phase formation rate
increases, and the droplet size decreases, which may be
due to the superposition of the effects of increased
viscosity of the polymer solution with a simultaneous
decrease in the protonation degree of its -NH;
groups [32].

At the next stage of the phase separation of the system
(5-30 min), the macrodroplets of the dispersed phase
(hydrophobic in nature) are separated from the dispersion
medium (not only by PM, but also visually) and
L-menthol crystallization continues therein to form
spherical or owvoid solids particles of non-banded
spherulite morphology, consisting of densely packed
whiskers. In some cases, coalescence of such particles
and individual whiskers into larger supramolecular
formations is observed (see photo (r), (t), and (v) in
Table 1) and even their coalescence into a continuous
optically anisotropic crystalline phase (photo (x) in Table
1). Inthis case, birefringence attenuation is observed, and
the effect of optical anisotropy disappears after 24 h,
which is expressed in the disappearance of the color
effect of the glow of objects. The molecular weight of CS
has little effect on the morphostructure of liquid-like oily
droplets and aggregates of L-menthol whiskers, but its
increase raises the phase separation rate, the density and
thickness of the condensed phase.
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Table 1 PM photos of the extraction crystallization stages of an ethanolic L-menthol solution in aqueous CS solutions in
L- and D-AspA with varying concentrations of CS : AspA, magnification x40. The range of effective diameter (min—max)
of droplets and particles formed is indicated under the photos.

PM-photos and droplet/particle size (mm)

CS - L-AspA CS - D-AspA

Concentration
CS: AspA Extraction crystallization time (min)

(g/dL : g/dL)

0.3:0.2

06:04

0.8:0.6

()0.2-0.8

03:0.2

06:04

[ 9.‘- i
; y Rt
i o

0 0530

(s) 2.0-4.5 (t) 3.0-7.0

J of Biomedical Photonics & Eng 9(1) 2023 010305-4 27 Feb 2023 © J-BPE



A.B. Shipovskaya et al.: Features of L-Menthol Crystallization in...

0.8:0.6

(u) 0.05-0.1

According to the phase diagram [23], intensive
dispersion of the ethanolic L-menthol solution in the
achiral aqueous medium results in liquid phase
separation to form an emulsion. Suspended emulsion
drops are unstable; they spontaneously coalesce over
time due to the system tending to a minimum of its free
energy by decreasing the phase interface, which leads to
the separation of the system into two liquid macrophases.
In the case of dispersion of the ethanolic L-menthol
solution in the chiral aqueous medium based on CS in
L- and D-AscA, solid-phase separation was fixed with
the precipitation of mixed polymorphic crystalline
CS-menthol modifications [5, 6]. Based on the above, the
phase separation of L-menthol in the chiral aqueous
medium based on CS in L- and D-AspA, combining
spontaneous liquid-phase (in the absence of convection
and mixing) and solid-phase (in the absence of a
temperature gradient) phase separation, is essentially
selective extraction crystallization of the chiral
low-molecular-weight substance: it was observed for the
first time for the objects studied. This process is probably
due to a significant difference in the surface energy of the
achiral and chiral aqueous media. For example, the
surface tension of H,O at 25 °C is 71.9 mN/m, while that
of CS solutions in L- and D-AspA at
CS:AspA=0.8:06 g/dL:g/dL are 47.1 and
43.4 mN/m, respectively.

It should also be noted the influence of the AspA
isomer on the formation rate of L-menthol micro- and
macroemulsions, as well as the size characteristics of the
droplets and particles formed. In the aqueous
CS - D-AspA-based medium, the rate of liquid-liquid
and liquid-solid phase separation is significantly higher
than in that on the basis of CS - L-AspA. The size of the
oily phase droplets and anisotropic crystalline particles is
also significantly higher during phase formation in the
CS - D-AspA medium. In the CS -L-AspA solution, the
crystallites of the dispersed phase almost do not
aggregate, forming only dendritic entities of non-banded
spherulites and primary structural elements (filamentous
whiskers), while in the CS - D-AspA medium (especially
at high concentrations of CS: AspA), the whiskers
coalesce into a compacted condensed phase, which is
confirmed by SEM.

As an example, Fig. 1 shows SEM photos of the air-
dry condensed phase isolated during the extraction
crystallization of L-menthol in the aqueous solution of
CS-200 in L- and D-AspA at the component
concentration of 06:04 g/dL : g/dL.
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Fig. 1 SEM photos of the condensed phase isolated
during the extraction crystallization of the ethanolic
L-menthol solution in the aqueous CS-200 solution in
L-AspA (a) and in D-AspA (b) at the concentration of
components CS-200 : L-(D-)AspA = 0.6: 0.4 g/dL : g/dL;
the scale mark, 200 pm.
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For ease of comparison, non-banded spherulites of
similar size were selected. Darker and lighter whiskers
correspond to high-density and low-density crystalline
packing, respectively, while extended dark bands,
matching the background color of the SEM photo,
correspond to an empty area (no crystals). As can be seen,
the crystallites are represented by the so-called leaky
radial configuration, when whiskers grow from one point
into a cone-shaped space and the angle between the main
axes of the growing whiskers is approximately 20—30°.
At the same time, the condensed L-menthol phase
obtained in the CS-200 - L-AspA medium is more loose
than that obtained in the CS-200 - D-AspA medium.

We should also dwell on the difference in
orientational ordering and supramolecular chirality of
non-banded crystal structures obtained in this work in an
optically active aqueous medium and in an achiral
aqueous medium in Ref. [15]. Non-banded L-menthol
spherulites during thermally induced phase separation (in
the absence of a liquid medium) are formed due to the
spatial growth of lamellar crystals or of whiskers during
extraction crystallization in a chiral agueous medium.
Lamellar spherulites have a twist-radial orientation, i.e.
spherical symmetry about the center, since the crystals
grow radially from a common center in the disk space and
twist along the radius of the spherulite. Acicular
spherulites of leaked radial orientation have no center of
symmetry due to the radial growth of crystals from a
common point in a conical space. Thus, acicular
spherulites, in addition to molecular chirality, exhibit
macroscopic chirality as well.

4 Conclusion

We have studied the decay kinetics of the intensity of the
optical anisotropy of the L-menthol + ethanol system at a
qualitative level during its phase separation in an aqueous
solution of L- and D-chitosan aspartate. We emphasize
once again that this process proceeds spontaneously
according to the extraction crystallization mechanism
and combines two types of phase separation, namely:
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at the initial stage of phase separation and phase
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CS - D-AspA medium, in contrast to CS - L-AspA, larger
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crystals are formed, which coalesce in time into a
continuous optically anisotropic condensed phase. With
an increase in the CS : L-(D-)AspA concentration and the
molecular weight of the polymer, the rate of phase
separation increases.

The results obtained open up extremely interesting
practical applications. It is expected that aqueous CS
solutions in L- or D-AspA can be used to encapsulate not
only L-menthol, but also other hydrophobic drugs into
microcapsules and microparticles, as well as to design
new types of chirooptic waveguides and biomedical
sensors. In addition, since biochemical reactions inside
cells proceed in the limited spaces of both classical
membrane and non-membrane organelles (cell bodies in
the form of a liquid drop formed as a result of the liquid—
liquid phase separation [30, 31]), the hydroalcoholic
CS - L-(D-)AspA + L-menthol system could be very
useful for studying the fundamental principles of
intracellular communication and regulation in both
physiological and pathological cellular processes.

Disclosures
All authors declare that there is no conflict of interests in
this paper.

Acknowledgements

The study was supported by a grant from the Russian
Science Foundation Ne 22-23-00320,
https://rscf.ru/project/22-23-00320/.

1.

M. Mabrouk, S. F. Hammad, A. A. Abdella, and F. R. Mansour, “Enantioselective chitosan-based racemic ketoprofen
imprinted polymer: chiral recognition and resolution studym,” International Journal of Biological Macromolecules
200, 327-334 (2022).

C. Liu, C. Dong, S. Liu, Y. Yang, and Z. Zhang, “Multiple chiroptical switches and logic circuit based on salicyl-

X. Dou, N. Mehwish, C. Zhao, J. Liu, C. Xing, and C. Feng, “Supramolecular hydrogels with tunable chirality for
L. Xu, Y. A. Huang, Q. J. Zhu, and C. Ye, “Chitosan in molecularly-imprinted polymers: Current and future

A. B. Shipovskaya, O. N. Malinkina, N. O. Gegel, I. V. Zudina, and T. N. Lugovitskaya, “Structure and properties
of chitosan salt complexes with ascorbic acid diastereomers,” Russian Chemical Bulletin 70(9), 1765-1774 (2021).

2.
imine-chitosan hydrogel,” Carbohydrate Polymers 257, 117534 (2021).
3.
promising biomedical applications,” Accounts of Chemical Research 53(4), 852-862 (2020).
4,
prospects,” International Journal of Molecular Sciences 16(8), 18328-18347 (2015).
5.
6.

J of Biomedical Photonics & Eng 9(1) 2023

N. O. Gegel, Yu. Yu. Zhuravleva, A. B. Shipovskaya, O. N. Malinkina, and 1. V. Zudina, “Influence of chitosan
ascorbate chirality on the gelation kinetics and properties of silicon-chitosan-containing glycerohydrogels,” Polymers
10(3), 259-275 (2018).

010305-6 27 Feb 2023 © J-BPE


https://doi.org/10.1016/j.ijbiomac.2021.12.167
https://doi.org/10.1016/j.ijbiomac.2021.12.167
https://doi.org/10.1016/j.carbpol.2020.117534
https://doi.org/10.1016/j.carbpol.2020.117534
https://doi.org/10.1021/acs.accounts.0c00012
https://doi.org/10.1021/acs.accounts.0c00012
https://doi.org/10.3390/ijms160818328
https://doi.org/10.3390/ijms160818328
https://doi.org/10.1007/s11172-021-3281-5
https://doi.org/10.1007/s11172-021-3281-5
https://doi.org/10.3390/polym10030259
https://doi.org/10.3390/polym10030259

A.B. Shipovskaya et al.: Features of L-Menthol Crystallization in... doi: 10.18287/JBPE23.09.010305

7.

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

A. B. Shipovskaya, N. O. Gegel, X. M. Shipenok, O. S. Ushakova, T. N. Lugovitskaya, and I. V. Zudina, “Structure,
properties and biological activity of chitosan salts with L- and D-aspartic acid,” Biology and Life Sciences Forum
20(1), 5 (2022).

V. A. Tverdislov, L. V. Yakovenko, and A. A. Zhavoronkov, “Chirality as a problem of biochemical physics,”
Russian Chemical Journal LI(1), 13-22 (2007) [in Russian].

A. D’Aniello, “D-aspartic acid: an endogenous amino acid with an important neuroendocrine role,” Brain Research
Reviews 53(2), 215234 (2007).

S. C. Zapico, D. H. Ubelaker, and J. Adserias-Garriga, “Applications of physiological bases of aging to forensic
science,” Chapter 13 in Forensic Science and Humanitarian Action: Interacting with the Dead and the Living, R. C.
Parra, S. C. Zapico, and D. H. Ubelaker (Eds.), John Wiley & Sons Ltd., New York, 183-197 (2020).

J. Pato¢ka, Z. Navratilova, “D-serin: Od kuriézni molekuly k potencialnimu psychofarmaku [D-serine: from curiosity
molecule to potential psychopharmaceutical],” Psychiatry 23(3), 142-147 (2019).

A. Gonzalez-Sarrias, M. A. Nufiez-Sanchez, R. Garcia-Villalba, F. A. Tomas-Barberan, and J. C. Espin,
“Antiproliferative activity of the ellagic acid-derived gut microbiota isourolithin A and comparison with its urolithin
A isomer: the role of cell metabolism,” European Journal of Nutrition 56(2), 831-841 (2017).

E. Adaligil, K. Patil, M. Rodenstein, and K. Kumar, “Discovery of peptide antibiotics composed of D-amino acids,”
ACS Chemical Biology 14(7), 1498-1506 (2019).

R. Kumar, N. Singh, A. Chauhan, M. Kumar, R. S. Bhatta, and S. K. Singh, “Mycobacterium tuberculosis survival
and biofilm formation studies: effect of D-amino acids, D-cycloserine and its components,” Journal of Antibiotics
75, 472-479 (2022).

T. Kovacs, R. Sziics, G. Hollo, Z. Zuba, J. Molnar, H. K. Christenson, and I. Lagzi, “Self-assembly of chiral menthol
molecules from a liquid film into ring-banded spherulites,” Crystal Growth & Design 19(7), 4063—4069 (2019).

A. G. Shtukenberg, Y. O. Punin, A. Gujral, and B. Kahr, “Growth actuated bending and twisting of single crystals,”
Angewandte Chemie International Edition 53(3), 672—699 (2014).

H.-F. Wang, C.-H. Chiang, W.-C. Hsu, T. Wen, W.-T. Chuang, B. Lotz, M.-C. Li, and R.-M. Ho, “Handedness of
twisted lamella in banded spherulite of chiral polylactides and their blends,” Macromolecules 50, 5466—5475 (2017).
T. Kyu, H. W. Chiu, A. J. Guenthner, Y. Okabe, H. Saito, and T. Inoue, “Rhythmic growth of target and spiral
spherulites of crystalline polymer blends,” Physical Review Letters 83(14), 2749-2752 (1999).

J. Xu, H. S. Ye, Zhang, and B. Guo, “Organization of twisting lamellar crystals in birefringent banded polymer
spherulites: a mini-review,” Crystals 7(8), 241-251 (2017).

M. Sun, S. Du, W. Tang, L. Jia, and J. Gong, “Design of spherical crystallization for drugs based on thermal-induced
liquid-liquid phase separation: case studies of water-insoluble drugs,” Industrial & Engineering Chemistry Research
58(44), 20401-20411 (2019).

I. De Albuquerque, M. Mazzotti, “Influence of liquid-liquid phase separation on the crystallization of L -Menthol
from water,” Chemical Engineering & Technology 40(7), 1339-1346 (2017).

E. Betz-Giittner, M. Righi, S. Micera, and A. Fraleoni-Morgera, “Directional growth of cm-long PLGA nanofibers
by a simple and fast wet-processing method,” Materials 15(2), 687 (2022).

S. Kim, S. C. Peterson, “Optimal conditions for the encapsulation of menthol into zein nanoparticles,” LWT 144,
111213 (2021).

A. Ferri, N. Kumari, R. Peila, and A. A. Barresi, “Production of menthol-loaded nanoparticles by solvent
displacement,” Canadian Journal of Chemical Engineering 95(9), 1690-1706 (2017).

R. Nuisin, J. Krongsin, S. Noppakundilograt, and S. Kiatkamjornwong, “Microencapsulation of menthol by
crosslinked chitosan via porous glass membrane emulsification technique and their controlled release properties,”
Journal of Microencapsulation 30(5), 498-509 (2013).

A. M. Api, D. Belsito, D. Botelho, D. Browne, M. Bruze, G.A. Burton Jr., J. Buschmann, M.L. Dagli, M. Date, W.
Dekant, C. Deodhar, M. Francis, A.D. Fryer, K. Joshi, S. La Cava, A. Lapczynski, D.C. Liebler, D. O’Brien, R.
Parakhia, A. Patel, T. M. Penning, G. Ritacco, J. Romine, D. Salvito, T. W. Schultz, I. G. Sipes, Y. Thakkar, E. H.
Theophilus, A. K. Tiethof, Y. Tokura, S. Tsang, and J. Wahler, “RIFM fragrance ingredient safety assessment,
menthyl isovalerate CAS registry number 16409-46-4,” Food and Chemical Toxicology 110, S486—-S495 (2017).

H. K. Vaddi, P. C. Ho, Y. W. Chan, and S. Y. Chan, “Terpenes in ethanol: haloperidol permeation and partition
through human skin and stratum corneum changes,” Journal of Controlled Release 81(1-2), 121-133 (2002).

G. P. P. Kamatou, I. Vermaak, A. M. Viljoen, and B. M. Lawrence, “Menthol: a simple monoterpene with remarkable
biological properties,” Phytochemistry 96, 15-25 (2013).

M. Oz, E. G. El Nebrisi, K. H. S. Yang, F. C. Howarth, and L. T. Al Kury, “Cellular and molecular targets of menthol
actions,” Frontiers in Pharmacology 8, 472 (2017).

S. V. Nesterov, N. S. Ilyinsky, and V. N. Uversky, “Liquid-liquid phase separation as a common organizing principle
of intracellular space and biomembranes providing dynamic adaptive responses,” Biochimica et Biophysica Acta —
Molecular Cell Research 1868(11), 119102 (2021).

D. M. Mitrea, R. W. Kriwacki, “Phase separation in biology; functional organization of a higher order,” Cell
Communication and Signaling 14, 1 (2016).

J of Biomedical Photonics & Eng 9(1) 2023 010305-7 27 Feb 2023 © J-BPE


https://doi.org/10.3390/IECBM2022-13399
https://doi.org/10.3390/IECBM2022-13399
https://cyberleninka.ru/article/n/hiralnost-kak-problema-biohimicheskoy-fiziki/viewer
https://doi.org/10.1016/j.brainresrev.2006.08.005
https://doi.org/10.1002/9781119482062.ch13
https://doi.org/10.1002/9781119482062.ch13
https://www.researchgate.net/publication/335014412
https://www.researchgate.net/publication/335014412
https://doi.org/10.1007/s00394-015-1131-7
https://doi.org/10.1007/s00394-015-1131-7
https://doi.org/10.1021/acschembio.9b00234
https://doi.org/10.1038/s41429-022-00534-6
https://doi.org/10.1038/s41429-022-00534-6
https://doi.org/10.1021/acs.cgd.9b00465
https://doi.org/10.1021/acs.cgd.9b00465
https://doi.org/10.1002/anie.201301223
https://doi.org/10.1021/acs.macromol.7b00318
https://doi.org/10.1021/acs.macromol.7b00318
https://doi.org/10.1103/PhysRevLett.83.2749
https://doi.org/10.1103/PhysRevLett.83.2749
https://doi.org/10.3390/cryst7080241
https://doi.org/10.3390/cryst7080241
https://doi.org/10.1021/acs.iecr.9b03795
https://doi.org/10.1021/acs.iecr.9b03795
https://doi.org/10.1002/ceat.201700032
https://doi.org/10.1002/ceat.201700032
https://doi.org/10.3390/ma15020687
https://doi.org/10.3390/ma15020687
https://doi.org/10.1016/j.lwt.2021.111213
https://doi.org/10.1002/cjce.22867
https://doi.org/10.1002/cjce.22867
https://doi.org/10.3109/02652048.2012.758179
https://doi.org/10.3109/02652048.2012.758179
https://doi.org/10.1016/j.fct.2017.09.035
https://doi.org/10.1016/j.fct.2017.09.035
https://doi.org/10.1016/S0168-3659(02)00057-3
https://doi.org/10.1016/S0168-3659(02)00057-3
https://doi.org/10.1016/j.phytochem.2013.08.005
https://doi.org/10.1016/j.phytochem.2013.08.005
https://doi.org/10.3389/fphar.2017.00472
https://doi.org/10.3389/fphar.2017.00472
https://doi.org/10.1016/j.bbamcr.2021.119102
https://doi.org/10.1016/j.bbamcr.2021.119102
https://doi.org/10.1186/s12964-015-0125-7

A.B. Shipovskaya et al.: Features of L-Menthol Crystallization in... doi: 10.18287/JBPE23.09.010305

32. T. N. Lugovitskaya, A. B. Shipovskaya, S. L. Shmakov, and X. M. Shipenok, “Formation, structure, properties of

chitosan aspartate and metastable state of its solutions for obtaining nanoparticles,” Carbohydrate Polymers 277,
118773 (2022).

J of Biomedical Photonics & Eng 9(1) 2023 010305-8 27 Feb 2023 © J-BPE


https://doi.org/10.1016/j.carbpol.2021.118773
https://doi.org/10.1016/j.carbpol.2021.118773

M. Kirillin et al.: Multicentral Agent-Based Model of Four Waves of... doi: 10.18287/JBPE23.09.010306

Multicentral Agent-Based Model of Four Waves of
COVID-19 Spreading in Nizhny Novgorod Region
of Russian Federation

Mikhail Kirillin?, Aleksandr Khilov'*, Valeriya Perekatova!, Ekaterina Sergeeva?, Daria Kurakina?,
llya Fiks?, Nikolay Saperkin'2, Ming Tang3, Yong Zou3, Elbert Macau®, and Efim Pelinovsky'”
Institute of Applied Physics RAS, 46 Ul’'yanov str., Nizhny Novgorod 603950, Russia

2Privolzhsky Research Medical University, 10/1 Minin and Pozharsky sq., Nizhny Novgorod 603950, Russia

3School of Physics and Electronic Science, 3663 N. Zhongshan rd., Shanghai 200062, China

4|nstituto de Ciéncias e Tecnologia, Universidade Federal de S3o Paulo, R. Sena Madureira, 1500 — Vila Clementino,
Sdo Paulo 04021-001, Brasil

5National Research University — Higher School of Economics, 25/12 Bolshaya Pecherskaya str.,

Nizhny Novgorod 603155, Russia

*e-mail: alhil@inbox.ru

Abstract. To study the characteristics of the spread of the COVID-19 pandemic
and introduce timely and effective measures, there is a need for models that
can predict the impact of various restrictive factors on COVID-19 disease
dynamics. In this regard, it seems expedient to employ agent-based models
that can take into account various characteristics of the population (for
example, age distribution and social activity) and restrictive measures, testing,
etc., as well as random factors that are usually omitted in traditionally used
modifications of Susceptible-Infected-Recovered (SIR) type models. This
paper presents the development of the previously proposed agent model for
numerical simulation of the spread of COVID-19, namely, the transition from a
single-center model, in which all agents interact within one common pool, to a
multi-center model, in which the agents under consideration are distributed
over several centers of interactions, and are also redistributed over time to
other pools. This model allows us to more accurately simulate the epidemic
dynamic within one region, when the patient zero usually arrives at the
regional center, after which the distribution chains capture the periphery of
the region due to pendulum migration. This paper demonstrates the
application of the developed model to analyze the epidemic spread in the
Nizhny Novgorod region of Russian Federation. Simulated dynamics of the
daily number of newly detected cases and COVID-19-associated deaths is in
good agreement with official statistics. Modeling results suggest that the actual
number of COVID-19 cases is 1.5-3 times higher than the number of reported
cases. The developed model also takes into account the process of vaccination.
It is shown that with the same modeling parameters, but without vaccination,
the third and fourth waves of the pandemic would be characterized by a
significant increase in the incidence and the formation of natural immunity,
but the number of deaths would exceed the real one by about 9 times.
© 2023 Journal of Biomedical Photonics & Engineering.

Keywords: Dynamics and control of epidemics; COVID-19; agent-based modeling.

Paper #3589 received 23 Jan 2023; revised manuscript received 13 Feb 2023; accepted for
publication 13 Feb 2023; published online 16 Mar 2023. doi: 10.18287/JBPE23.09.010306.

J of Biomedical Photonics & Eng 9(1) 2023 010306-1 16 Mar 2023 © J-BPE


mailto:alhil@inbox.ru
https://dx.doi.org/10.18287/JBPE23.09.010306

M. Kirillin et al.: Multicentral Agent-Based Model of Four Waves of...

1 Introduction

The COVID-19 pandemic has become a real global
challenge, which requires reliable methods for modeling
the epidemiological process in order to take timely
restrictive and preventive measures. Currently, there are
several classes of models used to calculate and predict the
spread of infections.

Logistic models operate with ordinary differential
equations of the first order. Despite their simplicity, such
models made it possible to obtain a very correct
description of the first wave of the spread of
COVID-19 [1]. Generalized logistic models make it
possible to take into account a power-law, rather than
exponential, increase in the number of cases [2, 3].
Methods of mathematical statistics and machine learning
make it possible to build regression [4] and network
models [5] of the spread of the disease.

More complex, so-called compartmental models are
based on systems of differential equations. In such
models, the population is divided into several groups. In
the classical SIR model proposed in Ref. [6], three
groups are distinguished, namely, susceptible (S),
infected (1), recovered (R), and the interaction between
them is described in terms of differential equations. In
more complex modern models, an even greater number
of groups are distinguished. In particular, exposed (E),
hospitalized (H), deceased (D), in critical state (C) and
others are added [7-9].

A significant drawback of the SIR model and its
modifications is the inability to take into account both
random factors in the epidemic dynamics and the
individual characteristics of specific people. In this
regard, to model the spread of an epidemic, it is rational
to use agent-based models. Within the framework of such
models, the entire population is considered as a set of
agents with a selected number of both constant and
variable characteristics that determine the strategy of
behavior and interaction with other agents in the
considered population. The characteristics of the disease
(incubation period, probability of infection, etc.),
restrictive and preventive measures (self-isolation, social
distancing, contact tracing, etc.) are also included as
parameters of the model. Agent-based models have
demonstrated their effectiveness in calculating the spread
of infection in a population of various sizes, for example,
among visitors to a supermarket [10], residents of a
relatively small [11] or large city [12], and an entire
country [13]. In Ref.[14], an agent-based model was
developed for modeling the spread of COVID-19 in
Russia, taking into account transport routes. The mean-
field-type game model is actually a combination of the
SIR model (or its modifications) and the agent model,
which take into account the rationality of agents: each
member of the population seeks to reduce the risk of
hospitalization and limit its economic consequences,
firms seek to maximize profits while reducing the risk of
exposing workers to the risk of infection, public
authorities seek to reduce the number of deaths based on
cost-effectiveness considerations [15].
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Within the framework of agent-based models, it is
assumed that all agents belonging to a certain group, for
example, an age group, behave in the same way. The
effectiveness of such models can be increased by
introducing new data, such as demographic or transport
data, and transition to the so-called multicenter agent
model, in which the population is considered as a set of
several separate pools of agents with different behavioral
characteristics. Thus, in Ref. [16], a simulation of the
spread of COVID-19 in several schools was performed,
taking into account, for example, kinship (brothers,
sisters) and friendships between students from various
educational institutions. The paper [17] considers four
Chinese cities with the interaction of agents both within
each of the cities and between them. The paper [14]
presents the country model like a combination of a city
models set and a matrix of population flows defined for
each day, considering different types of transport links.

The aim of this work is to develop the previously
proposed agent model [18, 19] to simulate the spread of
COVID-19 in various regions of the Russian Federation.
The development is associated with the transition to a
multicenter model, which allows considering a separate
region of the Russian Federation as a set of regions with
population movement between them, as well as taking
into account the vaccination process as one of the
measures to prevent the spread of the disease.

2 Materials and Methods

2.1 Multicentral Agent-Based COVID-19
Spread Model

The previously developed single-center agent-based
COVID-19 spread model with the Monte Carlo method
implementation is described in detail in Ref. [19]. Within
the framework of the proposed approach, a set of agents
I representing the population of the chosen region is
considered. Each agent a, € 9t is characterized by a set of
daily changing Boolean states (“alive”, “infected”,
“contagious”, “with symptoms of a disease”, etc.) that
determine its behavior (interaction with a common pool
of agents, self-isolation, etc.). The model presented in
Ref. [19] assumes that every agent interacts with all the
others, and the probability of spreading the disease is
determined by the total number of non-isolated agents.
Table 1 presents the main parameters of the previously
proposed single-center model.

In order to generalize the developed model to the
multi-center case, all agents from the common pool are
distributed among n. pools of smaller size, which
correspond to the districts of the region (regional center
and peripheral cities). The number of agents N; in each
i-th pool corresponds to the population of the i-th district
or city, and the total number of agents in these pools is
equaled to the population of the region N: N = Z?gl N;.
For each agent, the index i of its initial pool (i.e.
hometown or district) is stored. During the modeling a
certain percentage p; of agents aged from 18 to 65 in each
pool, excepting the population of regional center, receive
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M. Kirillin et al.: Multicentral Agent-Based Model of Four Waves of...

the binary status of “pendulum migrant”, which means
that they periodically move from native city to the
regional center for working purpose. The p: value
distribution by pools (districts of the region) is chosen
empirically, taking into account the distance of a
particular city/district from the regional center, while the
percentage of commuting migrants among the agents of
the general pool is 15%, which is consistent with
information available in open sources.

In the simulation, all agents that initially have the
“infected” status are assigned to the regional center, and
agents with the “pendulum migrant” status change their
pool to the regional center from Monday to Friday,
returning to the original pool on Saturday and Sunday.
Thus, the mechanism of spreading the disease from the
regional center to the entire region is implemented. This
assumption is consistent with the general trends in the
spread of imported epidemics, when the “patient zero”
usually appears in the regional center.

Population (thou. people)
3

doi: 10.18287/JBPE23.09.010306

Table 1 Values of main parameters employed for Nizhny
Novgorod Region in single-center model in paper [19].

Parameter Value
Probability of symptoms

. 4 0.3
manifestation
Daily death probability in critical 0.06-0.10
state
Average weekly number of agents
! 4.6
infested by a spreader
Probability of isolation decision for
agents with symptoms 0.5
manifestation
Self-isolation index 1.0-3.0
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Fig. 1 (a) Population of Nizhny Novgorod Region districts and cities included into modeling; (b) distance from chosen
district/city to regional center (Nizhny Novgorod); (c) distribution of agents with “pendulum migrant” status with the

respect to chosen districts/cities in modeling.
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2.2 Accounting for Vaccination in Modeling

For more precise modeling of the 3 and 4™ waves of the
spread of COVID-19, the ability to account for the
vaccination process was implemented into developed
model. For this purpose, data on partial vaccination of the
population in the Russian Federation from January 1,
2021 to December 31, 2021 was taken from open
sources [20]. The daily number of partially vaccinated
people N7*“ is calculated in proportion to the share of
the region population in the population of the country.

Following the nomenclature previously suggested in
Ref. [19], we introduce the additional Boolean state
“vaccinated” (an®) that is also set as ‘false’ (0) at the
initialization of the simulation for all agents.

In the simulation the vaccinated group B is
determined each simulation day in the following way:

B: R, (N, {an|h, = 18\P), 1)
where R, (j, ) is a random permutation of j elements
from set A: N*““ is the total number of vaccinated taken
at day i corresponding to the official statistics data; h,, is

2000 T T T
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= 1200 -
N e Official
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an agent age parameter; B is the group of agents, who are
unavailable for vaccination. The latter group contains
agents with states “symptomatic” (ctr®), “in critical state”
(on*), “dead” (awn®) or “positive test” (on):

PB: ({anla% = 1} U {anla;ll = 1} U
)

U {a,le =1} u{a,|ad = 1}).

On each simulation day agents from the vaccinated
group change the status to “vaccinated”:

= 1| a, €. (3)

For each vaccinated agent, the day of vaccination
t;%¢ is stored. After a period of vaccination and
antibodies formation T, equaled 42 days (21 days is the
interval between two stages of vaccination and 21 days is
the period of antibodies formation), the probability of
infection p;; for a vaccinated agent during the
interaction with a pool of other agents is artificially
reduced by 20 times (immunity formation). Duration of
immunity T; chosen in the model is 6 months.

50 . T r
——AD, SC b
AD;MC
* Official

40 -

30 A
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20
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0 T 1 f
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Fig. 2 Daily dynamics of (a) newly revealed (AQ;) and real total number of COVID-19 cases (Al;) and (b) COVID-19
associated deaths (AD;) in Nizhny Novgorod Region calculated in single-center (SC) and multi-central (MC) models
along with official data (Official). Simulation parameters: (c) Is — self-isolation index, d — fraction of tested agents with
symptoms, ac — tests sensitivity, Ncont — Nnumber of traced contacts, pq — death probability in critical state, (d) AV — daily

dynamics of vaccinated agents.
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2.3 Multicentral Modeling Parameters

Simulation of four waves of COVID-19 spread was
performed for Nizhny Novgorod region (N = 3.3-10°%)
and included the days from February 26, 2020 to
December 31, 2021. All parameters, including the
temporal characteristics of the disease and the prevalence
rate, the distribution of agents by age, the probability of
death of an agent in critical condition, etc. corresponds to
those previously used in modeling the first two waves of
the spread of COVID-19 [19], while for the 3™ and 4™
waves an empirical selection of parameters was
performed. The number of cities and districts in the
region n¢ is chosen to be 20 during simulation (smaller
administratively distinguished districts are combined
with neighboring larger ones). Fig.1 shows the
population of selected cities and districts of the Nizhny

400 T T T
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= AQ, Official - ]
300 -
g 200 +
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0 T T T
10.02.2020 10.08.2020 10.02.2021 10.08.2021 10.02.2022

AQ,
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Novgorod region, as well as their distance from the
regional center and a given percentage of commuting
migrants in them.

3 Results

Fig. 2 shows the dynamics of the spread of COVID-19 in
the Nizhny Novgorod region, calculated within the
framework of single- and multi-center agent models, as
well as the parameters used in the modeling: self-
isolation index (ls), the proportion of tested agents with
symptoms of the disease (d), test sensitivity (ac), the
number of tested contact agents (Ncont), the probability of
death of an agent in critical condition (pg). Similar to
Ref. [19], we simulate daily dynamics of daily newly
revealed COVID-19 cases (AQ;) which gave the positive
test result on a certain day, total number of daily new
cases including those that remain undetected (Al;), and
daily lethal COVID-19 associated cases (AD;).

As can be seen from Fig. 2, the total number of
detected cases of COVID-19 in the region is still in good
agreement with official statistics during the movement
from a single-center to a multicenter model.
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Fig. 3 Daily dynamics of newly revealed AQ; COVID-19 cases, calculated with multicenter (MC) model for (a) regional
center — Nizhny Novgorod, (b) Dzerzhinsk, and (c) Bor. Simulation parameters are similar to those in Figs. 2c, d.
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Fig. 4 Daily dynamics of newly revealed AQ; COVID-19 cases, calculated with multicenter model for (a) Dzerzhinsk and
(b) Nizhny Novgorod Region with different percentage p: of pendulum migrants along with official statistics data
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Fig. 5 Daily dynamics of (a) newly revealed (AQ;) and real total number of COVID-19 cases (Al;) and (b) COVID-19
associated deaths (AD;) in Nizhny Novgorod Region calculated with multi-central model with and without accounting for

vaccination.

The discrepancies between the curves for single- and
multicenter models are due to the fact that within the
framework of a single-center model, all agents
participating in the modeling are affected from the very
beginning, while in the case of a multicenter model,
infection begins from the regional center, where the
infection enters from outside the system under
consideration. The resulting model scenario shows that
some of the infected are not detected, and the total
number of infections exceeds the number of detected
cases by 1.5-3 times, and this ratio increases for later
waves.

Fig. 3 shows the dynamics of the spread of
COVID-19 in Nizhny Novgorod (regional center), as
well as the cities of Dzerzhinsk and Bor, calculated
within the multicenter model.

As can be seen from Fig. 3, during the first wave of
the spread of COVID-19 (spring-summer 2020), the
dynamics of newly detected cases is determined mainly
by Nizhny Novgorod (the regional center), while the
curves for regional cities show a characteristic peak
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around May. During the second  wave
(autumn 2020-winter 2021), the self-isolation index does
not reach the values of the first wave, and therefore there
is a significant increase in new cases detected in the
regions of the region, and the difference between them
becomes quite significant. A similar trend can be traced
in the case of the 3 and 4™ waves (spring 2021-
December 2021).

It should be noted that the difference between the
official statistics and simulated data for new cases for
certain districts and cities of the Nizhny Novgorod region
was not a minimization parameter of the model, but the
comparison shows a fairly good agreement between
simulated and official data.

Fig. 4 presents the results obtained in multicenter
model with a variation in the percentage of pendulum
migrants. The distribution of the percentage of pendulum
migrants in Fig. 1 is taken as the initial one; the caption
to Fig.4 shows the coefficient by which the
corresponding values are multiplied.
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As can be seen from Fig.4a, the developed
multicenter agent model provides an adequate estimation
of the spread of the disease in a particular city in the
region. The discrepancy between the simulation results
and official statistics is explained by the overestimated
number of agents in the pool corresponding to a
particular city in the framework of numerical simulation.
An increase in the fraction of pendulum migrants in a
particular city has a more significant impact during the
first wave of the pandemic compared to the second
(Fig. 4a), since restrictive measures are relaxed during
the second wave (Fig. 2c). At the same time, during the
first and second waves of the spread of COVID-19, an
increase in the percentage of pendulum migrants
expectedly leads to an increase in detected cases of the
disease in a particular city, but during the third and fourth
waves, an inverse relationship is observed. It is explained
by the fact that in the case of a lower percentage of
pendulum migrants, a significant part of infection
spreading the agents remain in their pools and interact
with the agents within it, and not with the rest. At the
same time, the total number of newly revealed cases
across the region is in good agreement with official
statistics for the region, both in the case of the base
percentage of commuters and for a much lower
percentage (Fig. 4b).

In order to analyze the impact of the vaccination
process on the spread of the disease, modeling was
performed with parameters corresponding to those
presented in Fig. 2c, but without vaccination of agents.
The results are presented in Fig.5 showing the
comparison of the daily numbers of total and detected
cases in scenarios with and without vaccination.

Fig. 5 clearly demonstrates the effectiveness of
vaccination of the population as a preventive measure in
the spread of the disease. It is shown that in the absence
of vaccination with the same parameters of the model, a
sharp increase in the incidence is observed, leading to the
formation of herd immunity by the beginning of 2022,
however, at the cost of high mortality (a difference of
about 9 times compared to the number of deaths during
the vaccination of the population). The significant
difference between the curves with and without
vaccination is due to the greatly relaxed restrictive
measures during the third and fourth waves of the spread
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of COVID-19 and the decrease in the number of contacts
traced (Fig. 2c).

4 Conclusion

The paper presents the enhancement of an agent-based
model that simulates the COVID-19 spread dynamics
using the Monte Carlo method. The developed
multicenter model considers a region as a set of separate
districts in which agents interact with each other while
the mechanism of interaction between districts described
through consideration of pendulum migration. The
proposed approach made it possible to simulate four
waves of the spread of COVID-19 in the Nizhny
Novgorod region and demonstrates good agreement with
official statistics. In the future, the model can be
improved by increasing the number of districts included
in the simulation, considering the travel of agents not
only from regional cities to the regional center, but also
between regional cities itself, and also taking into
account the different nature of restrictive measures in the
regional cities. For more correct modeling results, precise
information about the number of pendulum migrants in
specific cities/districts of the region is required.

The developed agent-based model also includes the
ability to account for the vaccination process during the
spread of infection. The results obtained for the dynamics
of newly detected and real total number of COVID-19
cases show that even with a significant weakening of
restrictive measures, vaccination of the population can
reduce the number of cases and COVID-19-associated
deaths by about 9 times, which clearly demonstrates the
need for vaccination and its effectiveness.
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Abstract. Previous studies have shown that intraoperative optical diagnostics
can be used to solve fundamental and applied problems in gynecology. Our
article presents results from experimental in vivo intraoperative
measurements of endogenous fluorescence and blood perfusion in various
sections of the uterus, myometrium, endometrium, myomas, and
pseudocapsule in female patients undergoing myomectomy. We found that
myomas have different blood supply and fluorescence level at wavelength
365 nm depending on their growth intensity and size, most likely due to
collagen accumulation in the extracellular matrix and changes in the vascular
architecture. The possibility of laser Doppler flowmetry to assess endometrial
perfusion is also demonstrated for investigating the effect of myomas of
different types on endometrial tissue blood supply. The results obtained can
be used to provide a better understanding of pathological processes in uterine
leiomyoma, thus helping physicians to choose treatment strategies.
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1 Introduction

Uterine leiomyoma (LM) ranks second among
gynecological pathologies and is the most common
benign tumor in both women of reproductive age and
perimenopausal women. The incidence of the disease is
reported to reach up to 70-80% of woman, depending on
the cohort studied and the methods of diagnosis [1-3].
Normally, the vascular network of the uterus has an
organized structure, and the myometrium has a large
number of capillaries to ensure adequate blood supply
during pregnancy [4,5]. LM is characterized by
overgrowth of myometrial smooth muscle cells
containing extracellular matrix components (fibronectin,
collagen, proteoglycan) [6]. During its growth, the
extracellular matrix forms a pseudocapsule around the
myoma, which separates it from the normal
myometrium [7].
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Laparoscopic myomectomy is a surgical treatment for
symptomatic LM. Despite uterine LM being one of the
most well-studied uterine diseases, and laparoscopic
myomectomy being a recognized treatment method, a
number of unresolved questions remain. The issues of
surgical tactics, including the need to preserve the
pseudocapsule when removing the myoma during the
laparoscopic intracapsular myomectomy [8], and the
development of substantiated medical grounds for
myomectomy in women with intramural myomas who
are planning pregnancy, remain important [9]. The
application of optical technologies, which are currently
being successfully introduced in minimally invasive
surgery [10-13], may help to solve some fundamental
and applied problems in gynecology.

Minimally invasive myomectomy techniques aim to
remove LM while preserving healthy uterus.
Postoperative vascularization of the myometrium is
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crucial for the regeneration of damaged tissue, and the
myoma pseudocapsule is hypothesized to play an
important role in this process. The removal of the
pseudocapsule during myomectomy can lead to a
decrease in neuropeptides and nerve fibers, and hence, to
poor physiological healing of the myometrium with
increased fibrosis due to hypoxia and ischemia [14].

To date, little data have been accumulated on
instrumental study of the blood supply in the
fibrovascular network surrounding LMs. A. Malvasi
et al. examined the structure of a pseudocapsule using
electron microscopy and concluded that this anatomical
structure contains a neurotransmitter-rich vascular
network like that of a neurovascular bundle [15].
Standard transvaginal ultrasound mapping of myomas
has demonstrated increased blood flow in the
pseudocapsule, which is described as a surrounding ring
containing clearly visualized vessels [16, 17]. Additional
information about the state of blood microcirculation in
the pseudocapsule and surrounding tissues can provide
new knowledge about the organization of blood supply
in this structure.

The search for new objective criteria for performing
myomectomies in patients planning pregnancy is of
current interest in practical gynecology. The necessity of
surgical treatment of intramural LMs in patients with
infertility who are planning pregnancy using assisted
reproductive technologies based solely on LM size
exceeding 4 cm in the absence of clinical manifestations
is a controversial issue [9]. A promising direction in
surgical treatment for women of reproductive age is the
development of new minimally invasive methods to
assess the impact of LM on reproductive function. One
indicator of the functional state of the endometrium is
whether or not it has an adequate blood supply. Among
the instrumental diagnostic methods to study blood flow,
there are existing results from Doppler studies of both
endometrial and sub-endometrial blood flow in patients
with intramural LMs. In particular, 3D power Doppler
parameters were observed to be similar in patients with
and without small intramural LMs [18].

Optical  diagnostic  methods  provide great
opportunities for the study of blood microcirculation and
metabolic processes in biological tissues. The method of
laser Doppler flowmetry (LDF) is based on measuring
the Doppler shift in the spectrum of the reflected laser
signal scattered by moving red blood cells. This
technology allows one to carry out a dynamic
quantitative assessment of perfusion in the microvascular
bed of various tissues. In gynecology LDF is recognized
as a highly sensitive method for measuring localized
endometrial perfusion [19-23]. The use of wavelet
transforms to analyze these LDF signals offers broad
diagnostic opportunities. This approach helps to evaluate
the contribution of individual microvascular bed
components to the modulation of blood flow in various
physiological and pathological processes [24, 25].

Fluorescence spectroscopy (FS) is based on the
excitation of fluorescence in biological tissues by UV or
visible light, with subsequent registration of the emitted
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radiation on a spectrometer (after passing through
appropriate filters). FS is widely used to assess the
condition of biological tissues in medicine, including
gynecology [26, 27]. The most prominent endogenous
fluorophores in biological systems are NADH, flavins,
collagen and elastin, porphyrin, etc.

Total fluorescence emission contains a lot of
diagnostically important information, since it represents
the sum of  contributions of  fluorophore
autofluorescence.

In the present study, we used optical techniques of FS
and LDF in two separate examinations to demonstrate
intraoperative assessments of perfusion and metabolic
characteristics of myometrium, myoma, pseudocapsule
and endometrium. The first examination was focused on
the study of myoma perfusion in women with rapidly
growing large-sized LMs and with slowly growing LMs
below 5 cm. The second examination evaluated the effect
of intramural and intramural-submucosal LMs on
endometrial perfusion and metabolic characteristics.

2 Methods and Materials

2.1 The System for Intraoperative Assessment
of Perfusion-Metabolic Changes in
Biological Tissues

Measurements were performed using a specially
designed fiber-optic system (Fig. 1), which implements
both FS and LDF methods and includes measurement
channels of the diagnostic complex “LAKK-M”
(SPE “LAZMA” Ltd, Russia) and a laparoscopic fiber-
optic probe (the main units were designed together with
SPE “LAZMA” Ltd, Russia) [10]. The probe has a 3 mm
diameter rigid part, which provides control and fixation
at the analysis point.

To record optical signals, the laparoscopic fiber-optic
probe was inserted into the pelvic cavity through the
instrumental channel.

In the LDF channel, tissues were probed by laser
radiation and subsequent registration of dynamic light
scattering at a wavelength of 1064 nm. The LDF
3.2.0.441 program (SPE “LAZMA” Ltd.) was used for
frequency analysis of the registered signals. This
program implements a continuous wavelet transform
using a complex Morlet wavelet as an analyzing wavelet.

In the FS channel, radiation sources with wavelengths
of 365 nm and 450 nm, respectively, can be used to excite
endogenous fluorescence of biomarkers. Fluorescence
spectra across the range of 350-820 nm are then recorded
by the spectrometer.

2.2 Study Protocol

The pilot experimental studies were carried out at the
Research Institute of Obstetrics, Gynecology and
Reproductology named after D.O. Ott (St. Petersburg,
Russia), and involved a total of 18 female patients.
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Laparoscopic
system

LED (365 nm)

Fig. 2 Monitoring of fiber-optic probe position during
intraoperative myometrial perfusion measurement by
LDF method.

The studies were performed as an additional diagnostic
procedure within a scheduled surgery and were approved
by the ethical committee of the Research Institute of
Obstetrics, Gynecology and Reproductology named after
D. O. Ott (minutes of the meeting No 110, June 10,
2021). The study site was chosen for each woman based
on the convenience of the main gynecological surgery.

Participants signed an informed consent indicating
their voluntary willingness to participate in the study.
LDF and FS signals were recorded in the tissues of the
endometrium, myometrium, myoma, and pseudocapsule.
The position of the fiber-optic probe was controlled via
the monitor on the laparoscopic rack (Fig. 2).

Fig. 3 shows the exemplary records of blood
perfusion signal, the corresponding wavelet spectra and
fluorescence spectra from the uterine LM.
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The duration of LDF signal recording was at least
1 min, to enable further selection of 60 s recordings
without motion artifacts. Blood microcirculation index
(Im, perfusion units, PU) was analyzed during the
experimental studies according to the standard technique
(Fig. 3a) [11, 25, 28]. Due to the limited duration of LDF
recordings, the time-averaged amplitude of blood flow
oscillations was estimated by the maximum values in
three frequency bands: myogenic (Am) range:
0.047-0.145 Hz, respiratory (Ar) range: 0.2-0.4 Hz, and
cardiac (Ac) range: 0.8-2 Hz, respectively (Fig. 3b) [24].

The FS channel was used to record fluorescence
spectra excited at a wavelength of 365 nm. Parameters
for analysis were the maximum fluorescence amplitudes
(I3s) in the range of 450-470 nm, normalized to the
intensity of backscattered excitation radiation (lseo),
respectively (lssonorm), associated with NADH and
collagen fluorophores (Fig. 3c) [29].

2.3 Examinations

2.3.1 Examination 1. Study of Perfusion and
Metabolic Changes in Myometrium,
Myoma and Pseudocapsule in Women with
Different Sizes and Intensities of Myoma
Growth Rate.

The study involved 8 women of reproductive age with
uterine LM diagnosed by pelvic ultrasonography.
Pregnant women, peri- and postmenopausal women
(cessation of menstruation for > 1 year), women with
endometriosis, adenomyosis or other pelvic neoplasms,
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Fig. 3 Exemplary blood perfusion record (a), the corresponding wavelet spectra (b), and fluorescence spectra (c) from the

uterine LM.

and patients with pelvic inflammatory diseases were
excluded. Two groups were defined based on the medical
history: group 1 — women with LMs of large size
(6-8 cm) and having rapid growth (more than 4 weeks of
conditional pregnancy per year); group 2 — patients with
smaller LMs (4-5 cm), abnormal uterine bleeding,
growth dynamics not exceeding 1 cm per year. LDF and
FS signals were recorded in myometrium, myoma, and
pseudocapsule tissues.

2.3.2 Examination 2. Effects of Intramural
and Intramural-Submucosal Myomas on
Endometrial Perfusion

Twenty patients with myomas of different types were
examined. Two groups were identified, based on the
location of myomas: group | — 10 patients with one or
several intramural-submucosal LMs not exceeding 5 cm
in size, type 2-3 according to FIGO (The International
Federation of Gynecology and Obstetrics) uterine
myoma classification; group Il — 10 patients with
intramural, intramural-subserosal LMs up to 5cm in
diameter, type 5-6 (FIGO). Exclusion criteria were
hypergonadotropic  ovarian insufficiency, chronic
endometritis, and prior history of endometrial
hyperproliferative disease. The studies were performed
on the 8-11 days of the menstrual cycle. LDF and FS
signals were recorded only in endometrial tissue.

2.4 Statistical Analysis

Statistical analysis was performed using Origin Pro
software (OriginLab Corporation). Hemodynamic
parameters and fluorescence intensities are shown as the
Me(Q1-Q3), where Me is the median, Q1 is the first
quartile, Q3 is the third quartile. Given the limited sample
size, the nonparametric Mann-Whitney U-test was
chosen for checking the reliability of statistical
differences in the results. The p-value of less than 0.05
was considered significant.

3 Results and Discussion

3.1 Examination 1. Study of Perfusion and
Metabolic Changes in Myometrium,
Myoma and Pseudocapsule in Women with
Different Sizes and Intensity of Myoma
Growth Rate.

The results are presented in Table 1. Group 1 — women
with large myomas of 6-8 ¢cm, with rapid growth (more
than 4 weeks of conditional pregnancy per year) are
designated as “11growth of myoma”; group 2 — patients
with myomas of 4-5 cm, with myoma growth not
exceeding 1 cm per year — “growth of myoma”.

Table 1 Hemodynamic parameters and fluorescence intensities of uterine tissues.

Parameter Group Im, PU Am, PU Ar, PU Ac, PU l460norm, AU
T1growth 5.1% 0.54* 0.51% 0.56* 0.49%
. of myoma  (3.4-6.8) (0450.73)  (0.32-0.80)  (0.39-0.83)  (0.48-0.49)
Myometrium == wth 9.3 1.03 121 122 0.30
of myoma  (9.2-9.3) (090-1.13)  (L12-1.60) (L06-127)  (0.27-0.32)
T1growth 3.2% 0.47% 0.39* 0.34* 0.60*
Mvorma of myoma  (2.3-3.8) (0.36-0.58)  (0.31-042)  (0.27-0.37)  (0.49-0.61)
y Tgrowth 7.0 0.76 0.76 0.75 0.25
of myoma  (6.4-7.8) (0.62-1.03)  (0.69-0.95)  (0.69-0.99)  (0.23-0.27)
T1growth 5.8 0.64 0.57* 052
of myoma  (4.9-6.0) (051-0.78)  (0.41-0.68)  (0.38-0.66) -
Pseudocapsule — 0 o h 7.9 0.83 0.84 0.76 7.9
of myoma  (7.0-8.2) (0.65-0.94)  (0.63-2.41)  (0.56-0.81) (7.0-8.2)
*p < 0.05.
J of Biomedical Photonics & Eng 9(1) 2023 010307-4 16 Mar 2023 © J-BPE
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Processing of the data showed that myometrial
blood microcirculation was a variable parameter in
both groups (5.1 [3.4-6.8] PU and 9.3 [9.2-9.3] PU
respectively). However, the level of myometrial
perfusion was significantly higher in the group with
slow—growing myomas. The high value of myometrial
blood microcirculation in group 2 and the amplitudes
of myogenic (1.03 [0.90-1.13] PU) and cardiac
(1.22 [1.06-1.27] PU) oscillations confirms the
assumption that the characteristic feature of uterine
blood circulation is the vasomotor nature of blood
movement through microvessels. At the same time,
intermittent blood flow in the uterine capillaries is
primarily due to changes in the tone of precapillary
sphincters [30]. The results also show that the mean
perfusion measured in the pseudocapsule was higher
in the group of “fgrowth of myoma” than in the
comparison group (5.8 [4.9-6.0] PU vs 7.9 [7.0-8.2] PU).
A similar pattern was observed in myomas:
3.2 [2.3-3.8] PU and 7.0 [6.4-7.8] PU, respectively.

Thus, opposite to the expectations that higher
perfusion would be observed in the group of patients
with rapidly growing myoma, we obtained the
opposite result. These findings may be explained as
follows. In the presence of triggering factors, the
increasing size of the LM may cause deformation or
even complete compression of the vessels of the
pseudocapsule feeding the LM. Unlike the normal
vascular network, which matures and stabilizes
rapidly, the blood vessels of myomas have structural
and functional characteristics. The vascular network of
LMs has a chaotic organization, with tortuosity and
increased vascular permeability. This means that once
LMs reach a certain size, their blood supply is
impaired to some extent, resulting in reduced
microcirculation [31]. Further studies including
Doppler sonography are needed to clarify the true
reasons for the higher level of blood microcirculation
in the group with slow-growing LMs.

For additional analysis, a portion of the results
from Table 1 were grouped together and presented as
a bar chart in Fig. 4.

Fig. 4a demonstrates that the pseudocapsule is
better supplied with blood than the myomas in both
groups, confirming evidence that this structure is the
vascular capsule surrounding the LM and providing its
nutrition [7, 32]. An interesting histopathological
feature of LMs is the difference in structure of their
vascular network compared with the adjacent
myometrium. Previous studies have shown that LMs
have lower vascular area and microvascular density
than adjacent myometrium [33-35]. It was long
believed that solid tumors require increased
microvascular density to support the growth of the
tumor mass. In the present study, no statistical
differences were found between the blood
microcirculation levels of LMs and the adjacent
myometrium, but Fig. 4a shows that the perfusion of
myomas is generally lower.
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Fig. 4 Indices of microcirculation (a) and fluorescence
intensity (b) of uterine tissues in the compared groups.

Of particular interest is the result that blood
microcirculation in the pseudocapsule of rapidly growing
LMs (“ttgrowth of myoma” group) significantly
exceeds the blood supply of the myoma itself
(5.8 [4.9-6.0] PU vs 3.2 [2.3-3.8] PU). When analyzing
FS channel data, we noticed that lssonorm fluorescence
signal increased in rapidly growing large LMs along with
decreased perfusion compared to the surrounding
myometrium (0.60 [0.49-0.61] AU S
0.49 [0.48-0.49] AU) (Fig. 4b). We associate this
observation with the fact that myomas in the rapid growth
group probably continue to enlarge as a result of both
increased myocyte proliferation and synthesis and
deposition of extracellular matrix [36]. Collagen from the
extracellular matrix can be present to varying degrees in
tumors of the compared groups. It is known that at the
late stages of development, collagen can account for 10—
50% of tumor mass of myomas, which exceeds the
content of collagenous component in
myometrium [37, 38]. In addition, there is an observation
that insufficient blood supply to the tumor itself develops
at this stage and this eventually leads to interstitial
ischemia [36]. This also corresponds to the greater
decrease in perfusion in the myoma compared to the
surrounding pseudocapsule in the group with large LMs
and rapid growth.
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Table 2 Hemodynamic parameters and endometrial fluorescence intensities depending on myoma type.

Parameter Im, PU Am, PU Ar, PU Ac, PU Lasonorm, AU
I group, 3.6* 0.3 0.2 0.4 0.45
type 2-3 (FIGO) [2.0-5.3] [0.3-0.4] [0.2-0.4] [0.2-0.6] [0.29-0.47]
11 group, 7.6 0.4 0.3 0.5 0.26
type 5-6 (FIGO) [6.0-8.6] [0.3-0.7] [0.2-0.5] [0.3-0.9] [0.23-0.34]
*p < 0.05.

Improvements in our knowledge of uterine tissue
blood microcirculation can play an important role in
understanding the role of the pseudocapsule as a distinct
anatomical and surgical structure, as well as in
understanding tumor growth processes, which will
further help to determine the correct treatment tactics for
patients with uterine LM.

3.2 Examination 2. Effects of Intramural and
Intramural-Submucosal Myomas on
Endometrial Perfusion

The results obtained by optical diagnostic methods are
summarized in Table 2.

Unfortunately, we cannot compare the endometrial
blood flow values given in Table 2 with those measured
by LDF in previous studies [19, 20], owing to the
differences in probes used and study protocols.

Processing of the obtained data showed a statistically
significant decrease of the microcirculation index in the
endometrial tissues in the group of patients with type
2-3 LMs (FIGO) of the uterine cavity (3.6 [2.0-5.3] PU
vs 7.6 [6.0-8.6] PU). There is a tendency towards
decreased oscillation amplitudes across all bands of
endometrial microcirculatory flow regulation, however
this did not reach statistical significance. Although the
LDF method is semi—quantitative and does not give
absolute values for blood flow, it can be used to perform
a qualitative assessment of endometrial
microhemodynamics.

When analyzing FS data, we noticed an increase in
the lasonorm Signal in group | patients compared to group
I patients: 0.45 [0.29-0.47] AU VS
0.26 [0.23-0.34] AU. It is known that in the proliferative
phase of the menstrual cycle (during which all patients
were studied), type VI collagen is abundantly present in
the endometrium [39]. We suggest that the increased
lsgonorm Signal may be related to abnormal collagen
accumulation in the extracellular matrix or to the
accumulation of NADH, associated with circulatory
insufficiency and the initial stages of hypoxia [40].

Women with unexplained infertility are known to
have impaired endometrial perfusion [41], implying that
an adequate blood supply to the endometrium is required
for implantation. Our results suggest that endometrial
blood perfusion in patients with LMs of the uterine cavity
is reduced and may be the cause of impaired receptivity.
Meanwhile, intramural LMs retain high endometrial
tissue perfusion. Thus, optical technologies are
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promising diagnostic methods for the analysis of
endometrial blood supply.

To date, there are conflicting reports that the
intramural localization of LM negatively affects fertility.
Physicians should have clear criteria to perform
myomectomy and to predict the effectiveness of surgical
treatment for uterine LMs. Surgery significantly
increases the risk of myoma recurrence and has
complications  associated with uterine  scarring.
Additional diagnostic information may help in choosing
a treatment strategy for LMs, including non-surgical
options [9].

4 Conclusion and Limitations

The described experimental studies confirm the
possibility of intraoperative tissue diagnostics through
optical methods of FS and LDF during myomectomy.
The introduction of these methods into endoscopic
gynecological surgery seems promising, extending the
capabilities of standard laparoscopy by allowing the
surgeon to obtain additional information about perfusion
and metabolic characteristics of uterine tissues.

These technologies still have some limitations. They
are spectroscopic methods providing single—point
measurements, which creates a potential source of error.
However, this measurement uncertainty can be
minimized by standardizing the location at which signals
are registered, and by performing multiple measurements
to gain average values.

An important limitation of the presented work is the
small number of patients included in each sample,
especially in Examination 1. The study requires further
data collection in order to form clinical guidelines. The
article aims to demonstrate the potential of multimodal
optical diagnostics during endoscopic procedures in
gynecology.

Another limitation of the study was the lack of a
control group. The composition of the control group was
limited by a number of problems, including ethical ones:
(1) itis impossible to perform laparoscopy in completely
healthy patients without any medical grounds;
(2) comparison with conditionally healthy myometrium
in patients undergoing diagnostic laparoscopy for
infertility can also be inaccurate, as most of them may be
diagnosed with  pathological changes in the
endometrium, hormonal disorders, or inflammatory
diseases of the pelvic organs; (3) if there are no visible
myomas, we cannot be sure that the patient does not have
adenomyosis, as there are currently no non-invasive
diagnostic methods that provide an accurate diagnosis.

16 Mar 2023 © J-BPE
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The research described is a pilot study. The data
obtained during this study indicate the need for its
extension. We suggest that further collection of data on
the blood supply to the pseudocapsule may provide
additional evidence to justify preserving this structure
and preferably performing a laparoscopic intracapsular
myomectomy. In our work, we also demonstrated that
type 5-6 (FIGO) myomas do not affect endometrial
microcirculation in the way that type 2-3 (FIGO)
myomas do. A subsequent study will look more closely
at patients with type 5-6 (FIGO) myomas checked by
Doppler sonography. The practical value will lie in the

doi: 10.18287/JBPE23.09.010307

development of more valid medical
myomectomy in this LM localization.
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Abstract. Gold nanobipyramids (Au NBPs) are nanostructures with narrow
plasmon resonances, which make them suitable for sensing applications. In
the present work, Au NBPs of different aspect ratios were synthesized using a
seed-mediated growth method by tuning the seed volume. The usual capping
molecule CTAB was replaced by 11-mercaptoundecanoic acid (11-MUA), and
the nanoparticle stability was studied. The 11-MUA capped NBPs were found
to be more stable compared to the CTAB capped NBPs. The bulk refractive
index sensitivities of all Au NBPs of CTAB and 11-MUA capped NBPs were
measured using sucrose solutions of different weight percentages (0-30%).
11-MUA capped Au NBPs showed better refractive index sensitivity than
CTAB capped Au NBPs. The NBPs of aspect ratio 3 showed maximum
sensitivity of 353 nm/RIU. © 2023 Journal of Biomedical Photonics &
Engineering.
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1 Introduction

The localized surface plasmon resonance (LSPR) is an
optical phenomenon observed in metal nanostructures
with dimensions much smaller than the wavelength of
light. The phenomenon appears due to the resonant
oscillation of the conduction electrons on the surface of
nanostructures [1, 2]. The band maxima in the LSPR
spectra are extremely sensitive to the refractive index
(RI) of the surrounding medium [1,2]. The RI
sensitivity of metal nanostructures forms the basis of
many cost-effective LSPR-based biosensors [1, 3].
Anisotropic nanoparticles are more suitable candidates
for sensing applications due to their large surface charge
polarizability and associated local field enhancement.
This enables the LSPR sensing of small molecules to
large biomolecules [4-7]. Several metal nanoparticles,
such as gold, silver, copper, and platinum, show
appreciable LSPR phenomena. However, nanoparticles
of gold and silver have absorption bands in the visible
spectral regions, making them widely used in sensing
applications. Gold nanoparticles are comparatively more
stable, biocompatible, and widely used in several
biomedical applications [8-11].

J of Biomedical Photonics & Eng 9(1) 2023
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Although the higher chemical and structural stability
of Au nanostructures over Ag nanostructures make them
preferable for LSPR sensing, the higher width of
plasmon bands appears to be a limiting factor for their
regular use. Among different shapes of gold
nanoparticles, gold nanobipyramids (Au NBPs) shows
narrow width of plasmon bands. Further, the
wavelength tunability of the longitudinal plasmon band
of Au NBPs is possible in the visible and near-IR
spectral region by tuning their length and aspect ratio.
The sharp edges in NBPs result in high field
enhancement, making them highly suitable for
biosensing applications [12, 13]. In the recent past, an
appreciable amount of work has been performed on the
synthesis of gold nanobipyramids. The bi-pyramidal
shape of Au nanoparticles was first reported by
Jana et al. [14]. Later, Liu and co-workers developed a
synthesis method using CTAB as a surfactant [15].
Other than CTAB, capping agents like PVP [16],
CTBAB [17], and sodium oleate as secondary
surfactant [18] were also used to synthesize NBPs.

In the recent past, we have worked on the synthesis
and evaluation of refractive index (RI) sensitivity of
silver [19-22] and gold nanostructures [23]. In
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continuation, here we report the synthesis and RI
sensitivity of Au nanobipyramids. The replacement of
cetyltrimethylammonium bromide (CTAB) in CTAB
capped Au NBPs by 11-mercaptoundecanoic acid
(11-MUA) is performed to improve the stability of the
Au NBPs. The RI sensitivity of CTAB and 11-MUA
capped Au NBPs were investigated using various
concentrations of sucrose. Compared to nanosphere and
nanorods, nanobipyramid shows better sensitivity and
higher figure-of-merit, making them more suitable for
LSPR-based sensing applications.

2 Materials and Methods

For the synthesis and conjugation of gold
nanobipyramids, hydrogen tetrachloroaurate  (I11)
hydrate  (HAuCle3H,0), cetyltrimethylammonium
chloride (CTAC), cetyltrimethylammonium bromide
(CTAB), 11-mercaptoundecanoic acid (11-MUA), nitric
acid (HNOsj), silver nitrate  (AgNOs), and
8-hydroquinoline (HQL) were procured from Sigma
Aldrich. L-ascorbic acid (AA) and sodium borohydride
(NaBH.) were purchased from Loba Chemie Pvt Ltd.
and Spectrochem, respectively. All the chemicals were
used as received.

3 Experimental Methods

3.1 Synthesis of Gold NBPs

Au NBPs were synthesized following the seed-mediated
method reported earlier by Chateau et al. [24]. For the
preparation of seed nanoparticles, 80 pL of 25 mM
HAUCI4 and 72 pL of 0.25 M HNO3 were added to 8mL
of 66 mM CTAC. The mixture was stirred at 1000 rpm
for a few minutes, and 100 uL of 50 mM NaBHi in
NaOH was added. The solution colour was changed to
brownish orange. After one minute of stirring, 60 puL of
0.1 M citric acid was added, and the seed solution was
heated at 85 °C for 1 h in a water bath.

The growth solution was prepared using 20 mL of
46.5 mM CTAB, 200 pL of 25 mM HAuCls, 165 pL of
5 mM AgNOgs, and 255 pL of 0.4 M ethanoic HQL.
Seed solutions of varying volumes (0.2, 1, and 1.6 mL)
were added in three 25 mL glass beakers. Then, 20 mL
of growth solution was added to each beaker and placed
in a hot-air oven set at 85 °C for 10 min.

3.2 Functionalization of Au NBP with 11-
Mercaptoundecanoic Acid

The functionalization of NBPs was performed using the
sodium borohydride method reported earlier [25].
Before functionalization, the excess precursors and
other reagents were removed from the NBPs by
centrifuging the colloidal solution at 8000 rpm for
15 min. The yellow supernatant was discarded, and the
residue was re-dispersed in 10 mM CTAB solution. For
functionalization, 1.5 mL of 100 mM NaBH,4 was added
to 15 mL of CTAB-capped NBPs. The solution was
kept undisturbed for one hour, and 800 uL of 10 mM
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11 MUA was added. After overnight incubation, the
excess of 11 MUA was removed from the colloidal
solution through centrifugation at 8000 rpm for 12 min.
The supernatant was discarded, and the NBPs were re-
dispersed in water.

3.3 Characterization of Au Nanobipyramids

The synthesized Au NBPs were characterized using
UV-Visible absorption spectroscopy and Field emission
scanning electron microscopy (FESEM). The absorption
spectra were recorded using our lab-built setup,
explained elsewhere [20]. The FESEM images of
Au NBPs were recorded in Carl Zeiss Gemini SEM 300
instrument. The FESEM samples were prepared by
immobilizing the NBPs on a glass coverslip using
(3-Aminopropyl) trimethoxysilane (APTMS). The
aspect ratio of NBPs were calculated using ImageJ
software [26].

1.4

UV-Vis. spectra of Au BNP

1.2 Seedvolume
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200 uL o o o
s © &
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: !

o
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Normalized absorbance (a.u
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1 1
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N
1
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Fig. 1 Normalized absorption spectra of Au NBPs
synthesized with different seed volumes.

4 Results and Discussions

4.1 Spectroscopic and Morphological
Characterization of Au NBP

The NBPs are assumed as two pentagonal twinned
bipyramids connected base to base. This structure forms
due to the controlled growth of penta-twinned CTAC-
capped seed particles in the growth solution. The
growth solution is made up of gold precursor,
stabilizing agent as CTAB, and shape directing agent as
silver nitrate. The adsorption of silver as silver bromide
on the surface of gold seeds leads to the anisotropic
growth. The HQL as a mild reducing agent, reduces the
reaction rate in the growth solution and favors the
formation of the  bipyramid  structure  of
nanoparticles [27, 28].

The gold NBPs synthesized by the seed-mediated
growth method [24] were characterized by UV-Vis
spectroscopy using the lab-built setup [20]. The
extinction spectra of Au NBP synthesized using seed
volumes 200 pL, 1, and 1.6 mL are shown in Fig. 1.
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Fig. 2 FESEM images of 11-MUA capped gold nanobipyramids synthesized using (a) 1.6, (b) 1.0, and (c) 0.2 mL of

seed volume.
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Fig. 3 Absorption spectra of NBPs as synthesized, after NaBH, treatment and after 11-MUA capping synthesized using

(a) 1.6, (b) 1.0, and (c) 0.2 mL seed volume.

As it can be seen in the figure, for all three NBPs,
two prominent features were observed, a transverse
plasmonic band due to the oscillation of electrons along
the short axis and a longitudinal plasmonic band due to
the oscillation of electrons along the long axis [17]. The
longitudinal plasmon band was observed towards the
higher wavelength, and the transverse plasmon band
towards the shorter wavelength. For seed volumes
200 pL, 1, and 1.6 mL, longitudinal plasmon bands
appear at 903, 752, and 684 nm, respectively, whereas
transverse band maxima were observed at the same
position at 530.6 nm. The position of the longitudinal
plasmon band towards longer wavelength signifies a
higher length and aspect ratio of the NBP. Therefore,
decreased seed volume resulted in longer NBP with a
higher aspect ratio. An increase in the seed volume
causes less availability of Au®* ions per seed, resulting
in a lower overall aspect ratio of NBPs [29]. The lower
aspect ratio is responsible for the observed blue shifts in
the longitudinal band position with an increase in the
seed volume. For seed volume of 200 upL, two
additional bands were seen at 572.8 and 727.9 nm. In a
recent work, it is reported that as the length of NBP
increases, the multipoles start appearing in the

extinction spectrum [30]. The additional band observed
at 572.8 nm could be due to the multipolar plasmon
resonances, whereas the band at 727.9 nm could be due
to a small number of by-products, such as gold
nanorods [17].

The FESEM images of synthesized Au NBP are
shown in Fig. 2. For imaging purpose, the NBPs were
immobilized on a glass coverslip  using
3-Aminopropyltrimethoxysilane (APTMS). As seen
from the FESEM images, at 1.6 mL of seed volume,
nanorice-shaped particles were formed (Fig. 2(a)). The
bipyramidal shape of nanoparticles was improved by
lowering the seed volume. More elongated bipyramids
are formed for 200 uL seed volume, as shown in
Fig. 2(c). The aspect ratios of these NBPs were
calculated using ImageJ software, and the obtained
aspect ratios were 2.0, 2.4, and 3, respectively.

4.2 Surface Functionalization and Stability of
NBPs

Although CTAB acts as a stabilizing agent for the
synthesized Au NBPs, a considerable blue shift in their
longitudinal peaks was observed with time. Also, the
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core of the nanoparticle is unapproachable for any
biomolecular interactions due to the thick CTAB
bilayers on the Au NBPs surface [31]. Therefore, CTAB
must be replaced with suitable stabilizing agents which
can retain the shape of the NBPs for a long time and
make them more suitable for bioconjugation. The ligand
exchange process using alkanethiol is a widely used
method for the surface functionalization of
nanoparticles [32]. While the alkanethiol, 11-MUA in
present case, interacts with the NBPs through -SH head
group, which has a strong affinity towards gold [13], the
terminal carboxylic group (-COOH) can be modified

doi: 10.18287/JBPE23.09.010308

method reported by He et al. for the Au nanorods [25].
In the process, the CTAB-capped NBPs were treated
with 50 mM NaBHa. The absorption spectra of NBPs
were recorded after 1h and it is shown
in Fig. 3(a—c). As can be seen, the addition of sodium
borohydride shifts the longitudinal plasmon bands
towards a lower wavelength. This could be due to a
change in the refractive index at the nanoparticle surface
appearing due to the replacement of CTAB by hydride
ions [25]. The NaBH4 modified NBPs were treated with
11-MUA followed by the investigation of absorption
spectra. The addition of 11-MUA shifts the longitudinal

using EDC/NHS chemistry [29] for bioconjugation. bands towards a higher wavelength.
The surface functionalization of Au NBPs by

11-MUA was performed using the sodium borohydride
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After overnight incubation, the NBPs solution was
centrifuged to remove excess 11-MUA, and the
absorption spectra were recorded. The redshifts in the
longitudinal peaks were observed even after
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centrifuging, indicating the binding of 11-MUA
molecules to the NBP surface. The longitudinal band
maximum of as-prepared Au NBP in Fig. 3(a) is at
681 nm, which moved to 666 and 677 nm after NaBH.
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treatment and 11-MUA capping, respectively. The
corresponding band positions in Fig. 3(b) are 752, 727,
and 741 nm, and in Fig. 3(c), are 897, 882, and 892 nm.

The stability of both CTAB-capped and MUA-
capped Au NBPs was also investigated. Fig. 4(a—f)
shows the absorption spectra of NBPs recorded for more
than three weeks, whereas Fig.5(a—c) shows the
variation in the longitudinal band maxima with time. As
shown in Fig. 5(a—c), a gradual decrease in the LSPR
peak position of CTAB-capped NBPs was observed
with time which could be due to the decrease in the
longitudinal size of bipyramids. However, in the case of
11-MUA-capped high aspect ratio NBPs, the observed
trend is nearly linear. This indicated that the NBPs are
highly stable in the presence of 11-MUA.

4.3 Refractive Index Sensitivity of NBPs

The refractive index sensitivity of synthesized Au NBP
were investigated with sucrose solutions of varying
weight/volume percentages (5-30%). Sucrose is
selected as it is a highly water-soluble small molecule
that provides the possibility of refractive index
modulation of the solution in a controlled manner
Fig. 6(a—f) shows the absorption spectra of Au NBPs
with the variation of the sucrose concentration.
Fig. 6(a, c, €) corresponds to Au NBP capped with
CTAB, whereas Fig. 6(b, d, f) corresponds to the NBPs
capped with 11-MUA. The inset in Fig. 6(a—f) shows

doi: 10.18287/JBPE23.09.010308

the longitudinal plasmon band shifts towards red with
an increase in the concentrations of sucrose. This
indicates the sensitivity of the Au NBPs toward the
refractive index of the surrounding medium.

Fig. 7(a—f) shows the variation of the longitudinal
plasmon resonance band maxima with the change in the
solution's refractive index. The refractive index values
of sucrose were obtained from previously published
works [33-35]. The experiment was repeated thrice for
each concentration and for all three NBPs to ensure
reproducibility and obtain the standard deviation. The
experimental data points correspond to the average
values of the band maxima position of three trials. The
experimental data were fitted linearly to obtain the
sensitivity of corresponding Au NBP. It was observed
that the RI sensitivity of Au NBPs increases with their
length and aspect ratio. Also, the 11-MUA capped
NBPs show better sensitivity compared to the CTAB
capped Au NBPs, which could be due to the variation in
adsorbed layer length on the BPs surface because of the
replacement of the CTAB bilayer by a single monolayer
of MUA. The figure of merit (FOM) was also calculated
using FOM = RIS/FWHM [17], which increases with an
increase in the length and aspect ratio of the NBPs.
Since the refractive index sensitivity depends on various
factors like the refractive index of the medium, the
length of adsorbed layer on the nanoparticle surface and
the decay length, any change in one of these parameters

\ NSE would  change the overall sensitivity of
the expanded region of longitudinal plasmon resonance nanoparticles [36].
band maxima. It is evident in all the LSPR spectra that
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J of Biomedical Photonics & Eng 9(1) 2023

010308-6

24 Mar 2023 © J-BPE



P.N. Deviprasada et al.: Highly Stable 11-MUA Capped Gold Nanobipyramid for...

The obtained RI sensitivity of Au NBPs was
compared with the RI sensitivity of Au nanospheres and
Au nanorods. Table 1 lists the RI sensitivity of these
nanostructures obtained in our earlier work as well as
reported in other works. It is evident from the table that
with comparable sizes, Au NBPs shows better RI
sensitivity, which makes them more suitable for the RI
sensitivity applications.

Table 1 Comparison of refractive index sensitivity of
Au nanosphere, Au nanorods and Au NBPs.

Nanostructures Size RI sensitivity Ref.

Au nanospheres 100 nm 180 nm/RIU [37]

Au nanorods 2.7 AR 317+8 [23]
nm/RIU

Au nanorods 2.7 AR 196 nm/RIU [38]

Au 3.0 AR 353 nm/RIU This

nanobipyramids work

5 Conclusions

Gold nanobipyramids of different aspect ratios were
synthesized using a seed-mediated growth method
where the sizes of nanobipyramids were tuned using

doi: 10.18287/JBPE23.09.010308

different seed solution volumes. The CTAB in CTAB
capped Au NBPs was replaced by 11-MUA, which
increased the stability of NBPs dramatically. The RI
sensitivity of CTAB and 11-MUA capped Au NBPs
were studied with different sucrose concentrations in
water. It was found that the 11-MUA functionalized
NBPs have better RI sensitivity and figure of merit
(FOM) compared to the CTAB capped Au NBPs.
Further, the RI sensitivity increases with an increase in
the aspect ratio of Au NBPs. Refractive index
sensitivity of 353 nm/RIU was obtained for NBPs
synthesized using 0.2 mL of seed solution with an
aspect ratio of 3.
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Introduction

Abstract. The study employs laser doppler flowmetry and laser fluorescence
spectroscopy to reveal the changes in microcirculation and activity of
coenzymes of oxidative metabolism in the finger skin under the influence of
photobiostimulation = by = monochrome  incoherent  low-intensity
electromagnetic radiation with a wavelength of 470 nm. Photobiostimulation
with light waves in the blue range has contributed to an increase in
hemomicrocirculation during and 15 min after the termination of exposure,
while the indicator lymph outflow, on the contrary, decreased during the
irradiation period and recovered after its termination. The dynamics of
changes within the parameters of blood microcirculation, the lymph flow in
microvessels and the indicators of oxidative metabolism showed that the skin
microcirculation system is an important acceptor of the photobiostimulating
effect of light in the blue range of the spectrum. Photobiostimulation triggers
the mechanism of activation of hemomicrocirculation by reducing myogenic
vasomotion, thereby increasing the conductivity of cardiogenic biorhythm in
the vessels of the microcirculatory bed. With an increase in the level of
hemomicrocirculation, photobiostimulation is directly associated with the
activation of tissue oxidative metabolism. © 2023 Journal of Biomedical
Photonics & Engineering.

Keywords: laser doppler flowmetry; lymph outflow; blood microcirculation;
myogenic vasomotion; oxidative metabolism; photobiostimulation with light
waves in the blue range of the spectrum.
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therapy, photobiostimulation (PBS) involves the use of

One of the priority work areas of the Biomedical Optics
technical group of the International Optical Association
(OPTICA) is to study the mechanisms by which non-
ionizing optical radiation in the visible and near infrared
spectral range is absorbed by endogenous chromophores,
causing photophysical and photochemical phenomena at
various biological scales [1]. Making the basis of light
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various light sources, including LEDs and broadband
light in the visible and infrared spectrum resulting in
physiological changes and therapeutic effects.

Human body has photoreceptors tuned to different
light frequencies and associated with various cellular
reactions. Human skin is the main target of various light
waves. Visible radiation of light waves (400-750 nm)
penetrates the dermis deeply enough, with a multiple
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decrease in intensity every ~1 mm [2]. Part of the blue
visible radiation spectrum is reflected from blood vessels
and red blood cells moving in them back through the
skin, so that the total radiation flux near the skin surface
is greater than the incident light [2], which allows it to
affect a much larger number of cells compared to the UV
range of visible radiation.

For this reason, in recent years, light emission of blue
diapason is actively used in dermatology. In particular, a
number of studies [3] have shown that blue light has a
positive effect on fibroblasts and can be used to treat
keloids and fibrosis.

An experimental study focused on burn modeling [4]
reports that under the influence of the blue light emitted
by the light-emitting-diodes, laboratory rats consumed
more food than the rats from the control group, the
angiogenesis index increased after 7 days of treatment
and the skin of irradiated animals began to reactivate [4].

Research that was performed on melanocyte cell
cultures [5] showed that exposure to blue light
significantly improved viability, proliferation and
migration of melanocytes. Blue light also proved to be
able to activate opsins that play an important role in
healing skin wounds and restoring human epidermal
barrier function [6].

For blue light (400-470 nm), the penetration depth
into the tissues is 2 mm, however, taking into account the
radiation scattered in the tissues, its penetration depth can
reach as far as 2.5 cm. Moreover, since blue light can
propagate in an agueous medium without absorption, it is
maximally absorbed by lymph, bile, tendons, and adipose
tissue [7, 8].

Nowadays a number of chemical structures are
considered to be acceptors of light emission in the blue
portion of the spectrum, among which a large group of
flavins (such as NAD-H dehydrogenases, succinate
dehydrogenases, acyl-CoA dehydrogenases, D-amino
acid oxidases, glucose oxidases and the cytochrome
system) is considered the final photon acceptor for flavin
dehydrogenases. The compounds having porphyrin
structures (bilirubin, haemoglobin, protoporphyrin, and
porphyrin) are good at absorbing the blue light. Light
emission with the wavelength of 420-475 nm is absorbed
by a large group of carotenoids (carotene, neurosporine,
and carotenoids of cardiac homogenates) that are
considered antioxidants [9].

For the in-depth study of PBS, the task is to identify
the physiological effects of phototherapy and the
mechanisms of involving the microcirculation system,
which is directly concerned with ensuring the oxidative
metabolism in tissues.

Laser doppler flowmetry (LDF) is widely used among
various other methods of both direct and indirect
recording microcirculation, including the lymphatic
link [10]. The signal recorded during LDF characterizes
the blood flow in the microvessels with the tissue volume
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of about 1 mm?® [10], while in the lymphatic capillaries
and microvessels, the LFD signal characterizes the
mobility of lymph and lymphocytes [11].

It is well-known that the metabolic processes in the
skin and other tissues are energy-dependent, which
makes it possible to use the method of laser fluorescence
spectroscopy (LFS) to assess oxidative metabolism. For
this purpose, we propose to identify the fluorescence
amplitude of the coenzymes nicotinamide adenine
dinucleotide (NADH) and the flavinadenine dinucleotide
(FAD) [12-14].

The aim of this study is to identify the changes in
microcirculation and the activity of coenzymes of
oxidative metabolism in the skin of fingers under the
influence of photobiostimulation by monochrome
incoherent low-intensity electromagnetic radiation with a
wavelength of 470 nm.

2 Methods and Materials

The experimental study involved 40 men aged 19 to 28
(the average age is 20.5), conditionally healthy students
of the Medical Institute of the Peoples’ Friendship
University of Russia, who voluntarily agreed to
participate in the study and provided their Informed
Consent. Their participation was also approved by the
University’s Ethics Committee.

The participants underwent transdermal
photobiostimulation with electromagnetic radiation of
the light range with the wavelength of A = 470 nm (the
blue spectrum) for 8 min using an autonomous light-
emitting bracelet BASI (SPE “Poisk” Ltd, Russia) worn
on the wrist region with the radiating matrix on the inner
surface of the wrist in contact with skin. the illumination
of light-emitting diode was 2000 Ix, the power of the
emitted blue light by the emitting matrix was 40 mW, the
density of radiation on the skin  was
4-5 mW/cm? (the skin area irradiated with laser diodes
was 8 cm?), the energy of the emitted light during 8 min
was 20 J. When considering the time of transdermal
(transcutaneous) exposure to blue light, we proceeded
from the generally accepted recommendations and
conditionally divided the area of influence of the light-
emitting-diode matrix into four zones with the tentative
exposure time for one zone being 2-5 min [15].

Synchronous registration of blood microcirculation
and lymphocirculation indicators was performed using a
multi-channel LDF probe, while the activities of redox
coenzymes NADH and FAD were recorded by LFS using
the Lazma ST device (SPE “LAZMA” Ltd, Russia).

The instrument probe was fixed on the palmar surface
of the distal phalanx of the third finger of the left hand to
register all the parameters when LDF and LPS were
recorded. This was done in the following sequence: 1)
before photobiostimulation for 4 min;
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Fig. 1 An example of simultaneously detected diagnostic parameters: synchronous recording of the hemomicrocirculation
and lymph flow; the changes are visible during involuntary breath retention (OX axis — recording time, (T); OY axis —
relative units, (RU).
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Fig.2 An example of simultaneously detected diagnostic parameters: registration using LFS:
(a) NADH, (b) FAD (OX axis — wavelength, nm; OY axis — in relative units, RU).

2) during photobiostimulation for 8 min; 3) 15 min after The indicator of blood microcirculation (IC) was
stopping photobiostimulation for 4 min. LDF and LFS determined by the LDF method (in the previous works on
were recorded when the test subjects were in the sitting LDF, it was designated as PM). It is believed [16], that
position. IC is determined by two factors: the concentration of red
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blood cells in the probed tissue volume and their mobility
(an averaged erythrocyte rate). IL is proportional to the
product of the number of scatterers in the lymph flow by
the average speed of their movement [11].

The LDF-gram analysis was used to assess the IC and
IL indicators; the level of the flow fluctuation was
evaluated by means of SD (standard deviation) or fluxes
recorded in relative (perfusion) units (RU); whereas their

coefficient of variation (Cv) was evaluated
in % (Fig. 1).
The frequency-amplitude analysis of

LDF-grams [10, 16-18] defined the contribution of the
vasomotion-induced physiologically most significant
blood flow fluctuations within the range of 0.1 Hz and its
immediate vicinity (0.07-0.15 Hz). The vasomotor
biogenic rhythm is secondarily influenced by
modulations of neurogenic, respiratory and cardiogenic
nature that were determined by their amplitude in the
corresponding frequency ranges (Anr heurogenic,
Awme myogenic, Axr respiratory, and Ace cardiogenic).
The contribution of various biorhythms to the modulation
of tissue blood flow was estimated by their power R; as a
percentage of the total power of the spectrum of M
fluxmotions:

R,=A? /Mx100%, 1)

where M = A + A2+ AZ + Al

To assess the oxidative metabolism, the amplitudes of
fluorescence of NADH and FAD coenzymes (relative
units, RU) were determined by the LFS method, while
their ratio was determined by the redox ratio
(NADH/FAD) [12, 13, 19] (Fig. 2). The fluorescence of
the NADH and FAD coenzymes was excited using a
Nichia NVSU233B D4 LED with a wavelength of
365 nm (NADH fluorescence wavelength is in the range
of 460-470 nm) and an OSRAM PLT5 450B laser diode
with a wavelength of 450 nm (FAD fluorescence
maximum is in the range of 510-520 nm) [13]. The
relationship between the state of microcirculation and
oxidative metabolism in tissue was quantified by the
indicator of oxidative metabolism (IOM) equal to
IC/NADH+FAD [12].

The obtained data were processed using the methods
of variation statistics, the reliability of differences was
determined using the Student’s criterion; the results were
considered reliable at p < 0.05.

Table 1 Indicators of hemomicrocirculation.

doi: 10.18287/JBPE23.09.010309

3 Results and Discussion

The calculated parameters of IC and IL, Cv and SD give
an overall assessment of the state of
hemomicrocirculation and lymph flow (Table 1). The
results of the study indicate that during the time of
exposure to light radiation, PBS increases the
hemomicrocirculation indicators by an average of 26%
compared to the baseline level. 15 min after the cessation
of light exposure, the hemomicrocirculation indicators
still exceed the baseline level by 22%.

IC (the indicator of hemomicrocirculation) has a
complex nature, because it depends on the mobility of red
blood cells, their concentration in microvessels and, to a
certain extent, on the geometry of blood flow in tissues.
Biomicroscopic studies of capillaries and other
microvessels in human skin show that the bulk of
erythrocytes is  concentrated in  postcapillary
venules [10]. Because of this, approximately 50% of the
value of the recorded LDF signal is due to the mobility
of erythrocytes in the postcapillary segment of the
microcirculatory bed. With ABS, the increase in IC is
more likely to be due to increased level of the tissue blood
flow. This is what light therapy using the blue range of
the spectrum is designed for [7]. At the same time, it is
possible that with the acceleration of the transition of
erythrocytes from capillaries to microvessels of the
postcapillary link, their local hematocrit increases.

The IC is subject to significant temporal and
topological variations, which is clearly seen by the
dynamics of the flux and SD. The results of the study of
hemomicrocirculation show that during PBS these
indicators decrease, and in the aftereffect period they are
restored to their original values. The data obtained may
indicate a decrease in the level of modulation of tissue
blood flow during irradiation.

A very weak signal has been recorded from the
lymphatic segment of the microcirculatory system, which
is due to the low population of lymphatic capillaries and
postcapillaries with stetho-reflective elements among
which the lymphocytes are the most significant.
Synchronous recording of IC and IL clearly shows that
blood flow and lymph outflow at the level of the
microcirculation system are closely functionally
interconnected and are in antiphase.

Photobiostimulation

Parameters Original value During After
IC, RU 23.4+2.94 29.4 + 1.46% 28.1+1.62*
SD, RU 4.01+0.69 2.94 + 0.40* 3.77 £ 0.62
Cv, % 17+£23 10 £1.4* 13+£2.8

* the differences are significant in comparison with the control data at p < 0.01.
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Table 2 Lymph outflow indicators.

doi: 10.18287/JBPE23.09.010309

Photobiostimulation

Parameters Original value -
During After
IL, RU 0.7+0.12 0.5+0.05 0.6 £0.09
SD, RU 0.14 +£0.02 0.14+0.01 0.16 £ 0.02*
Cv, % 20+3.3 28 + 3.8* 27 +£5.3*

* the differences are significant in comparison with the control data at p < 0.01.
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Fig. 3 The ratio of the main rhythmic components of fluxmotions in the LDF-gram by their contribution (in %) to the

power of the spectrum and their changes due to PBS.

In PBS, the lymph outflow index, on the contrary,
decreased by 19% compared to the baseline level, and
although after the PBS it showed some increase, the IL
was below the baseline level by 13% (Table 2). It should
be noted that the variation of the IL was significantly
different from the flux in the blood microvessels. It
turned out that as the IL decreases with PBS, the temporal
variability of the lymph flow increases markedly. This
may be due to the activation of contractility of smooth
myocytes in the initial links of lymphatic vessels that
starts immediately after lymphatic postcapillaries.

The frequency-amplitude analysis of the LDF-gram
is applicable to the assessment of the myogenic
mechanism of modulation of tissue blood flow, because
it most dynamically reflects the changes in
hemomicrocirculation due PBS (Fig. 3). Among the local
(within the area of optical sensing) microvascular
biorhythms, the dominant rhythm is the myogenic one
that accounts for 37% of the total power of the oscillation
spectrum of tissue blood flow at the initial (before
irradiation) level. Myogenic biorhythm lies in the
frequency range of 0.1 Hz and its immediate vicinity.
However, it is subject to secondary neurogenic influences
that originate outside the microcirculation system but
nevertheless have modulating effects on
hemomicrocirculation.

During PBS, the activity of the myogenic mechanism
somewhat decreases (up to 29% of the total power of the
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spectrum), which results in the increased conductivity of
cardiogenic modulations through the capillary link of the
microcirculatory bed. This is due to both an increase in
the mobility of red blood cells and an increase in
hematocrit in the postcapillary link of the
microcirculatory bed. After the PBS is over (in 15 min),
the myogenic vasomotion returns to the initial level. As
the activity of the myogenic mechanism decreases, the
efficiency of fluxmotion decreases by 27% (see Table 1).

Another important consequence of PBS is decreased
vascular tone (VT) in the vessels of the microcirculatory
bed. Vascular tone can be characterized by means of
normalization of the recorded level of fluxmotion by the
amplitude of myogenic biorhythm: VT = COE/Awr [10].
In some works [10], normalization according to the
microcirculation index (IC) is applied. IC, as noted
above, by its nature may have an ambiguous
interpretation, since its increase may indicate both an
increase in microcirculation due to increased mobility of
red blood cells, and its deterioration in cases of increased
hematocrit in the vessels of the postcapillary link.
Therefore, normalization of the frequency-amplitude
parameters of the LDF-gram by IC inevitably leads to an
ambiguous interpretation of the LDF results. Our study
has revealed that PBS leads to a decreased vascular tone
in microvessels within 7% (from 2.9 to 2.7 conl. units),
which basically has a decrease in the activity of
myogenic vasomotion.

30 Mar 2023 © J-BPE
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Table 3 Indicators of oxidative metabolism during photobiostimulation.

Indicators

Original value

Photobiostimulation

During After
Amplitude NADH, RU 0.51+0.01 0.48 +0.01 0.48 +0.01
Amplitude FAD, RU 0.78 £ 0.01 0.74+£0.01* 0.73+£0.01*
Redox ratio
NADH/ FAD, RU 0.6+0.01 0.65+0.01 0.66 +0.01
Indicator of oxidative metabolism 8.35 4 0.02 14.02 + 0.03* 13.01 = 0.04*

IC /(NADH+FAD), RU

* the differences are significant in comparison with the control data at p < 0.01.
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Fig. 4 Synchronous changes in skin microcirculation and
oxidative metabolism during photobiostimulation, RU.
(Cardiogenic Fluctuations (CF); Respiratory
Fluctuations (RF); Myogenic Fluctuations (MF);
Neurogenic Fluctuations (NF)).

The structure of temporary fluctuations of lymph flow
in microvessels during PBS demonstrates an increased
amplitude of myogenic oscillations compared to the
baseline level. It is also noted here that the reaction of
lymphatic microvessels to PBS is in antiphase with the
reaction of blood vessels of the microcirculatory bed. The
contour of the functional interaction of blood and
lymphatic microvessels in the microcirculation system
remains largely unclear. The data on the lymph flow rate
relate mainly to the relatively large lymphatic vessels and
are principally determined by the reduction of
lymphangions. Spontaneous active contractions of
lymphangions usually occur with a frequency of 2-3 to
10-18 vibrations/min. In humans, with local anesthesia,
the lymphatic vessels of the foot contracted with a
frequency of 4-5 in 1 min [20, 21]. The pressure drops
that occur during the reduction of lymphangions have a
sucking effect on the lymph flow in the lymphatic
postcapillaries and capillaries.This means that the
mechanisms activating the lymph flow lie outside the
microcirculation system and, unfortunately, the
possibility of their direct analysis by the LDF method
must be considered limited.

Thus, photobiostimulation with light in the blue range
of the spectrum activates the processes of
microcirculation in its circulatory link. The indicators of
lymph flow decrease, which may indicate a redistribution
of interstitial fluid in the tissue microdistrict and
activation of venous tissue drainage. Our data correspond
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with the data of other authors [22] examining the skin of
mice after being irradiated with a low dose of blue light
(<300 mi/cm?), which indicates that irradiation with
blue light triggers the synthesis of hydrogen peroxide in
T-lymphocytes and enhances their mobility in the skin.
These data give reason to believe that T-lymphocytes
have photosensitivity in this range of the spectrum. The
data we obtained on PBS are also confirmed by the data
of a clinical study in which patients with peripheral nerve
damage and the presence of neuropathic pain syndrome
were exposed to monochrome incoherent low-intensity
light radiation of the blue spectrum (470 nm) [23]. Their
study showed a pronounced analgesic and decongestant
effect as a result of the exposure, which may indicate a
change in microcirculation and lymphatic drainage of
tissues. Our observations are also consistent with the
results of the study [24], which showed that when
exposed to incoherent light radiation of red (633 nm, 70
mW/cm?) and near infrared (830 nm, 55 mW/cm?) range
on the wrist skin for 5 min, arterioles dilated, leading to
increased tissue perfusion in healthy people.

The components of the energy metabolism of the cell,
which include glycolysis and oxidative phosphorylation,
are associated with the processes of cellular respiration
and ATP synthesis. The NADH and FAD cofactors act as
electron donors and acceptors in ATP formation
reactions that are present in the cell in oxidized (NAD*,
FAD) or reduced forms (NADH, FADH) [25]. Summary
data on the dynamics of fluorescence of the NAD and
FAD coenzymes, determined by means of LFS, are
presented in Table 3.

The obtained results have shown that
photobiostimulation causes a decrease in the amplitude
of fluorescence of the oxidative NADH and FAD
coenzymes, while the amplitude of FAD is significantly
reduced to a greater extent. The change in the amplitude
of fluorescence of the NADH coenzyme, and hence its
concentration, is due to a change in oxidative metabolism
in tissues. Our data have shown that an increase in the
level of microcirculation triggers a mechanism for
increasing the level of oxidative metabolism in
tissues (Fig. 4).

Since all indicators are presented in units, for their
comparability, a proportionality multiplier is introduced
when constructing a diagram for extremely low
indicators: x10 for SD, x30 for IL, NADH, and FAD.

As reported by Luo et al. [19], decreased amplitude
of NADH fluorescence activates the oxidative
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metabolism. If NADH is localized mainly in the
mitochondria and participates mainly in the energy
metabolism of the cell, then FAD is contained both in the
cytoplasm and in the mitochondria and is involved in
addition to oxidative phosphorylation in various
biochemical processes such as glutathione utilization,
lipogenesis, lipid peroxidation, synthesis of acetyl
coenzyme A, the pentose phosphate cycle, etc., which
significantly complicates data analysis [25]. The ratio of
the oxidized electron carriers to the reduced ones is
characterized by a redox ratio [26]. In our study, the
redox ratio in PBS practically does not change, which
may indicate the preservation of the processes of
glycolysis and oxidative phosphorylation.

4 Conclusion

Synchronous recording of the dynamics of blood
microcirculation, lymph flow in microvessels and
indicators of oxidative metabolism showed that the

doi: 10.18287/JBPE23.09.010309

microcirculation system in the skin is an important
acceptor of the photobiostimulating effect of light in the
blue range of the spectrum.

Photobiostimulation triggers the mechanism of
activation of microcirculation by reducing myogenic
vasomotion, thereby increasing the conductivity of
cardiogenic  biorhythm in the wvessels of the
microcirculatory bed and accelerating the movement of
red blood cells from capillaries to the postcapillary link.
The activation of tissue oxidative metabolism and the
subsequent redistribution of interstitial fluid flows in the
interstitial space are directly associated with an increase
in the level of  microcirculation  during
photobiostimulation.
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