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Background: The article describes a method for calculating the permittivity of organic molecules in 

quantum mechanics using the well-studied Rhodamine 6G molecule as an example. The study of optical 

properties of large organic molecules requires not only experimental data but also the use of calculations 

obtained both analytically and numerically.  

Objectives: Methods for calculating permittivity as phenomenological characteristics of a sample are to 

be tested on well-studied molecules to be further applied to more complex nonlinear structures. However, 

the integral changes need to be approximated in the wave functions of large molecules.  

Material and methods: The numerical simulations in MATLAB were carried out to be compared with 

the data from Gaussian 09, which are accurate for such small molecules as Rhodamine 6G. MATLAB 

calculated permittivity values for the frequency domains corresponding to absorption and fluorescence 

based on the Fermi golden rule. Hence, any molecule can be represented as a composite quantum 

mechanical system. Meanwhile, Gaussian 09 used the DFT method to determine permittivity. 

Results: The Fermi golden rule can be applied due to the representation of the molecule as a complex 

quantum mechanical system. The proposed numerical methods minimize error by using the Dirac delta 

function. According to our hypothesis, the sum of the wave function of a particle in a potential well and a 

particle in a ring equals the wave function of the entire system, thus making it possible to study large 

molecules. As a result of the calculation for two wavelengths of 337 and 573 nm, the permittivity results 

calculated using the proposed method in MATLAB are 2.98 and 6.27, respectively. Gaussian 09 

calculated the same parameters at 2.85 and 6.23. 

Conclusion: The resulting datasets show a high degree of correlation. Therefore, the research hypothesis 

has been confirmed. The selected method also proved efficient, hence the enhancement of luminescence 

can be achieved by changing the relaxation time of the excited state. Plasmonic nanostructures with 

predetermined properties will controllably enhance the resulting field by the square of the superposition 

modulus of their near-field. Consequently, conditions for highly coherent radiation with high intensity 

and polarization can be predicted and calculated before an experiment is carried out. 

KEYWORDS: DFT method; Fermi golden rule; Dirac delta function; luminescence; Rhodamine 6G; 

wave function. 
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Dyes include polyatomic molecules with an intense absorption band in the visible and 

ultraviolet regions of the spectrum [1]. Benzene, pyridine or other rings constitute the 

structural basis of such molecules [2]. Interest in such structures is dictated by the 

phenomenon of luminescence [3]. Rhodamine 6G is one of the most well-studied dyes (𝜆 ≈
0.5 − 0.7 𝜇𝑚) characterized by a high stimulated emission cross-section [4]. Although most 

Rhodamine dyes used to be studied in solutions [5–7], recently there has been a growing 

interest in the electronic properties of dyes at the interfaces between media [8–10]. Recent 

studies present calculations of the optical response in dyes based on the ab initio molecular 

dynamics [11, 12] at varying emission wavelengths, line widths, intensities, and lifetime [13, 

14]. The DFT method established the eigenvalue of a molecule's molecular Hamiltonian and 

stationary states in a molecule [15, 16]. However, this method is inapplicable to permittivity 

calculations as it does not comprehensively understand wave functions corresponding to the 

relevant stationary states. The current research aims to describe the spectra of laser radiation 

within a model based on quantum mechanics and to verify the suggested model. 

The structure of energy levels in the molecules of dyes can be represented by singlet S 

and triplet T electronic states [17]. The energy levels of the Rhodamine 6G dye are shown in 

Fig. 2. The energy state between vibrational levels is about 0,19 𝑒𝑉, while between rotational 

levels, it reaches around 0,01 𝑒𝑉 [19]. The broadening of the electronic energy level in the 

solution is larger than the energy gap between the rotational levels. For this reason, spin 

selection criteria determine possible combinations of transitions between/within electronic 

states at rotational levels, while the electronic states represent virtually continuous zones of 

permitted energy [20]. 

When light is absorbed, the molecule transitions from a lower energy level 𝑆0 to an 

excited level 𝑆1 . Due to a rapid thermal relaxation (𝜏𝑟~10−12 𝑠) [3] at the energy level 𝑆1 , 
electrons move to lower vibrational levels. A spontaneous transition to the level 𝑆0 is 

associated with fluorescent radiation. Thus, in dye solutions, optical excitation can lead to a 

population inversion from the upper vibrational levels of the 𝑆0 band to the lower ones of the 

𝑆1  band. Amplification of light is observed at the frequencies corresponding to fluorescence. 

The resulting data can be used in order to calculate luminescence of Rhodamine 6G. Further 

enhancing luminescence can be accomplished with high-quality resonant systems [21–22], 

widely used in nanophotonics. 

 

MATERIAL AND METHODS 

The large size of the dye molecule [23] determines the high value of the matrix element 

of the dipole moment μ of the molecule [24], since the electrons involved in the absorption of 

light are "smeared" almost over the entire volume of the molecule. Consequently, the 

absorption coefficient 𝑘~|𝜇|2 [25] can also reach values which determine significant 

absorption of light in solutions even at a low carrier concentration, which gives the solution a 

color that supplements the absorption spectrum. But it also implies that an increase in 

fluorescence is associated with permitted dipole transitions 𝑆1 → 𝑆0.  
The description of permittivity is usually [26] associated with point dipoles subject to 

forced oscillations under the action of an external wave field. In this case, dissipation of 

energy leads to oscillation damping when the external field is removed. Thus, in a system 

consisting of point dipoles, the incident radiation can be absorbed, scattered. It can also have 

no interaction with the medium (in this case, the material is transparent in a given spectral 

domain) [27]. If the incident wave is represented as a monochromatic plane wave propagating 

along the z-axis, it can be expressed with the following equation: 

 

𝐸𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗ (�⃗� , 𝑡) = 𝐸0

⃗⃗ ⃗⃗  𝑒𝑖(𝑘𝑧−𝜔𝑡),       (1) 
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where 𝐸𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗ (�⃗� , 𝑡) is the incident field; 𝑘 stands for the wave vector; 𝜔 refers to incident 

frequency. Polarization of the medium is expressed as follows: 

 

𝑑 (𝑟 , 𝑡) = 𝜀0𝜒(𝜔)�⃗� (𝑟 , 𝑡),       (2) 

 

where 𝑑 (𝑟 , 𝑡) is the dipole moment of the medium-related unit of volume and 𝜒(𝜔) refers to 

medium polarizability. 

Then the field formed by point dipoles can be described as: 

 

𝐸𝑀
⃗⃗⃗⃗⃗⃗ (�⃗� , 𝑡)~ − 𝑧

𝜕�⃗⃗� 

𝜕𝑡
= 𝑖𝜔𝑧�⃗⃗� (�⃗� , 𝑡).       (3) 

 

The resulting field in the medium can be described with the following equation: 

 

𝐸𝑡𝑜𝑡𝑎𝑙
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = �⃗⃗� (�⃗� , 𝑡) + 𝐸𝑚

⃗⃗⃗⃗⃗⃗ (�⃗� , 𝑡).       (4) 

 

In classical electrodynamics, the presence of a group of dipoles causes a phase shift in a 

field located within a medium or at its boundary. The phase, as mentioned earlier, shift leads 

to both a weaker field (a change in the modulus of the 𝐸𝑡𝑜𝑡𝑎𝑙 vector) and a change in the 

direction of wave propagation (phase of the 𝐸𝑡𝑜𝑡𝑎𝑙 vector). A specific case of such a shift to 

be cited is a mirror that changes the phase of the reflected wave by 𝜋. 

 

 

Fig. 1. Vector diagram of field superposition in the sample. 

 

If viewed as a system in quantum mechanics, a molecule [18] can be viewed as a point 

dipole changing its dipole moment over time. Taking into account this difference, we cannot 

average the polarizability of the medium over time. Consequently, we have to consider the 

molecule’s lifetime in the excited state and its nonradiative relaxation time. The calculations 

in this article were based on dried samples. Thus, the mechanism of fluorescence connected 

with permittivity is be modeled as follows:  

1. Luminescence in Rhodamine 6G is represented as a two-level system; 

2. Dipole moment operators are established for each transition, while the wave functions 

are presented for the particle in the ring [28]; 

3. The level population is calculated with the help of the Fermi Golden Rule [29]; 

4. The equation is used to calculate the permittivity [30]; 

5. Calculations using MATLAB are carried out [31]; 

6. The results are compared to those obtained using Gaussian 09 [32]. 
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Fig. 2. Yablonsky diagram of Rhodamine 6G energy levels and its structural formula. 

 

The permittivity of the medium, which takes into account quantum mechanical effects, 

can be represented as [33]: 

 

�̃� = 1 +
32𝜋2𝑁𝜀0

3ℏ
∑

|𝑑𝑗𝑖
⃗⃗ ⃗⃗  ⃗|

2

𝜔𝑗𝑖
2−𝜔2+𝑖𝛤𝜔𝑗 = 1 +

32𝜋2𝜀0
3ℏ

[
𝑁1|𝑑13

⃗⃗ ⃗⃗ ⃗⃗  ⃗|
2

𝜔13
2 −𝜔2+𝑖𝛤𝜔

+
𝑁2|𝑑21

⃗⃗ ⃗⃗ ⃗⃗  ⃗|
2

𝜔21
2 −𝜔2+𝑖𝛤𝜔

+
𝑁3|𝑑32

⃗⃗ ⃗⃗ ⃗⃗  ⃗|
2

𝜔32
2 −𝜔2+𝑖𝛤𝜔

]  , (5) 

 

where 𝑁 is the population of the level, 𝜀0 — vacuum permittivity, ℏ — Planck's constant, 𝑑𝑗𝑖 

— transition dipole moment operator and 𝜔𝑖𝑗 — frequency of transition from level 𝑖 to 

level 𝑗. 
In the first approximation, we observe transition to excited vibrational sublevels of the 𝑆1 

level with the dipole moment 𝑑13 and the transition frequency 𝜔13. It is followed by 

nonradiative relaxation to the lower vibrational sublevels of the 𝑆1 level with the dipole 

moment 𝑑32 and the transition frequency 𝜔32. The last radiative transition goes from the 

lower vibrational sublevels of the 𝑆1 level to the upper vibrational sublevels of the 𝑆0 level 

having the dipole moment 𝑑21 and the transition frequency 𝜔12. Meanwhile, energy levels 

broadening depends on the lifetimes in states 𝑖 and 𝑗 [34]: 

 

𝛤 =
1

2
[
1

𝜏𝑖
+

1

𝜏𝑗
].         (6) 

 

The dipole moment operator is calculated based on the volume of the entire molecule 

[35]: 

 

𝑑𝑗𝑖 = ⟨𝜑𝑖⟩ = ∫ 𝜑𝑗(𝑒𝑎 + �⃗⃗� 𝑠)𝜑𝑖 𝑉
,      (7) 

 

where 𝑎 is the radius of the excited electron orbit and 𝐷𝑆 is the dipole moment of the 

structure. 

The wave functions of a particle in a ring can be expressed as follows [28]: 
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𝜑𝑛 =
1

√2𝜋
𝑒𝑖𝑛

�⃗⃗� 

𝑅.        (8) 

 

𝑅-ring radius,  𝑛 = 0,±1,±2,… quantum numbers of state 

 

𝑑 = 𝑒𝑎 + �⃗⃗� 𝑠 .        (9) 

 

The 𝑁1, 𝑁2, 𝑁3 3 levels population is calculated according to the Fermi golden rule [33]: 

 

𝑊(1) =
2𝜋

ℏ
|𝑉𝑖𝑗|

2
𝛿(𝜔𝑗 − 𝜔𝑖 − 𝜔),      (10) 

 

𝑁𝑖 = 𝑊(1)𝜏𝑖 ,        (11) 

 

where 𝛿(𝜔𝑗 − 𝜔𝑖 − 𝜔) — Dirac delta distribution and �̂�𝑖𝑗 — the element which can be 

calculated as: 

 

�̂�𝑖𝑗 =
1

2
�⃗� 𝑑  .         (12) 

 

The non-radiative transition shown as the third term in the formula (5) of permittivity, 

taking into account thermal radiation, is represented as follows [36]: 

 

𝜀 =
2

𝜀0

с𝑢

|𝐸|2
  ,         (13) 

 

where 𝑢 is the electromagnetic density of thermal radiation [33]: 

 

𝑢 =
ℎ𝜔3

𝜋2𝑐3

1

𝑒
ℏ𝜔
𝑘𝑇

−1
  .        (14) 

 

Where 𝑘 is Boltzmann's constant, 𝑇 — thermodynamic temperature, 𝐸 — electric field 

tension can be determined as a superposition of the electric field formed by the nucleus and 

the rest of electrons that are not involved in the radiationless transition. 

 

RESULT AND DISCUSSION 

Permittivity was calculated in MATLAB. The input data are given in Table 1. 

 
Table 1. Initial data [37] for the numerical calculation of the permittivity 

 

Radius of the Rhodamine 6G ring (from Gaussian 

09) 
9102×10-9 m 

Lifetime on the ground vibration S0 level 10×10-6 s 

Lifetime on the S1 ground vibration energy level 10×10-8 s 

Lifetime on the S1 higher vibration energy level 10×10-9 s 

Absorption frequency 5.589×1015 s-1 

Emission frequency 3.287×1015 s-1 

Nonradiation transition frequency 2.302×1015 s-1 
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The data obtained due to simulation in MATLAB were verified through calculations in 

Gaussian 09. The interactive chemical structure model of the molecule is shown in Fig. 2 

(from Avogadro 1.1.1). The calculation was carried out using a method based on the Hartree-

Fock theory without imposing symmetry restrictions but with the DFT functional, which is an 

economical method for including electron correlations with a three-parameter density 

functional — Becke3LYP (B3LYP). The OPT method optimized the geometry using the basis 

set of cc-pVDZ orbitals. The DFT method calculated the molecular properties of the 

Rhodamine 6G, and then the Clausius-Mossotti approximation was used to determine the 

permittivity [38, 39]. The calculated values of permittivity obtained in MATLAB and 

calculated in Gaussian 09 are shown in Table 2. 

 

 

Fig. 3. The interactive chemical structure model of the Rhodamine 6G molecule. 

 

 
Table 2. Calculation of permittivity for two wavelengths 

 

 B3YP/cc-pVDZ MATLAB 

ɛ  2.85 (λ=337 nm) 2.89 (λ=337 nm) 

ɛ  6.23(λ=573 nm) 6.27(λ=573 nm) 

 

Permittivity generally depends on the lifetime of the molecule in an excited state as well 

as on the nonradiative transition time. Therefore, it is possible to change permittivity by 

modifying the relaxation time of the excited state. This approach is used to enhance the 

luminescence by amplifying the local field. In this case, the analysis of formula (10) provides 

a better understanding of the conditions where the maximum enhancement is reached. In this 

case, the phase difference between the incident wave and the electric dipole can be divided by 

mπ. Such enhancement applies to plasmonic nanostructures. These structures transform the 

incident field into a surface wave [40], where the electric field vector is parallel to the 

medium polarizability vector. The resulting field is amplified in proportion to the square of 

the near-field superposition modulus, which allows controlling enhancement of the dye 

luminescence by creating a predetermined near field. 

Currently, numerical calculations are based on RCWA and FDTD methods which involve 

permittivity convolution [41, 42]. A supercomputer is often required in order to perform the 
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calculations needed. In the case of large and complex biophysical systems, it is impossible to 

perform calculations in nonlinear media where the permittivity depends on the exciting 

electric field. Primarily, it is due to the fact that the presence of float point accuracy [43] leads 

to the Gibbs phenomenon [44]. On the other hand, the dynamic matrix of permittivity cannot 

be used in convolution [32]. Thus, a robust method is required in order to avoid the 

difficulties described above when performing calculations for complex nonlinear biophysical 

systems. The new and original method proposed can be applied for this purpose. It considers a 

quantum mechanical system in the electrodynamic approximation where a discrete continuum 

of energy interacts with a continuous one. 

 

CONCLUSION 

The paper presents a numerical method for permittivity calculation using a quantum 

mechanics approach. The representation of a molecule as a complex quantum mechanical 

system makes it possible to use the Fermi golden rule. The wave function of such a system for 

a small molecule of Rhodamine 6G can be presented as the sum of the wave functions for a 

particle in a potential well and a particle in a ring. The wave equation for large molecules is 

difficult to solve with Gaussian 09 as it requires much time and a supercomputer. Sometimes, 

it is not possible at all due to the accumulation of system errors when calculating the 

electronic structure of atoms. Applying the proposed numerical methods minimizes the error 

due to the Dirac delta function. Therefore, numerical simulation for MATLAB is relevant to 

establish the optical characteristics of molecules of any size. In this paper, the data obtained 

from MATLAB were compared with the calculations carried out in Gaussian 09. As a result 

of the calculation for two wavelengths of 337 and 573 nm, the permittivity results calculated 

using the proposed method in MATLAB are 2.98 and 6.27, respectively. Gaussian 09 

calculated the same parameters at 2.85 and 6.23. The resulting data show a high degree of 

correspondence, which confirms that representation of the quantum mechanics properties of 

Rhodamine 6G is functional and the selected numerical method is valid. 

These results are important for studying more complex molecules, such as toxins or 

nucleic acids. Integral changes in the wave functions of complex molecules can also be 

represented as a sum of wave functions describing changes in the structural parts of a large 

molecule. Nevertheless, the core of large molecules can cause disturbances that should be 

considered. The proposed numerical method can be further used to verify experimental data 

on the optical properties of molecules. This technique makes it possible to predict the optical 

properties of nanostructures and carry out theoretical calculations of the conditions for highly 

coherent radiation of high intensity and a high degree of polarization Permittivity describes 

both the molecule’s optical response as well as the medium's response, which can refer to any 

solution or solid. The working hypothesis of new research may be to test this method on wet 

data since this article only considered dried samples.  
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Актуальність. У статті описано квантово-механічной метод розрахунку діелектричної 

проникності органічних молекул на прикладі добре вивченої молекули Родаміну 6G. Вивчення 

оптичних властивостей великих органічних молекул вимагає не тільки експериментальних даних, 
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а й використання розрахунків, отриманих як аналітичним, так і чисельним шляхом. 

Мета. Методи розрахунку діелектричної проникності як феноменологічної характеристики зразка 

повинні бути перевірені на добре вивчених молекулах, щоб надалі застосовуватися до більш 

складних нелінійних структур. Однак інтегральні зміни хвильових функцій великих молекул 

необхідно апроксимувати. 

Матеріал і методи. Чисельне моделювання в MATLAB було проведено для порівняння з даними 

Gaussian 09, які є точними для таких не великих молекул, як Rhodamine 6G. У MATLAB було 

розраховано значення діелектричної проникності для частотних областей, що відповідають 

поглинанню та флуоресценції, на основі золотого правила Фермі. Отже, будь-яку молекулу можна 

представити як складну квантовомеханічну систему. У Gaussian 09 був використаний метод DFT 

для визначення діелектричної проникності. 

Результати. Золоте правило Фермі можна застосувати завдяки представленню молекули як 

складної квантовомеханічної системи. Запропоновані чисельні методи мінімізують похибку за 

допомогою дельта-функції Дірака. Згідно з нашою гіпотезою, сума хвильових функцій частинки в 

потенційній ямі та частинки в кільці дорівнює хвильовій функції всієї системи, що дає можливість 

досліджувати великі молекули. В результаті розрахунку для двох  довжин хвиль 337 та 573 нм, 

результати діелектричної проникності обчислені за допомогою запропонованого метода в 

МАТЛАБ дорівнювали 2,98 та 6,27, відповідно. Ці самі параметри обчислені за допомогою 

Gaussian 09 дорівнювали 2,85 та 6,23.  

Висновок. Порівняння результатів показує високий ступінь відповідності між наборами даних. 

Отже, гіпотеза та вибір методу були вірними. Посилення люмінесценції можна досягти зміною 

часу релаксації збудженого стану. Плазмонні наноструктури із заздалегідь визначеними 

властивостями можуть керовано посилювати результуюче поле на квадрат модуля суперпозиції їх 

ближнього поля. Отже, умови для висококогерентного випромінювання з високою інтенсивністю 

та поляризацією можна передбачити та розрахувати до експериментів. 
КЛЮЧОВІ СЛОВА: метод DFT; Золоте правило Фермі; дельта-функція Дірака; люмінесценція; Родамін 6G; 

хвильова функція 
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Актуальність. Актуальним питанням сучасної біомедицини є пошук потенційних шляхів щодо 

зменшення поширення коронавірусних інфекцій у популяціях людей і тварин та усунення впливу 

коронавірусу на їх організми.  

Мета роботи полягала у визначенні структурної організації С60 фулеренів у модельному 

клітинному середовищі, оцінці їх потенційної здатності проникати крізь модельну ліпідну 

оболонку коронавіруса, руйнуючи таким чином його цілісність, а також встановленню 

ефективності протикоронавірусної дії в системі in ovo.  
Матеріали і методи. Дослідження проводили з використанням програмного пакета Gromacs 2020 

і силового поля Charmm36. Для побудови ліпідної оболонки коронавірусу застосовували web-

ресурс CHARMM-GUI. В експериментах in ovo на курячих ембріонах використали вірусологічні 

та токсикологічні методи.  
Результати. Показано, що на початкових етапах молекулярної динаміки С60 фулерен формує 

незначні за розміром нанокластери у кількості 7–16 молекул, на що впливає їх вихідна 

концентрація у модельному клітинному  середовищі. При цьому форма наноструктур для кількості 

молекул понад 16 може відрізнятися від правильної сферичної. Встановлено, що С60 фулерен та 

його нанокластери здатні проникати всередину ліпідної оболонки коронавірусу. Зокрема, 

поодинока молекула С60 може мігрувати, повністю заглиблюватися у ліпідну оболонку або 
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пересуватися всередині неї. Встановлено, що водний розчин С60 фулеренів за максимально 

допустимої концентрації (МДК) 30 мкг/ембріон знижує інфекційну активність коронавірусу 

інфекційнoгo бронхіту курей (ІБК) при його застосуванні через 1, 2 і 4 год після інфікування 

коронавірусом чутливої біологічної системи. 

Висновки. Показано, що агрегація С60 фулеренів у модельному клітинному середовищі може 

відбуватися по-різному: або до проникнення у ліпідну оболонку коронавірусу, або всередині неї. 

С60 фулерени, як поодинокі, так і у складі нанокластерів, здатні утворювати пори в оболонці 

коронавірусу, руйнуючи його цілісність, що, можливо, призводить до порушення відповідних 

стадій циклу його реплікації та прикріплення до рецепторів клітини. Встановлено, що водний 

розчин С60 фулеренів при застосуванні за МДК проявляє противірусну активність щодо 

коронавірусу ІБК на його ранніх стадіях взаємодії з клітиною (1–4 год). 

КЛЮЧОВІ СЛОВА: С60 фулерен; коронавірус; молекулярна динаміка; протикоронавірусна 

активність. 

 

Відповідно до звітів ВООЗ, незважаючи на оголошення про припинення пандемії, 

станом на сьогодні все ще спостерігається поширення коронавірусної інфекції COVID-

19 у багатьох країнах світу. Саме тому дослідження потенційних шляхів нівелювання 

впливу коронавірусу SARS-CoV-2 та його штамів на організм людини є глобальним 

питанням сучасної біомедицини.  

Сучасні нанобіотехнології можуть знайти застосування при вирішенні численних 

клінічних проблем, пов'язаних з пандемією COVID-19. Тому така біосумісна і 

біодоступна наноструктура як С60 фулерен викликає неабияку зацікавленість щодо 

застосування при коронавірусних інфекціях завдяки притаманній «специфічній» 

противірусній активності [1]. Так, літературні дані [2] свідчать, що висока 

ліпофільність С60 фулерену зумовлює «мембранотропний» механізм його противірусної 

дії. Відомо, що біологічні ефекти водорозчинних С60 фулеренів напряму корелюють з їх 

розмірами [3], тому на першому етапі дослідження важливим було оцінити розподіл за 

розміром цих наночастинок у модельному клітинному середовищі та їх здатність 

проникати крізь модельну ліпідну оболонку коронавіруса.  

Важливо зазначити, що інфекційний бронхіт курей (ІБК) є однією з найбільш 

поширених вірусних інфекцій птахів, які завдають величезних економічних збитків 

птахівництву в усьому світі, включаючи Україну. Це захворювання високо контагіозне, 

уражає органи дихання (верхні дихальні шляхи) у курчат, репродуктивні органи з 

тривалим зниженням несучості у дорослих курей (Gallus gallus). Крім того, поширеним 

явищем є погіршення якості яєць та нефрит, який можуть викликати деякі штами цього 

вірусу. Інкубаційний період захворювання зазвичай становить 24–48 год, пік виділення 

вірусу з дихальних шляхів триває 3–5 днів після інфікування. На тяжкість 

захворювання та враження систем організму впливають як штам вірусу, так і вік, 

порода, імунний статус та раціон курки, холодовий стрес. 

РНК-геномний вірус з родини Coronaviridae, роду Coronavirus, гаммакоронавірус 

(Gammacoronavirus) птахів викликає ІБК. Віріони сферичної форми, діаметром 65–

135 нм, вкриті ліпопротеїновою оболонкою з булавоподібними відростками завдовжки 

до 20 нм, що утворюють «сонячну корону». Цей коронавірус (Avian infectious bronchitis 

virus) представлений широким спектром сероваріантів. Встановлено понад 20 серотипів 

вірусу у всьому світі, які відрізняються між собою за антигенними та імунологічними 

властивостями. Через відсутність механізмів корекції під час реплікації генома вірус 

ІБК може швидко мутувати і генерувати нові штами, що можливо є схожим у нинішній 

ситуації з COVID-19, коли ми спостерігаємо швидкий мутаційний процес вірусу. Тому 

на другому етапі дослідження важливим було оцінити ефективність противірусної дії 

водного розчину С60 фулеренів щодо коронавірусу ІБК в системі in ovo.  
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МАТЕРІАЛИ Й МЕТОДИ 

Усі розрахунки проводили у програмному пакеті Gromacs 2020 [4] і силовому полі 

Charmm36 [5]. Їх ключові етапи включали мінімізацію енергії та два кроки еквілібрації 

системи (NVT (constant Number of particles, Volume and Temperature) і NPT (constant 

Number of particles, Pressure and Temperature)). Молекулярну динаміку (МД) проводили 

упродовж 100 нс за температури 36°С.  

Топологію для С60 фулерену побудували, використовуючи онлайн сервер 

SwissParam [6]. Після цього ці наноструктури рандомно помістили у квадратний бокс 

та заповнили його молекулами води. Для імітації клітинного середовища до такої 

системи додавали іони Na+/Cl− (їх концентрація складала 0,15 M). Базуючись на 

експериментальних даних щодо приготування і характеризування водного розчину С60 

фулеренів [7], загалом провели тестування трьох вихідних розчинів, що містили 5%, 

10% і 15% молекул С60. 

Для побудови ліпідної оболонки коронавірусу на основі фосфатидилхоліну (POPC) 

у кількості 1024 молекул було використано web-ресурс CHARMM-GUI [8]. 

Для отримання водного розчину С60 фулеренів був застосований метод, заснований 

на переведенні молекул С60 з толуолу у воду з подальшим обробленням ультразвуком 

[9]. Одержаний водний розчин С60 фулеренів за максимальної концентрації 150 мкг/мл 

є типовим колоїдом, що містить як поодинокі молекули С60, так і їх наночастинки [7], і 

залишається високостабільним упродовж 18 місяців за температури +4оС.  

Для проведення досліджень in ovo у курячих ембріонах (КЕ) необхідною умовою 

був підбір штаму вірусу ІБК з найвищою інфекційною активністю. Для цього було 

визначено інфекційну активність п’яти штамів вірусу ІБК. Підбір оптимального штаму 

для дослідження здійснювали за інокуляції 8-добових КЕ в об’ємі 0,2 см3 

вірусовмісного матеріалу за умови дотримання правил асептики і антисептики. 

Спостереження проводили упродовж 8 діб, результати аналізували на 8 добу. Серед 

усіх перевірених штамів найбільш інфекційно активним виявився штам “М41” з 

інфекційною активнiстю вірусу — 6,70 ± 0,35 lg ЕІД50/см3, який і було відібрано для 

подальших досліджень (Рис. 1). 

 

   
                         А                               B 

 
Рис. 1. Вплив вірусу ІБК на інфіковані КЕ через 8 діб експерименту: А — контрольні 

інтактні ембріони; B —  ембріони, інфіковані штамом «М41». 

 

Fig. 1. The effect of chicken infectious bronchitis virus on infected chicken embryos after 8 days 

of the experiment: A —  control intact embryos; B —  embryos infected with strain "M41".  

 

Відібрані для досліджень рухливі з добре розвинутими судинами КЕ 8 добового 

віку, інокульовані відповідно до розведення вірусу, вводили по 0,2 см3 в алантоїсну 
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порожнину КЕ (по 4 ембріони на кожне десятикратне розведення від 10-1 до 10-6) [10]. 

Досліджували вплив водного розчину С60 фулеренів на КЕ через 1, 2, 4 і 6 год після 

інфікування КЕ коронавірусом ІБК шляхом внесення його у КЕ за максимально 

допустимої концентрації (МДК). Як контроль, використали КЕ, яким було 

інокульовано забуферений фізіологічний розчин. Ембріони в процесі інкубації 

овоскопували двічі на день. Процедуру повторювали тричі, з контролями. КЕ 

інкубували 8 діб за температури 37°С та відносної вологості 50–52%. Встановлено, що 

водний розчин С60 фулеренів є безпечним для застосування in ovo навіть у 

максимальному об’ємі введення — по 1,0 см3 на КЕ незалежно від місця введення. Це є 

доволі важливий факт, оскільки спеціальна методична література [10] рекомендує 

максимальний об’єм введення лікарського препарату 0,2 см3 на КЕ.  

Протикоронавірусну дію досліджуваної наносполуки в системі in ovo визначали за 

співставленням рівней зниження інфекційної активності вірусу, яка виражається у 

показниках титру інфекційної активності вірусу [10]. 

Статистичну обробку результатів вимірювань проводили методами варіаційної 

статистики з використанням програми Statistica 13.3. При аналізі експериментальних 

даних у різних групах використовували t-критерій Стьюдента, після чого виконували 

множинний порівняльний тест Даннета для порівняння всіх даних з контрольними. 

Припущення про те, що експериментальні дані відповідають нормальному розподілу та 

мають ідентичні стандартні відхилення були перевірені за допомогою тестів Шапіро-

Уілка та Бартлетта, відповідно. Повторюваність вимірювань складала не менше п’яти 

разів. При значенні p < 0,05 відмінності вважалися значущими.  

 

РЕЗУЛЬТАТИ ТА ОБГОВОРЕННЯ 

Встановлено, що на початкових етапах МД С60 фулерен формує незначні за 

розміром нанокластери у кількості 7–16 молекул (Рис. 2; див. 5% розчин, 25 нс). 

Важливо зазначити, що на розмір нанокластеру, утвореного за той чи інший час, 

істотно впливає вихідна концентрація С60 фулеренів у модельному клітинному 

середовищі (Рис. 2; див. 10% і 15% розчини, 25 нс). Так, за високої вихідної 

концентрації С60 фулеренів, крім незначних за розміром наноагрегатів, утворюються 

також нанокластери розміром 25 і більше молекул С60. Цікавим є те, що нанокластери 

розміром до 16 молекул здебільшого мають сферичну форму або наближену до такої 

(Рис. 2; див. 5% розчин, 25 нс), а у нанокластерів більшого розміру форма є 

неправильною (Рис. 2). На нашу думку, це пов’язано з тим, що нанокластери більшого 

розміру є більш рухливими і мають більшу ентропійну складову, яка не дозволяє їм 

набути сферичної форми. Наступні снапшоти МД чітко показують, що утворені на 

початку нанокластери С60 фулеренів мають тенденцію до збільшення свого розміру з 

часом.  

Встановлено, що С60 фулерен та його нанокластери здатні проникати всередину 

ліпідної оболонки коронавірусу і згодом виходити з неї, що корелює з модельними 

розрахунками [11]. Так, на рис. 3А добре видно, як поодинока молекула С60 повністю 

заглиблюється у ліпідну оболонку і упродовж МД пересувається всередині неї. Дещо 

цікавіша ситуація спостерігалася для 10% і 15% розчинів молекул С60. Тут С60 фулерен 

формує нанокластери з 2, 3 і 4 молекул, які, як виявилося, здатні швидше проникати 

всередину ліпідної оболонки та виходити з неї (Рис. 3В, С). Так, на рис. 3С має місце 

утворення майже рівностороннього трикутника з 3 молекул С60, який починає 

занурюватися у ліпідну оболонку, а вже під кінець МД він перебуває з іншого її боку. 

Також добре видно утворення всередині ліпідної оболонки тетраедра з 4 молекул С60. 

Інших геометричних утворень не спостерігали, хоча літературні дані [11] вказують на 
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потенційну можливість утворення таких наноструктур, як деформована/правильна 

тригональна біпіраміда (5 молекул С60), деформований октаедр (6 молекул С60) і 

суперкластери (10 і більше молекул С60).  

 

 
 

Рис. 2. Вигляд зверху боксів з різною концентрацією С60 фулеренів у модельному 

клітинному середовищі на різних етапах МД симуляції: С60 фулерен — сірий колір; бокс 

середовища — блакитний колір. 

 

Fig. 2. Top view of boxes with different C60 fullerene concentration in the model cell medium at 

various stages of MD simulation: C60 fullerene — gray color; the environment box — blue color. 

 

 

Нарешті, в експериментальній роботі [9] було показано, що водорозчинні С60 

фулерени за низької концентрації 10-5 М взаємодіють з плоскою двошаровою 

мембраною (сформована шляхом нанесення суміші фосфатидилхоліну та холестерину 

(1:1) у гептані через отвір діаметром 0,6 мм у тефлоновій чашці, яка містилася у 

скляній камері, за кімнатної температури), збільшуючи її питому провідність та 

електричну ємність, і утворюють в ній локальні дефекти — пори і канали.  

При дослідженні серії концентрацій водного розчину С60 фулеренів у КЕ виявлено, 

що ця наносполука не викликала місцево-подразнюючої і токсичної дії за МДК 

(30 мкг/ембріон) упродовж 96 год. 

Встановлено, що при внесенні водного розчину С60 фулеренів за МДК через 1 і 

2 год інфікування КЕ коронавірусом ІБК титр інфекційної активності вірусу зменшився 

на однакову величину і склав 5,45 ± 0,30 lg ЕІД50/см3 у досліді проти значення 

6,70 ± 0,35 lg ЕІД50/см3 у контролі (терапевтична схема застосування). При внесенні 

водного розчину С60 фулерену за МДК через 4 і 6 год інфікування КЕ коронавірусом 

ІБК титр інфекційної активності знизився і склав, відповідно, 4,45 ± 0,25 lg ЕІД50/см3 і 

6,45 ± 0,33 lg ЕІД50/см3 у досліді проти значення 6,70 ± 0,35 lg ЕІД50/см3 у контролі.  
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Рис. 3. Бічний вигляд побудованих систем з різною кількістю молекул C60 на різних етапах 

МД симуляції: POPC оболонка — сірого кольору; С60 фулерен — жовтого кольору; А — 

5%, В — 10% і С — 15% розчин молекул С60, відповідно. 

 

Fig. 3. Side view of constructed systems with different numbers of C60 molecules at various stages 

of MD simulation: POPC envelope — gray color; C60 fullerene — yellow color; A — 5%, B — 

10% and C — 15% solution of C60 molecules, respectively.  

 

 

Таким чином, водний розчин С60 фулеренів за МДК знижує інфекційну активність 

коронавірусу ІБК при його застосуванні через 1, 2 і 4 год після інфікування 

коронавірусом чутливої біологічної системи. Найбільшого противірусного ефекту 

досягнуто при введенні дослідної наносполуки через 4 год після інфікування: зниження 

інфекційної активності на величину 2,25 lg ЕІД50/см3 є високим показником. При 

застосуванні водного розчину С60 фулеренів через 6 год після інфікування достовірного 

протикоронавірусного ефекту не виявлено. Одержані дані свідчать про те, що С60 

фулерен діє на вірус у його ранніх стадіях реплікації (1–4 год) у чутливій біологічній 

системі, знижуючи інфекційні властивості коронавірусу ІБК, що добре узгоджується з 

попередніми результатами [12].  
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ВИСНОВКИ 

Таким чином, агрегація С60 фулеренів у модельному клітинному середовищі 

відбувається або до проникнення у ліпідну оболонку коронавірусу, або після 

проникнення всередині неї. Відтак, можна припустити, що поодинокі С60 фулерени або 

у складі нанокластерів здатні утворювати пори в оболонці коронавірусу, наприклад, 

SARS-CoV-2, руйнуючи цілісність його структури, що безумовно призведе до 

порушення відповідних стадій циклу реплікації цього коронавірусу.  

Нарешті, водний розчин С60 фулеренів при застосуванні за МДК проявляє 

противірусну активність щодо коронавірусу ІБК на його ранніх стадіях взаємодii з 

чутливою клітиною (1–4 год). 
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Background: An urgent problem of modern biomedicine is the search for potential ways to reduce the spread of 

coronavirus infections in human and animal populations and eliminate the impact of coronavirus on their bodies. 

Aim of the work was to determine the structural organization of C60 fullerenes in a model cell medium, to assess 

their potential ability to penetrate the model lipid envelope of a coronavirus, thus destroying its integrity, as well 

as the effectiveness of the anticoronavirus action in the in ovo system. 

Methods: The research was conducted using the Gromacs 2020 software package and the Charmm36 force 

field. The CHARMM-GUI web resource was used to construct the lipid envelope of a coronavirus. Virological 

and toxicological methods were used in the in ovo experiments. 

Results: It is shown that at the initial stages of molecular dynamics C60 fullerene forms small nanoclusters in the 

amount of 7–16 molecules, which is affected by the initial concentration of C60 fullerene in a model cell 

medium. At the same time, the shape of nanostructures for the number of molecules over 16 may differ from the 

correct spherical shape. It was established that C60 fullerene and its nanoclusters are able to penetrate inside the 

lipid envelope of a coronavirus. In particular, a single C60 molecule can migrate, completely embed itself in the 

lipid envelope, or move within it. It was found that C60 fullerene aqueous solution, at the maximum permissible 

concentration (MPC) of 30 μg/embryo, reduces the infectious activity of the chicken infectious bronchitis (CIB) 

coronavirus when it is used 1, 2 and 4 h after the infection of a sensitive biological system with a coronavirus. 

Conclusions: It is shown that aggregation of C60 fullerene in a model cell medium can occur in different ways: 

either before penetration into the lipid envelope of a coronavirus, or inside it. C60 fullerenes, both individually 

and as part of nanoclusters, are able to form pores in the envelope of a coronavirus, destroying its integrity, 

which possibly leads to disruption of the corresponding stages of its replication cycle and attachment to cell 

receptors. It was established that C60 fullerene aqueous solution, when used in the MPC value, shows antiviral 

activity against the CIB coronavirus in its early stages of interaction with the cell (1–4 h). 
KEY WORDS: C60 fullerene; coronavirus; molecular dynamics; anticoronavirus activity. 
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Background: Intercomponent drug interactions could play important role for drug release, membrane 

permeability and membranotropic action. Therefore, newly developed drugs need for checking their 

biopharmaceutical characteristics. A new analgetic drug based on paracetamol (Actimask® 

Acetaminoprofen) and a hepatoprotector N-acetyl-D-glucosamine has been developed, with increased 

safety and potentiation of the analgesic effect (Ruban O., 2022). Multibilayer lipid membranes were 

chosen as promising testing medium due to their proved appropriation and sensitivity for study multi-

compound drug-membrane interactions. It is the basis for a kinetic approach allowing elucidation of 

biopharmaceutical interactions in model membrane medium.  

Objectives: Revealing changes of paracetamol release and membrane penetration in the new 

paracetamol-glucosamine analgetic drug as well as estimation the rationale of the approach developed to 

trace biopharmaceutical interactions in model membrane medium.  

Materials and Methods: L--dimyristoyl phosphatidylcholine (DMPC) multibilayer membrane was 

used as a model biomimetic testing medium. Differential scanning calorimetry (DSC) was applicated to 

trace kinetics of drug-membrane interactions.  

Results: Gelatin as a part of Actimask® increased the characteristic time of paracetamol diffusion about 

threefold, but it had no pronounced effect on the equilibrium paracetamol penetration into the membrane. 

Sole glucosamine manifested no membranotropic effect under the experimental conditions, however, in 

combination with gelatin, it sufficiently reduced equilibrium paracetamol penetration while paracetamol 

diffusion remained within the experimental error. The full drug formulation increased membrantoropic 

effect by 34 % in compared with sole paracetamol.  

Conclusions: Glucosamine and gelatin can affect both kinetic and equilibrium parameters of 

paracetamol-membrane interactions, while the full set of the drug components is able to increase the 

effect which correlates well with the previously established enhancement of analgetic effect of the drugs. 

The approach developed allows accurate tracing of drug release and membrane penetration depending on 

a set of drug components. Generally, the results obtained prove the rationale of applying the approach to 

pre-clinical drug examination. 

KEY WORDS: nanostructured materials; model lipid membranes; paracetamol; N-acetyl-D-

glucosamine; biopharmaceutical interactions; differential scanning calorimetry. 
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Paracetamol is known as a worldwide analgesic that and the first-line drug for the 

treatment of pain and fever in patients of all ages. It is belonged to the group of nonsteroidal 

anti-inflammatory drugs (NSAIDs), together with aspirin, ibuprofen, diclofenac and a number 

of other broadly used analgetic substances. However, a side effect of paracetamol is 

hepatotoxicity. To avoid it, N-acetyl-D-glucosamine (NAG) was used in a drug formulation 

as a hepatoprotector. It was established that the paracetamol–NAG combination leads to 

increased safety and potentiation of the analgesic effect of the drug [1]. Microgranules of 

paracetamol in a gelatin shell (Actimask® Acetaminoprofen) was used in order to create the 

drug in the form of orally disintegrating tablet, which provides greater compliance for 

treatment and contributes to the onset of an analgesic effect; besides, covering paracetamol 

with a gelatin shell is due to the improvement of its organoleptic properties.  

However, it is well known that any changes in tablet formulation could significantly 

affect drug bioavailability, so relevant question is to explore biopharmaceutical properties of 

the new drug. This issue, in turn, refers to the common problem of drug-excipient interactions 

[2], which should be discussed in more details.  

An excipient is a natural or synthetic material added to dosage forms along with the 

active pharmaceutical ingredient (API) as either functional or non-functional agents [3]. 

Generally, excipients can exert multiple roles in a dosage form, so the selection of drug 

compounds is considered as crucial in any drug formulation design [3, 4]. Though excipients 

are considered as (therapeutically) inert, they are able to interact with reactive functional 

groups of an API in different ways [4]. It is commonly accepted that any form of 

physicochemical interaction involving drug molecules will potentially affect drugs’ stability 

and bioavailability [4]. Last decades, the interest to drug-excipient interactions arises due to 

establishing of its ability to impact on drug effectiveness and, hence, to be a significant for 

drug adsorption by organism tissues [2, 5]. For example, ionic interaction between cationic 

drugs and anionic superdisintegrants resulted in the delayed release and poor dissolution of 

drugs [6].  

Literature suggested numerous examples of physicochemical drugs interactions and each 

of them is of high importance for treatment processes. So, emerging trends in the design and 

development of drug products indicate ever greater need for in-depth understanding of the 

roles of drug compound in drug delivery applications [3]. Naturally, the phenomenon is not 

only limited by drug-excipient interactions but could equally be applicated to API-API 

interactions (in the case when several APIs are formulated in the same product), so it might be 

generally referred as intercomponent drug interactions. 

Nowadays, this issue is considered in several aspects [2–4, 6–8]: (i) intercomponent 

interactions within a dosage from, or pharmaceutical incomparability; (ii) affecting drug 

release, solubility and bioavailability from the dosage form as well as its biopharmaceutical 

interactions; (iii) usage of excipients as drug delivery systems. The vast majority of the works 

on this matter is devoted to physicochemical interactions between certain drug components 

during the processes of API release/dissolution from a dosage form into water medium. 

Meanwhile, the next step of drug delivery, namely, drug-membrane interactions, is just as 

essential for bioavailability [4]. It is important that API penetration is usually carried out by 

passive diffusion through the lipid bilayer of cells [9]. The interaction of drugs with the lipid 

bilayer of biomembranes is inevitable, since a route of API administration (penetration into 

the systemic bloodstream, entry into the target cell, metabolism, etc.) is accompanied by 

interactions with a large number of cells barriers. Drug-membrane interactions seem to be of 

essential importance when dissolution is not the rate-limiting step of drug administration [2]. 

Moreover, improvement of membrane permeability by an excipient is thought to be a direct 

reason to improve drug bioavailability [4].  
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Generally, drug-membrane interaction is a complex and mutual process. Indeed, on the one 

hand, it affects the pharmacokinetic properties of pharmaceuticals, and on the other, it impacts on 

the structural and functional properties of the membranes themselves [10–12]. Besides, it could 

be an intrinsic part of biological effect of a drug, as it was shown for API of various classes. In 

particular, NSAIDs are characterized by strong drug-lipid interactions [13] being extended 

between the polar and hydrophobic segments of lipid bilayers [14]. Their membranotropic effect 

was established as detergent-like [15] or decreasing membrane melting transition point, thus 

enhancing the permeability of the membrane [16]. For a number of NSAIDs, it was shown that 

disruption of the сell membrane barrier is an important component in the drugs pathogenesis [8]. 

It was also established that NSAID toxicity is associated with the ability of the drug to modify 

the gastroenteric surface hydrophobic barrier through interaction with endogenous 

phosphatidylcholines [8]. These findings have indeed been providing evidences that the effect of 

NSAIDs at membrane level may be an additional mechanism of action and toxicity of NSAIDs 

[17] and highlight deep relationship between their membranotropic action and pharmacological 

activity (both therapeutic and negative side effects).  

Up to date, a set of data has gained which evidence that the presence of foreign molecules 

could affect drug-membrane interactions [18, 19]. For example, as it was established for a 

large group of anti-inflammatory drugs, their transdermal permeability is elevated in the 

presence of lauric acid [19]. In spite of this, there are comparatively small number of works 

elucidating drug-excipient interactions in membrane medium, probably due to lack of proper 

methods and approaches.  

As it was shown in our previous works, a set of excipients could serve as a modulating 

factor for API-membrane interactions [11, 20, 21]. In particular, azithromycin distribution 

into dipalmitoylphosphatidilcholine membrane varied depending on drug formulation [21]. 

Here, it should be noted that such modulation could either result from direct intercomponent 

interactions or appear explicitly at the stage of drug–membrane interactions. The former type 

of intercomponent interactions may be referred as membrane-mediated interactions; it was 

actually exemplified in [22–27]. The matter is just starting to develop but seems powerful and 

promising from practical viewpoint. For example, reduction of drug release by magnesium 

stearate is canonically attributed to generation of barrier to the aqueous environment [28], 

however another reason could be formation of drug-excipient complexes in membrane 

medium, as it was shown in [20].  

One of the most appropriated techniques to explore this matter is differential scanning 

calorimetry (DSC). On the one hand, it is known as a powerful and high selective tool to 

study drug-membrane interactions [29, 30] and on the other hand, it is widely used to predict 

various types of physicochemical drug–excipients interactions [4]. Our previous works 

involving DSC to drug-membrane interactions demonstrated effectiveness of kinetic regime 

to exploring membranotropic effect of various drugs combinations [31]. To this end, in the 

present work, we focused on investigation of kinetic effects of drug components on 

paracetamol release and distribution over model membrane medium. The aim of the work is 

to demonstrate possibilities of using kinetic DSC approach to explore changes of 

biopharmaceutical interactions depending on drug formulation, namely (1) reveal changes of 

paracetamol release and membrane penetration in the new paracetamol–glucosamine analgetic 

drug and (2) estimate the rationale of the approach developed to trace biopharmaceutical 

interactions in model membrane medium.  

 

MATERIALS AND METHODS 

Pharmaceutical composition of paracetamol with N-acetyl-D-glucosamine 

To create the pharmaceutical composition we used: Paracetamol (Anqiu Lu`an 
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Pharmaceutical Co., China) or gelatin-coated paracetamol (Actimask® Acetaminophen, SPI 

Pharma, USA), N-acetyl-D-glucosamine (Zhejiang Candorly Pharmaceutical, China), 

Plasdone S-630 (ISP, Switzerland), Kolidon CL (BASF, Germany), citric acid (Merck, 

Germany), sodium bicarbonate (Merck, Germany), Lubripharm (SPI Pharma, USA), 

Aspartame (Hyet Sweet, France), Orange flavor (Kerry, Italy). 

Taken together, NAG and Actimask® consisted 63 % of tablet mass.  

 

Lipid membrane preparation 

L-α-dimyristoylphosphatidylcholine (DMPC) membranes were prepared on the basis of 

DMPC of high purity (Avanti Polar Lipids) using Mettler XP 26 microbalance (Mettler 

Toledo). 70 % wt/wt hydrated samples were obtained by adding a corresponding amount of 

bidistilled water. Then, the samples were incubated at 275-278 K for several days in order to 

provide water – lipid equilibrium. Additionally, regular agitations and heating above 320 K 

were applicated. The initial value of water content was maintained by addition of bidistilled 

water in proper amount. 

Kinetic studies 

Differential scanning calorimetry (DSC) technique was involved to treat the process of 

drug-membrane interactions. Original DSC profiles were obtained using a DSC 1 

microcalorimeter (Mettler Toledo). Sample mass was 10 to 15 mg. Paracetamol content was 

6 % wt/wt in all the samples. The ratios of other compound were the same as in the tablet-

mass.  

Before the procedure of DSC profiles recording, the necessary drugs amount was placed 

into a 40 μl standard aluminum crucible, then it was covered by neat DMPC membrane. This 

moment was count as time zero. Then a sample was placed into the measurement cell and 

underwent consequence heating scans in temperature diapason 273 to 308 K at scanning rate 

0.3 K/s.  

The procedure of DSC profiles recording has been performed until system equilibrium 

was reached (i.e. until no further changes of DSC profiles were observed). For each sample, 

15 to 20 repeated DSC scans were performed during 120 to 170 hrs. of sample treatment. 

Neat DMPC membrane was examined under the same conditions as a control. Between the 

scans, the samples were stored at room conditions. Original DSC data were further processed 

by means of Stare SW 11.0 software. 

 

RESULTS AND DISCUSSION 

In the present study, multilamellar model membrane of hydrated L-α-

dimyristoylphosphatidylcholine (DMPC) was used as testing medium. Under experimental 

conditions, this membrane possesses a periodic lamellar structure with interlamellar repeat 

distance ab. 6–7 nm depending on temperature [32]. DMPC membrane is known to undergo 

the 1st order phase transition ‘gel to liquid crystal’ (membrane melting) under room 

temperatures which makes it convenient to explore drug-membrane interactions with a 

minimum risk of thermal destruction of the substances examined. Kinetics of drug 

administration into DMPC membrane was monitored using changes of DSC profiles during 

time of equilibration. Several types of systems were investigated, viz., DMPC membrane 

containing a selected drug component (paracetamol, NAG), certain drug combinations (e.g., 

Actimask® + NAG) or the full drug formulation (tablet). Original DSC thermograms of the 

systems were reported in [1]. Here, we present further data treatment allowing us to obtain 

quantitative characteristics of drug-membrane interactions.  

Taken into account complex character of the DSC peak obtained during equilibration 

time, it seemed reasonable to perform some fitting procedure to describe the process 
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quantitatively. For this purpose, a DMPC melting peak was fitted by two ones which reflect 

existence of membrane portions with different drug content. The fitting procedure and 

determination of the lower peak fraction (η) are illustrated in Fig. 1. Coefficient of 

determination R2 > 0.98 was taken as a fitting criterion. All the systems examined met the 

criterion, except some samples contained the tablet.  

The data obtained after the abovementioned processing were plotted as dependences of 

the lower peak and the upper peak temperatures on equilibration time. Initial steps of 

equilibration for different systems are depicted in Fig. 2.  

 

  

 

Fig. 2. Kinetics of shifts of the melting peaks for 

DMPC membrane containing paracetamol (a), 

Actimask® (b) and Actimask® + NAG (c). The 

lower peak – open symbols; the upper peak – solid 

symbols. The dotted line marks the equilibrium 

position of the lower peak. 

 

Fig. 1. DSC profile for DMPC membrane 

containing paracetamol (1st scan, t = 1080 s). 

Fitting of the melting peak by two Gaussians. The 

lower peak fraction (η) was determined as the ratio 

of the lower peak area (Slow) to the total original 

peak area (Stotal). 
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As one can see, for the membrane containing sole paracetamol, the lower peak appeared 

yet in the 1st scan (Fig. 1) and then maintained very close to its equilibrium value (Fig. 2, a). 

So, one could ascribe it to the portion of membrane saturated with paracetamol. Such rapid 

paracetamol distribution observed under the experimental conditions is in line both with 

known high penetrating ability of paracetamol and with the data of MD simulation of 

paracetamol-DMPC interactions [33]. At the same time, the upper peak decreased much faster 

and merged the lower peak completely after just the 3rd scan, reflecting equilibrium 

paracetamol distribution over a sample. Grounding on the above, parameter η seems 

appropriate to describe kinetics of paracetamol distribution over the membrane medium. For 

sole paracetamol, the value of η became equal to 1 after approx. 2.5·103 s.  

The pattern changed significantly with application of Actimask® instead of paracetamol 

(Fig. 2, b). Here, the lower peak shifts gradually toward its equilibrium position, but does not 

reach it even within 15·103 s. The upper peak exists during the same time period indicating 

non-homogeneous distribution of paracetamol throughout the membrane. Such effect is most 

likely evinces hindering of paracetamol release into the membrane medium due to gelatin 

coating of Actimask® microgranules. Reduced drug release from gelatin-coated capsules is a 

known effect of drug-excipient interactions, particularly for paracetamol [34, 35] so the effect 

observed testify in favor of relevance of the approach developed. 

As for NAG, there were no visible changes of DSC profiles observed during 6·105 s (data 

are not shown), though it does not generally mean the absence of NAG – membrane 

interactions. Being taken together with Actimask®, NAG restricts changes of the both peaks 

and moves the resulting peak temperatures to relatively higher values (Fig. 2, с).  

In Fig. 3, time dependences of the lower peaks in various systems are compared. For the 

system with Actimask®, it can be evident that though the equilibration value is reached much 

more slowly, it finally matches up (within the experimental error) with that for sole 

paracetamol. To our mind, such coincidence shows complete paracetamol release from the 

microgranules. Whilst, under joint Actimask® + NAG application, the equilibrium 

paracetamol effect appears much slighter, probably reflecting reduction of paracetamol 

distribution into membrane caused by the presence of NAG. Meanwhile, introduction of the 

tablet causes additional membrane fluidizing comparative to sole paracetamol. To our mind, 

such effect could be resulted from both enhancement of paracetamol distribution into 

membrane and its overlapping with membranotropic effect of other drug components. But 

anyway, such membrane fluidization correlates well with the previously established 

enhancement of analgetic effect of the drug [1].  

 
 

Fig. 3. Kinetics of shift of the lower melting peak 

for DMPC membrane containing various 

compounds of the paracetamol-glucosamine drug. 

The vertical line marks the break region. 
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Analysis of T(t) dependences (Fig. 3) allowed us to determine some parameters of 

paracetamol – membrane biopharmaceutical interactions. In particular, the equilibrium 

paracetamol penetration into the membrane (Deq) was determined as shift of the lower peak 

corresponding to equilibration time. The characteristic time of paracetamol diffusion (τ) was 

obtained by approximation of T(t) dependences with descending exponents. Paracetamol 

distribution over the membrane during the first 100 min of observation (η100) reflect its 

diffusion through water-lipid barriers. 

The obtained parameters of biopharmaceutical interactions are collected in Table 1. They 

indicate that gelatin as a compound of Actimask® increases τ about threefold, but has no 

obvious effect on Deq. Combination Actimask® + NAG hinders paracetamol diffusion 

(lowering of η100) and diminishes Deq by 20 %. However, the tablet increases Deq by a third 

(34 %) relative to the sole paracetamol. 
 

Table 1. Parameters of biopharmaceutical interactions. 

Components 

Kinetic Equilibrium 

, min η100 * Deq, K 
δDeq, 

% 

Paracetamol 0.10 1.0 -2.6 0 

Actimask® 0.37 0.9 -2.8 +8 

Actimask® + NAG 0.32 0.7 -2.1 -20 

Tablet – – -3.5 +34 

* Lower peak fraction after 100 min of equlibration 

 

Equilibrium profiles of specific heat capacity (Cp) were obtained from corresponding 

DSC thermograms (Fig. 4). The temperature regime of thermal analysis of DMPC membrane 

was chosen so that to obtain information about two its intrinsic phase transitions around 

physiological temperatures [36, 37] as well as to avoid peak distortion due to non-optimal 

scanning rate [38]. The resulting Cp profile of the neat membrane contains two peaks. The 

sharp peak at 297.5 K reflects the membrane melting and was taken as a reference. Another 

one, at 288.6 K, corresponds to so-called pre-transition [36]. It disappears completely under 

drugs introduction. As one can see, Cp profiles of almost all systems contains a single sharp 

melting peak a few degrees below the reference. It suggests that in equilibrium state 

paracetamol distributes homogeneously over the DMPC membrane both in combinations with 

 

Fig. 4. Equilibrium profiles of specific heat 

capacity (Cp) for DMPC membrane containing 

various compounds of the paracetamol-

glucosamine drug. The dotted line marks 

position of the reference peak (melting of neat 

DMPC membrane). 
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gelatin and with NAG. The only exception is Cp profile for membrane with the tablet which 

contains an additional broad peak above the paracetamol one. It obviously indicates 

individual interactions of other compounds of the drug with DMPC membrane. А small high-

temperature thermal event observed for the membrane with Actimask® may be attributed to a 

membrane portion bound to sole gelatin. 

The spectrum of possible underlying mechanisms of intercomponent interactions in the 

tablet is rather wide [2]. Generally, it could be relay to the rate and extent of drug dissolution 

and release, changes in the permeability of the membrane or in the stability of the drug. As for 

paracetamol, there are literature data concerning its pharmacological interactions with 

mannitol, vanillin and methylparaben [39, 40]. Besides, reducing paracetamol activity relative 

to hepatocyte membranes were reported for its combinations with acetylcysteine and Ca-

pantothenate [41]. However, none of the substances listed is present in the composition of the 

drug examined, so there is insufficient basis for further speculations about the effects 

observed.  

Thus, revealing of specific mechanisms of biopharmaceutical interactions for the 

paracetamol-glucosamine drug obviously requires more detailed studies. Meanwhile, the 

approach developed seems appropriate and instructive for exploring such kind of problems.  

 

CONCLUSIONS  

A new approach was developed allowing to elucidate biopharmaceutical intercomponent 

interactions in drug formulations and their impact on drug-membrane interactions. It was 

exemplified in a new paracetamol–glucosamine analgetic drug with reduced negative side 

hepatotoxic effect of paracetamol. Series of DSC profiles obtained for phase transitions of 

DMPC membrane allowed us to trace paracetamol release and distribution.  

Paracetamol was established to be capable of fast and homogeneous distribution 

throughout the membrane in full accordance with its known high membrane permeability. As 

a part of Actimask® Acetaminophen (gelatin-coated paracetamol microgranules), 

paracetamol saturated the membrane three times slower, though the equilibrium paracetamol 

penetration into the membrane was the same as for the sole paracetamol within experimental 

error. Such effect could be most likely attributed to hindered paracetamol release from the 

microgranules.  

N-acetyl-D-glucosamine, another API in the drug formulation, had no pronounced effect 

on DSC profiles. Meanwhile, taken together with Actimask®, it caused diminishing of 

paracetamol distribution into the membrane. The full drug formulation had slight influence on 

the initial steps of paracetamol distribution comparing to Actimask® + NAG. Meanwhile, the 

tablet had increased membranotropic effect in the equilibrium state which correlates well with 

the previously established enhancement of analgetic effect of the drugs.  

Thus, the approach developed allows accurate tracing drug release and membrane 

penetration depending on a set of excipients. Generally, the results obtained prove the 

rationale of the approach developed in applying to pre-clinical drug examination. 
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Актуальність. Міжкомпонентні взаємодії у фармпрепаратах можуть відігравати важливу роль у 

вивільненні лікарської речовини, її проникненні крізь мембрану та мембранотропній дії. Таким 

чином, новітні препарати потребують перевірки їх біофармацевтичних характеристик. 

Розроблений новий анальгетичний препарат на основі парацетамолу (Actimask® Acetaminoprofen) 

та гепатопротектору N-ацетил-D-глюкозаміну показав підвищену безпечність та підсилення 

анальгетичного ефекту (Ruban O., 2022). Мультибішарові ліпідні мембрани було обрано як 

перспективне тестове середовище завдяки їх встановленій доречності та чутливості при вивченні 

мультикомпонентних взаємодій лікарських речовин з мембраною. Це створило основу для 

кінетичного підходу, який дозволяє виявляти біофармацевтичні взаємодії у модельному 

мембранному середовищі.  

Метою роботи було виявлення змін вивільнення парацетамолу з нового препарату парацетамол-

глюкозамін та його проникнення крізь мембрану, а також оцінка придатності розроблюваного 

підходу до моніторингу біофармацевтичних взаємодій у мембранному середовищі.  

Матеріали і методи. Мультибішарові мембрани L--диміристоїлфосфатидилхоліну були 

використані як біомиметичне тестове середовище. Метод диференціальної скануючої калориметрії 

був застосований для моніторингу кінетики взаємодії лікарських речовин з мембраною.  

Результати. Желатин як складова Actimask® підвищує характерний час дифузії парацетамолу 

майже втричі, але не впливає на його рівноважний розподіл у мембрану. Глюкозамін 

індивідуально не має вираженого мембранотропного ефекту за умов експерименту, втім у 

комбінації з желатином суттєво зменшує рівноважний розподіл парацетамолу у мембрану, майже 

не впливаючи на його дифузію. Повний набір компонентів препарату підвищує мембранотропний 

ефект на 34% у порівнянні з індивідуальним парацетамолом.  

Висновки. Глюкозамін та желатин можуть впливати як на кінетичні, так і на рівноважні 

параметри взаємодії парацетамолу з ліпідною мембраною, тоді як повний набір компонентів 

препарату підвищує ефект парацетамолу, що добре корелює з попередньо встановленим 

підсиленням анальгетичного ефекту препарату. Розроблюваний підхід дозволяє чітко 

відстежувати вивільнення лікарської речовини та її проникнення крізь мембрану у залежності від 

набору компонентів препарату. Загалом отримані результати показують придатність даного 

підходу для застосування у доклінічних дослідженнях фармпрепаратів.  
КЛЮЧОВІ СЛОВА: наноструктуровані матеріали; модельні ліпідні мембрани; парацетамол; N-ацетил-D-

глюкозамін; біофармацевтичні взаємодії; диференціальна скануюча калориметрія.  
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Background: Bronchodilators, which are compounds that can relax airway smooth muscle, are perhaps the 

most important component of combination therapy for chronic obstructive pulmonary disease, one of the 

most common non-communicable diseases in the world, which is the second most lethal disease after 

cardiovascular disease. Unfortunately, current clinical bronchodilators, whose activity is mediated by their 

interaction with muscarinic acetylcholine receptors, have side effects (up to myocardial infarction) due to 

their cross-affinity for different types of these receptors, including those prevalent in the heart muscle. 

Objectives: The aim of this work is to search/develop compounds — effective bronchodilators capable of 

selectively inhibiting type 3 muscarinic acetylcholine receptors (M3 receptors), predominantly present in 

smooth muscles and not characteristic of cardiomyocytes. 

Materials and Methods: High-throughput virtual screening of a collection of 150,000 compounds was 

conducted on the spatial structure of the M3 receptor, reconstructed in our previous studies. The effect of 

substances on contractile activity was investigated using tensometry in isometric mode on multicellular 

tracheal preparations. Antagonistic activity and type of inhibition were determined against the background 

of acetylcholine application (concentration range 10-10–10-3 M). To establish the affinity value of the 

compound-antagonist, the Schild regression equation was used. 

Results: Based on virtual screening data, a series of compounds — amides of 1-oxo-3-phenyl-iso-chroman-

6-carboxylic acid — were selected for biological testing. For two of these compounds (Compounds 1 and 

7), the ability to selectively inhibit M3 receptors was demonstrated. Specifically, the affinity value pKB for 

Compound 1 was 7.28 ± 0.70, with an IC50 of 5.25·10-8 M. A critically important advantage of this 

compound is its ability, at equal concentrations, to more effectively inhibit signal transmission through M3 

receptors compared to ipratropium bromide — a clinical cholinergic receptor inhibitor. 

Conclusions: The sufficient effectiveness of inhibition and significantly increased selectivity of the studied 

compounds specifically towards M3 receptors provide strong grounds to consider these compounds as 

promising precursors of new generation cholinolytic drugs with targeted action on M3-type cholinergic 

receptors. 

KEY WORDS: chronic obstructive pulmonary disease (COPD); acetylcholine receptor; virtual screening; 

molecular docking; tensometry; selective M3 antagonists. 
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In the human respiratory tract, M2 and M3 type cholinergic receptors play a direct role in 

regulating the lumen of the bronchial tree [1–4]. The physiological functions of M2 cholinergic 

receptors, located in smooth muscle cells and postganglionic parasympathetic neurons, are to 

limit β2-adrenoreceptor-mediated relaxation of smooth muscles by reducing intracellular cAMP 

concentration and to suppress the release of the neurotransmitter acetylcholine from nerve 

endings of postganglionic neurons [1, 5, 6]. Although M2 type receptors significantly 

outnumber M3 cholinergic receptors in smooth muscle cell membranes, the latter are 

functionally the main type of acetylcholine receptors that facilitate their contraction and 

narrowing of the respiratory tract lumen, as well as regulate the secretory activity of mucosal 

glands [1, 2, 7–9]. 

Asthma and Chronic Obstructive Pulmonary Disease (COPD) are among the most common 

non-infectious diseases worldwide. According to data from the Global Asthma Network and 

the Global Initiative for Asthma, asthma affects 1 to 18% of the population in various countries, 

with a total global number of patients exceeding 300 million; a concerning global trend is the 

annual increase in patients diagnosed with asthma by 2.9% [9]. Asthma is characterized by 

transient airflow limitation in the airways, as well as airway hyperresponsiveness and 

sometimes remodeling of the airway wall tissues; these symptoms are also primary in COPD. 

Pharmacological drugs used in the treatment of asthma and COPD are divided into several 

groups: long-acting β2-adrenoceptor agonists (LABA), short-acting β2-adrenoceptor agonists 

(SABA), long-acting muscarinic acetylcholine receptor antagonists (LAMA), short-acting 

muscarinic acetylcholine receptor antagonists (SAMA), as well as inhaled and oral 

corticosteroids. 

Currently, the most commonly used drug in Ukraine for COPD and bronchial asthma with 

M-cholinolytic activity is ipratropium bromide [10, 11]. Like atropine, ipratropium is a 

competitive antagonist of muscarinic acetylcholine receptors. It has gained widespread use in 

the therapy of asthma and COPD, as unlike atropine, it does not cross the blood-brain barrier 

and is poorly absorbed through the gastrointestinal tract walls. Ipratropium is recommended by 

the Global Initiative for Chronic Obstructive Lung Disease 2009 (according to the Global 

strategy for diagnosis, management, and prevention of COPD) for four times daily inhalation 

use by COPD patients as a short-acting muscarinic antagonist (SAMA), with the maximum 

effect achieved within 60–90 minutes and the duration of therapeutic effect lasting 4–6 hours. 

However, the optimal strategy for the therapy of obstructive phenomena in the airways 

with cholinolytic drugs (more precisely, drugs with properties of long-acting muscarinic 

antagonist — LAMA) involves the use of M3-selective antagonists [1, 12]. Current COPD 

therapy protocols (USA, EU countries) and asthma include the use of such LAMA: tiotropium 

(recommended at a dose of 5 or 18 µg depending on the nebulizer functioning method, once 

daily) and aclidinium (recommended at a dose of 400 µg twice daily), glycopyrronium 

(recommended at a dose of 50 µg once daily), and umeclidinium (for COPD treatment and 

potential use in asthma treatment, recommended at a dose of 62.5 µg once daily) [2, 13]. 

According to a meta-analysis [14], for newer LAMA drugs (aclidinium, glycopyrronium, and 

glycopyrronium), no significant therapeutic advantages were found compared to the earlier 

tiotropium bromide (the only LAMA drug for COPD therapy until 2012). 

Thus, currently, the active substance in drugs for the therapy of uncontrolled asthma is 

tiotropium bromide — a structural analog of ipratropium bromide, which is a functional 

antagonist of M3 cholinergic receptors. This is because, although it binds to M2 receptors, it 

dissociates from these significantly faster than from M3 type receptors. Compared to 

ipratropium, tiotropium bromide has lower oral bioavailability and systemic side effects, and 

an extended half-life in patient's body [15–17]. However, the use of tiotropium bromide for the 
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therapy of stable asthma may be ineffective due to insufficient drug dosage, while increasing 

the dosage can lead to side effects [1, 18]. 

Therefore, the aim of our study was the directed search and biological testing of low-

molecular-weight selective inhibitors of M3 type muscarinic acetylcholine receptors. 

 

MATERIALS AND METHODS 

 

Virtual Screening 

The predicted structure of the M3-type muscarinic acetylcholine receptor [19] was used as 

a target for virtual screening. Two binding sites were identified. Binding site 1 (orthosteric) and 

binding site 2 (allosteric) utilizing the ICM Pocket Finder tool [20]. The first site is a combined 

pocket from the area located in a fold formed by helically twisted transmembrane domains, 

with which acetylcholine binds, as well as the area located higher, between the loops that bind 

the transmembrane domains. The second is on the reverse, intracellular part, formed by 

transmembrane domains. The orthosteric site has better characteristics than the allosteric one 

(larger volume of 1013.7 Å3 compared to 461.8 Å3 for the allosteric site, aromatic factor of 0.15 

compared to 0, and drug-like index (DLID) [21] of 1.35 compared to 0.13). After detailed 

analysis and determination of the parameters of these sites, the orthosteric site was chosen for 

docking studies. 

Virtual screening of the Department of Medicinal Chemistry Institute of Molecular Biology 

and Genetics NAS of Ukraine compounds collection (150,000 compounds) was conducted 

utilizing AutoDock 4.2 [22] molecular docking software with previously reported parameters 

and protocols [23]. 3,000 top-scored compounds (2% of all screened compounds) were selected 

according to AutoDock score for visual inspection and cherry-picking. 

The BIOVIA Discovery Studio Visualizer [24] was utilized for visual inspection and 

ligand-target interaction analysis of top scored compounds. The parameters of the visualizer 

related to the construction of molecular bonds were used by default. The criteria for selecting 

compounds for pharmacological tests were as follows: 1. Compounds should bind to the 

acetylcholine-binding site; 2. Compounds should also bind to the subpocket above the 

acetylcholine-binding site for enhanced affinity and selectivity; 3. There must be at least one 

hydrogen bond. 

 

Functional pharmacological studies of compound activity in vitro 

Testing the effect of muscarinic acetylcholine receptor inhibitor substances was carried out 

on the contractile activity of the smooth muscles of the trachea using male Wistar rats (weighing 

within 230–250 g). Rats were euthanized under ether anesthesia, and all animal manipulations 

were conducted in accordance with the International Convention on the Work with Animals 

and the Law of Ukraine 'On the Protection of Animals from Cruel Treatment' (protocol of the 

meeting of the bioethics commission of the National Scientific Center 'Institute of Biology and 

Medicine' No. 3 dated May 2, 2019). 

The study of contractile activity was conducted using tensometry in isometric mode on 

multicellular tracheal preparations, which were rings with an intact mucosal lining containing 

at least four cartilaginous rings. For the experiments, tracheal fragments from the beginning of 

the bifurcation to 1–1.5 cm above the bifurcation were used. 

In the experiments, Krebs solution was used (mM): 120.4 NaCl; 5.9 KCl; 15.5 NaHCO3; 

1.2 NaH2PO4; 1.2 MgCl2; 2.5 CaCl2; 11.5 glucose; the pH of the solution was 7.4. Tracheal 

rings were placed in a working chamber (volume 2 ml) bubbled with an oxygenated gas mixture 

of Krebs solution (95% O2/5% CO2, flow rate — 5 ml/min), and thermostated at 37°C. The 

tracheal preparations were given a passive tension of 10 mN and left for 1 hour; the study began 
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after recording several reproducible contractile reactions to the application of hyperkalemic 

solution and acetylcholine (10-6 M). The contractile activity was investigated using a capacitive 

force sensor; the amplified signal was recorded using an ADC. 

Preliminary screening of compounds for their ability to inhibit muscarinic cholinergic 

receptors was conducted by recording contractile responses of tracheal preparations to the 

application of acetylcholine (10-5 M) under the condition of prior action of the tested 

compounds (at a concentration of 10-4 M) for 10 minutes. 

To study the antagonistic activity of muscarinic cholinergic receptor antagonists 

(ipratropium bromide and tested substances), contractile responses of tracheal preparations to 

the application of acetylcholine at a concentration of 10-4 M were recorded under cumulative 

increases in antagonist concentrations (10-10–10-5 M, with the antagonist's prior action time of 

10 minutes) and concentration-effect curves were constructed, from which the IC50 value was 

determined; the maximum contractile response (100%) was considered as the contraction to the 

application of acetylcholine without an antagonist. 

To confirm the competitive type of inhibition by ipratropium bromide and tested 

substances, as well as to study their functional antagonism, concentration-effect curves of 

acetylcholine were recorded (acetylcholine concentration range 10-10–10-3 M). Subsequently, 

the Schild regression equation was used to determine the affinity of the compound-antagonist. 

According to the Schild method, the antagonist-induced parallel shift of the concentration-

effect curves was determined as the ratio of equieffective concentrations (CR) of the agonist in 

control and in the presence of an antagonist. From the Schild plots, the functional antagonism 

index (affinity index of the competitive antagonist) pKB and the tangent of the slope angle were 

determined [25–27]. 

To study the cellular mechanisms of action of the compounds, contractile responses of the 

trachea to the application of the selective mAChR3 agonist cevimeline (10-4 M), effectors of 

adrenoreceptors (adrenaline, 10-5 M; propranolol, 10-5 M; isoproterenol, 10-5 M), and nicotinic 

cholinergic receptors (nicotine, 10-4 M), blocker of inositol 1,4,5-trisphosphate-sensitive (IP3) 

Ca2+ channels of the sarcoplasmic reticulum (2-APB, 10-4 M), and phospholipase C inhibitor 

(U-73122, 10-6 M) were recorded. 

All compounds under study were initially dissolved in DMSO and introduced into the 

smooth muscle preparations in such a way that the final concentration of DMSO was 0.1%. 

Additionally, all experiments were conducted in the presence of DMSO in the bathing solution 

at a concentration of 0.1%. 

Experimental data were analyzed using Origin Pro 2018 software. The samples were tested 

for their adherence to normally distributed populations using the Shapiro-Wilk criterion. To 

determine significant differences between the mean values of the samples, a paired t-test was 

used; multiple comparisons were conducted using one-way analysis of variance (ANOVA). In 

all cases, results were considered significant if p < 0.05. The significance of data approximation 

by a linear function was analyzed using Fisher's F-criterion; the coefficients of determination 

(R2) were not less than 0.9. Results are presented as mean ± standard error of mean (SEM), n – 

number of experiments. 

 

RESULTS AND DISCUSSION 

For pharmacological testing in vitro on multicellular smooth muscle preparations of rat 

tracheal rings, seven most promising compounds — amides of 1-oxo-3-phenyl-isochroman-6-

carboxylic acid (1–7, Table 1) with predicted cholinolytic activity were selected through 

preliminary in silico screening. As a target for screening, the spatial structure of the M3 type 

cholinergic receptor, reconstructed in our previous studies [19], were used. Structure of these 

compounds are presented in Table 1. 
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Table 1. Structures and physico-chemical properties of the studied amides of 1-oxo-3-phenyl-isochroman-

6-carboxylic acid 

 

Compound Structure 

1 

 

2 

 

3 

 

4 

 

5 

 

6 

 

7 

 
 

In the first series of experiments, the reaction of smooth muscle preparations (SMP) of the 

trachea to the application of acetylcholine (10-5 M) was tested under the condition of prior 
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action of the tested compounds (all at a concentration of 10-4 M) for 10 minutes. Thus, two 

compounds were identified with the ability to suppress acetylcholine-induced contractions, 

identified as 1 and 7 (Fig. 1). 

 

 

Fig. 1. Changes in the amplitude (Fmax) of acetylcholine-induced (10-5 M) contractions of rat 

tracheal preparations by compounds (used at a concentration of 10-4 M, pre-incubation time 

10 min). 

Control values were taken as 100% (n = 7). 

** — p < 0.01 and * — p < 0.05 — significant difference compared to control. 

 

Spatial structures of the corresponding complexes of active compounds are depicted in 

Fig. 2. Both compounds interact with the M3 cholinergic receptor in the same manner. The 1-

oxo-3-phenyl-isochroman moiety interacts within the acetylcholine binding site, specifically 

forming a series of hydrophobic interactions with Tyr148, Trp503, Tyr506, Tyr529, Cys532, 

and a hydrogen bond with Asn507. The NH of amide group forms two hydrogen bonds with 

Tyr148 and Tyr506. The o-tolyl group of compound 7 engages in hydrophobic interactions with 

Ile222 and Leu225. Methyl o-benzoate group of compounds 1 has additional hydrophobic 

interactions with Leu144 and Tyr148, as well as hydrogen bonds with Tyr148, Ile222, and 

Tyr529. 

In the subsequent series of experiments, acetylcholine-induced contractions of rat tracheal 

preparations were recorded under the action of selected compounds 1 and 7 (all used at a 

concentration of 10-4 M) against the background of prior incubation of SMP with the known 

cholinergic receptor antagonist ipratropium (used at a concentration of 10-6 M). Since the tested 

compounds did not affect the baseline tension and contractile response of SMP in the presence 

of ipratropium, it can be asserted that these substances are tropic to muscarinic cholinergic 

receptors. 

The mentioned compounds did not affect the SMP responses to the application of the 

nicotinic cholinergic receptor agonist nicotine (used concentration 10-6 M), supporting the 

hypothesis of the selective action of the tested substances specifically on muscarinic 

acetylcholine receptors [21]. 
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A 

B 

Fig. 2. Molecular complexes of M3 cholinergic receptor with compound 1 (A) and compound 

7 (B) obtained by molecular docking. Hydrogen bonds are shown by the green dotted lines, 

hydrophobic interactions are indicated by magenta dotted lines. 

 

It was also established that both compounds and the known non-selective inhibitor of 

muscarinic cholinergic receptors, ipratropium bromide (in all cases used at a concentration of 

10-6 M, with a pre-incubation duration of 10 minutes in the presence of the tested substance), 

could inhibit the contractions of SMP of the trachea activated by the selective M3 cholinergic 
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receptor agonist cevimeline (fixed concentration of 10-4 M). The greatest inhibitory properties 

against M3 cholinergic receptors were observed for compound 7 — under these conditions, 

cevimeline-induced contraction was 24.5 ± 3.6% relative to the control, taken as 100% (n = 7, 

p < 0.001). For comparison, a similar effect on cevimeline-induced SMP tracheal contractions 

for ipratropium bromide was registered, a compound that is the active ingredient in medicinal 

products for the therapy of bronchial asthma and COPD. It was found that ipratropium bromide 

at a concentration of 10-6 M causes an average inhibition of cevimeline-induced contraction to 

63.2 ± 5.1% relative to the control, taken as 100% (n = 7, p < 0.01). 

Subsequently, for the compound 7, 'acetylcholine concentration-effect' curves were 

registered and analyzed, the type of inhibition, affinity indicators, and IC50 were determined. It 

was found that the slope of the Schild regression line (0.88 ± 0.12, coefficient of determination 

R2 = 0.98) (Fig. 3, 4) indicates a competitive mechanism of action of this substance. The affinity 

value of this compound pKB was 7.28 ± 0.70 and IC50 = 5.25·10-8 M. 

 

 
Fig. 3. 'Acetylcholine concentration-effect' curves in the presence of compound 7 for the 

activation of smooth muscle contractions of rat trachea: curve 1 — control (concentration 

range 10-10–10-3 M), curves 2–4 — against the background of 7 at concentrations of 5·10-7 M, 

10-6 M, and 10-5 M, respectively. The amplitude of contractions under the action of 

antagonists is recalculated in % compared to acetylcholine-induced contraction in control 

(10-4 M), taken as 100%. Data are presented as M ± SEM, n = 7. 
 

It has also been established that compound 7 does not significantly affect the nicotinic 

cholinergic receptors and adrenergic receptors of the respiratory tract in rats. Using a 

phospholipase C inhibitor (U-73122) and blockers of inositol 1,4,5-trisphosphate-sensitive (2-

APB) and ryanodine-sensitive (caffeine) Ca2+ channels of the sarcoplasmic reticulum, it was 

demonstrated that the aforementioned compounds act on the intracellular signaling cascade 

through M3 type muscarinic cholinergic receptors [28–31]. 
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Fig. 4. Schild plot for the action of compound 7. Data are presented as M ± SEM, n = 7. 

 

 

Previously, we established [19] that for the known non-selective competitive antagonist of 

muscarinic cholinergic receptors, ipratropium bromide, the slope of the Schild regression line 

was 0.79 ± 0.07 (coefficient of determination R2 = 0.99), and the affinity value pKB was 

9.14 ± 0.62 with an IC50 of 7.24·10-10 M. Therefore, compound 7 has a lower affinity and is 

characterized by higher EC50 values compared to ipratropium bromide. However, a critically 

important advantage of compound 7 is its ability, at equal concentrations, to more effectively 

inhibit signal transmission through M3 cholinergic receptors compared to ipratropium bromide. 

 

CONCLUSIONS 

Biological testing was conducted on smooth muscle preparations (SMP) of the trachea for 

compounds in the group of amides of 1-oxo-3-phenyl-isochroman-6-carboxylic acid with 

predicted inhibitory activity towards mAChRs: their pharmacological effects and parameters 

were studied. It was found that the compound 7 effectively inhibits (with an average IC50 value 

of 5.25·10-8 M) and at equal concentrations significantly more inhibits signal transduction 

specifically through M3 cholinergic receptors compared to ipratropium bromide, without having 

a significant effect on M2 cholinergic receptors. Therefore, there are all reasons to consider 

these compounds as promising precursors of new generation cholinolytic drugs with targeted 

action on M3 cholinergic receptors. 
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Актуальність. Бронходилататори — сполуки, здатні розслабляти гладеньку мускулатуру 

повітроносних шляхів, є чи найважливішим компонентом комбінованої терапії хронічного 

обструктивного захворювання легень — одного з найбільш поширених у світі неінфекційних 

захворювань, що займає друге місце за летальністю після серцево-судинних захворювань. На жаль, 

сучасні клінічні бронходилататори, чия активність опосередкована їх взаємодією з мускариновими 

рецепторами ацетилхоліну, мають побічні ефекти (до інфаркту міокарда) внаслідок їх перехресної 

спорідненості до різних типів цих рецепторів, зокрема, і до тих, що розповсюджені в серцевому 

м’язі. 

Мета роботи: пошук/розробка сполук — ефективних бронходилататорів, здатних селективно 

інгібувати мускаринові рецептори ацетилхоліну типу 3 (М3-рецептори), які представлені переважно 

в гладеньких м’язах і не характерні для кардіоміоцитів. 

https://doi.org/10.7124/bc.00095B
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1021/ci100312t
https://discover.3ds.com/discovery-studio-visualizer-download
https://doi.org/10.7124/bc.000917
https://doi.org/10.1007/s11062-019-09772-1
https://doi.org/10.1007/s11062-017-9623-0
https://doi.org/10.1016/j.taap.2020.114978
https://doi.org/10.1016/j.resp.2011.10.007
https://doi.org/10.1007/s11062-016-9544-3
https://doi.org/10.1007/s11062-016-9544-3
https://doi.org/10.1124/jpet.118.255620
a_nyporko@knu.ua


 

New promising agents against COPD and asthma among the amides…  

 

47 

Матеріали і методи. Високопродуктивний віртуальний скринінг колекції 150000 сполук було 

здійснено щодо просторової структури М3-рецептора, реконструйованого в наших попередніх 

дослідженнях. Вплив речовин на скорочувальну активність досліджували методом тензометрії у 

ізометричному режимі на мультиклітинних препаратах трахеї. Антагоністичну активність і тип 

інгібування визначали на фоні аплікування ацетилхоліну (діапазон концентрацій 10-10–10-3 М). Для 

встановлення величини афінності сполуки-антагоніста використовували рівняння регресії Шілда.  

Результати. За даними віртуального скринінгу було обрано для біологічного тестування ряд сполук 

— амідів 1-оксо-3-феніл-ізохроман-6-карбонової кислоти. Для двох із них (сполуки 1 і 7) було 

продемонстровано здатність селективно інгібувати М3-рецептори. Зокрема, велична афінності рКВ 

для сполуки 1 становила 7,28±0,70, а IС50=5,25·10-8 М. Надзвичайно важливою перевагою цієї 

сполуки є її здатність за однакових концентрацій достовірно ефективніше пригнічувати проведення 

сигналу через М3-рецептори порівняно з іпратропієм бромідом — клінічним інгібітором 

холінорецепторів.  

Висновки. Достатня ефективність інгібування і значно підвищена селективність досліджених 

сполук саме стосовно М3-рецепторів дають всі підстави вважати зазначені сполуки перспективними 

попередниками холінолітичних препаратів нового покоління зі спрямованою дією на 

холінорецептори М3-типу.  
КЛЮЧОВІ СЛОВА: хронічне обструктивне захворювання легень (ХОЗЛ); мускариновий ацетилхоліновий 

рецептор; віртуальний скринінг; молекулярний докінг; тензометрія; селективні М3-антагоністи. 
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