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Abstract 1 

 We present a comprehensive study of a water-soluble substance from the class of triazine 2 

derivatives alkylating agents. The performed physicochemical investigations of this cytostatic 3 

drug’s aqueous solutions include the measurements of density, viscosity, speed of sound, 4 

refraction index, stability, solubility, distribution between water and octan-1-ol, as well as 5 

electronic structure calculations and molecular dynamics modelling. Biologically, the substance 6 

was investigated for its cytotoxicity as well as in vitro (on Capan-2 and SK-MEL-1 cell lines) and 7 

in vivo (transplantable Ehrlich ascites carcinoma model) therapeutic activity. 8 

Keywords: Cytostatic Agent; Solutions; Cytotoxicity; Ehrlich ascites carcinoma; Electronic 9 

structure; Molecular Dynamics. 10 

  11 
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1. Introduction 1 

 This work continues our research on [5-[[4,6-bis(aziridin-1-yl)-1,3,5-triazin-2-2 

yl]amino]-2,2-dimethyl-1,3-dioxan-5-yl]methanol (substance (a)) from the group of alkylating 3 

agents of the class of triazine derivatives (Fig. 1) [1]. 1,3,5-Triazine derivatives such as 4 

Altretamine (1) [2], Tretamine (2) [3], and Azacitidine (3) [4] (Fig. 2) are used as selective 5 

anticancer drugs against ovarian cancer [5], acute myeloid leukaemia [6], and chronic 6 

myelomonocytic leukaemia [7]. Varying the substituents at the heterocycle (triazine) allows to 7 

change the properties of the compound [8] with potentially advantageous medical effects. 8 

 Substance (a) was synthesised, investigated, and subsequently approved for medical use 9 

in the 1980s as an antineoplastic agent for the treatment of ovarian, breast, lung, kidney, liver 10 

cancers and for the prevention of regional metastasis in oral cancer [9–12]. In [13] it was shown 11 

that substance (a) is effective against abdominal carcinomatosis in animals. A detailed study of the 12 

mechanisms of action allowed to conclude that substance (a) is a small molecule from the class of 13 

alkylating agents. It is characterised by both resorptive and contact antitumour effects and it can 14 

be used for systemic and local chemotherapy, for endolymphatic chemotherapy, and 15 

chemoembolisation [14]. 16 

 Previously, our group obtained data on biocompatibility and biological activity of 17 

substance (a). The data indicate high haemocompatibility, however, low affinity for human serum 18 

albumin may lead to cytotoxicity. Binding of substance (a) to deoxyribonucleic acid investigated 19 

by calorimetric titration, spectrophotometric method, and circular dichroism spectroscopy shows 20 

that substance (a) exhibits a mixed mechanism of action. Its interaction with DNA leads to the 21 

formation of covalent bonds, as evidenced by the high value of the binding constant (Kb = 22 

3.44∙107 M−1). Experiments to study the kinetics of substance (a) interaction with DPPH, trapping 23 

of NO radicals, and photobleaching of Radachlorin show that it exhibits pronounced antioxidant 24 

activity. Cytotoxicity studies in cell lines (non-small cell lung cancer A-549, glioblastoma T98G, 25 

ovarian teratocarcinoma PA-1, pancreatic cancer PANC-1, and liver adenocarcinoma SK-HEP-1) 26 

showed a dose-dependent decrease in cell survival. The greatest effect was revealed in the case of 27 
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the A-549 cell line. Thus, we concluded that the cytotoxic effect of substance (a) may be due to 1 

the change of antioxidant-prooxidant balance in tumour cells and damage to DNA molecules. 2 

 This work is dedicated to a comprehensive physicochemical study of substance (a) 3 

aqueous solutions, namely, density, speed of sound, viscosity, refractive index, solubility, stability, 4 

as well as the study of structural and dynamic characteristics in the binary system substance (a)–5 

H2O. The physicochemical properties of a drug’s aqueous solutions are extremely important in 6 

revealing the mechanism of its action [15–24]. For example, data on densities, speed of sound, 7 

viscosities allow to make conclusions about intermolecular interactions in solution, which, in turn, 8 

can determine the mechanism of the drug’s biological action. The viscosity of drug containing 9 

systems is important for understanding the haemocompatibility of the test substance. The 10 

distribution coefficient allows to predict the permeability through tissue and cellular barriers, as 11 

well as the biodistribution of the drug. Stability studies are essential for understanding the 12 

pharmacokinetics, pharmacodynamics, toxicokinetics, and metabolic stability of a drug. 13 

Formulating dosage forms requires the knowledge of the active substance’s compatibility with 14 

water and aqueous solutions. 15 

2. Experimental part 16 

2.1. Reagents 17 

 The reagents used for conducting the experiments are listed in Table S1 of Supplementary 18 

Material. 19 

2.2. Identification methods 20 

 1H and 13C {1H} NMR spectra were recorded on a Bruker Avance III 400 instrument 21 

(400.13 MHz for 1H and 100.61 MHz for 13C) in D2O or in DCl, at 25°C. High resolution mass 22 

spectral analysis was performed using Shimadzu 9030 and Bruker Daltonik GmbH ‘MaXis’ 23 

instruments. 1H and 13C {1H} NMR spectra for substance (a) are in good agreement with 24 

previously published data in ref. [1]. 25 

 [5-[[4,6-bis(aziridin-1-yl)-1,3,5-triazin-2-yl]amino]-2,2-dimethyl-1,3-dioxan-5-26 

yl]methanol. 1H NMR (400 MHz, D2O, after 1 h, pH = 7), δ: 4.15 (d, J = 12.3 Hz, 2H, CH2), 3.94 27 
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(d, J = 12.3 Hz, 2H, CH2), 3.88 (s, 2H, 2CH), 2.33 (s, 8H, 4CH2), 1.42 (d, J = 6.1 Hz, 6H, 2CH3). 1 

HRMS (ESI+), m / z: 323.1826 [M+H]+, [C14H23N6O3]
+. Calculated [M+H]+: 323.1828 (see Fig. 2 

S1 of the Supplementary Material). 3 

 1H NMR (400 MHz, D2O, after 24 h, pH = 7), δ: 4.17 (d, J = 12.3 Hz, 2H, CH2), 3.97 (d, 4 

J = 12.3 Hz, 2H, CH2), 3.90 (s, 2H, 2CH), 2.36 (s, 8H, 4CH2), 1.44 (d, J = 6.1 Hz, 6H, 2CH3). 5 

HRMS (ESI+), m / z: 323.1826 [M+H]+, [C14H23N6O3]
+. Calculated [M+H]+: 323.1828 (see Fig. 6 

S2 of the Supplementary Material). 7 

 NMR data of substance (a) in acidic and alkaline media was obtained as follows: 8 

 [5-[[4,6-bis(aziridin-1-yl)-1,3,5-triazin-2-yl]amino]-2-(hydroxymethyl)propane-1,3-diol. 9 

1H NMR (400 MHz, DCl, after 1 h, pH = 3), δ: 3.86–3.78 (m, 6H, 3CH2), 3.69 (q, J = 5.8 Hz, 10 

4H, 2CH2), 2.16 (s, 8H, 4CH2). HRMS (ESI+), m / z:  283.1512 [M+H]+, [C11H19N6O3]
+. 11 

Calculated [M+H]+: 283.1513 (see Fig. S3 of the Supplementary Material). 12 

 [5-[[4,6-bis(aziridin-1-yl)-1,3,5-triazin-2-yl]amino]-2-(hydroxymethyl)propane-1,3-diol. 13 

1H NMR (400 MHz, D2O, after 1 h, pH = 4), δ: 3.70–3.62 (m, 6H, 3CH2), 3.54 (s, 4H, 2CH2), 14 

2.07 (s, 8H, 4CH2). 15 

 [5-[[4,6-bis(aziridin-1-yl)-1,3,5-triazin-2-yl]amino]-2,2-dimethyl-1,3-dioxan-5-16 

yl]methanol. 1H NMR (400 MHz, D2O, after 1 h, pH = 10), δ: 4.15 (d, J = 12.3 Hz, 2H, CH2), 17 

3.94 (d, J = 12.3 Hz, 2H, CH2), 3.88 (s, 2H, 2CH), 2.33 (s, 8H, 4CH2), 1.42 (d, J = 6.1 Hz, 6H, 18 

2CH3). 19 

 Single crystals of substance (a) were selected using an optical microscope, encased in an 20 

oil-based cryoprotectant and mounted on cryoloops (Fig. 3). The measurement was carried out 21 

using a Rigaku Oxford Diffraction XtaLAB SuperNova diffractometer with an HyPix3000 CCD 22 

area detector operated with monochromated microfocused CuKα radiation (λ[CuKα] = 1.54184 23 

Å). Experimental data processing was carried out using CrysAlisPro software. The structures were 24 

solved by direct methods and refined using the SHELX [25,26] program incorporated in the 25 

OLEX2 [27] software package. 26 



6 

2.3. Study of physicochemical properties of substance (a) aqueous solutions 1 

 The temperature and concentration dependencies of physicochemical properties in the 2 

binary system substance(a)–water were studied using following apparatus: (i) Anton Paar DSA 3 

5000 (Austria) for measuring density and speed of sound; (ii) Lovis 2000 M Anton Paar 4 

microviscometer (Austria) for measuring viscosity; (iii) Automatic Multi Wavelengths 5 

Refractometer Abbemat WR/MW (Austria) for measuring refraction index. The description of 6 

experimental techniques, as well as metrological characteristics are presented elsewhere [28–40]. 7 

2.3.1. Solubility of substance (a) in aqueous solutions 8 

 The measurements of the solubility of substance (a) in water at atmospheric pressure 9 

were carried out in the temperature range T = 293.15–318.15 K with isothermal saturation method 10 

for 12 h using a thermostatically controlled shaker LAUDA ET 20 with shaking frequency of 80 11 

Hz. The temperature was measured with an error of 0.1 K. The required volume (about 5 cm3) was 12 

taken from the heterogeneous system at atmospheric pressure for spectrophotometric analysis. 13 

Then the liquid phase was separated by vacuum filtration for spectrophotometric analysis. 14 

 The concentration of substance (a) in a saturated solution was determined 15 

spectrophotometrically using an SF-2000 spectrophotometer (Russia). Fig. 4 presents the 16 

electronic spectrum of substance (a) at λ = 200–400 nm. Fig. 5 demonstrates the agreement with 17 

Beer–Lambert–Bouguer law (R2 = 0.989) at λ = 220 nm. For substance (a) concentration 18 

determination in a saturated solution, the following equation was applied (at optical wavelength 19 

equal to 1 cm): 20 

0.049  (220 nm)C A=  ,                    (1) 21 

where C is the volume concentration of substance (a) (g∙dm−3), A (220 nm) is the absorbance at λ 22 

= 220 nm. 23 

 The composition of the equilibrium crystalline hydrate of substance (a) was determined 24 

by the thermogravimetric method using NETZSCH TG 209 F1 Libra thermogravimetric analyser 25 

(Germany) in the temperature range of 40–600 °C in nitrogen atmosphere and heating rate of 26 

5 °C·min−1. Fig. 6 presents the thermogram of the crystalline hydrate of substance (a). 27 
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2.3.2. Stability of substance (a) aqueous solutions 1 

 The hydrolysis reaction of substance (a) in D2O was studied at 25 °C by recording the 1H 2 

NMR spectra of the reaction mixture on Bruker Avance III 400 (400.13 MHz) for 24 h in automatic 3 

mode with one spectrum recording every 30 min. 4 

 To study the stability of substance (a) in an acidic medium (pH = 3, 4), 20 mg of substance 5 

(a) was dissolved in 40 ml of aqueous solutions of hydrochloric acid. The resulting solution was 6 

stirred at room temperature for 45 min. At the end of the reaction, the solvent was removed under 7 

standard conditions. The product was air dried. 8 

 To study the stability of substance (a) in an alkaline medium (pH = 10), 20 mg of substance 9 

(a) was dissolved in 40 ml of an aqueous solution of 0.1 M NaOH. The resulting solution was 10 

stirred at room temperature for 1 h. At the end of the reaction, the solvent was removed under 11 

standard conditions. The product was air dried. 12 

2.3.3. Distribution coefficient 13 

 The study of the distribution of substance (a) in the octan-1-ol–H2O system was carried out 14 

in a shaker-thermostat LAUDA ET 20 (shaking frequency of 80 Hz). The temperature was 15 

maintained within the accuracy of 0.1 K (95 % confidence interval), the time of the experiment 16 

was 5 h. For the experiment, the solution of substance (a) was prepared (C = 1 g∙dm−3) in deionised 17 

water (electrical conductivity 5.5∙10−6 S∙m−1) to which an equal volume of octan-1-ol was added 18 

(25.0 ml). After reaching the equilibrium, an aliquot of the lower aqueous phase was taken. While 19 

dipping the pipette into the two-phase system, air was carefully blown through it to prevent the 20 

upper organic phase from entering the pipette. The concentration of substance (a) in the aqueous 21 

phase was measured by the spectrophotometric method using SF-2000 spectrophotometer at the 22 

wavelength λ = 220 nm according to Eq. 1. In total, five parallel measurements were carried out. 23 

2.3.4. Membrane mitochondrial potential measurement 24 

 PANC-1 cells were trypsinised and washed with PBS (phosphate-buffered saline), 25 

containing 10 % fetal bovine serum (FBS). Afterwards, the cells were resuspended in a mixture of 26 

PBS, 5 % FBS and 50 mM KCl. After the incubation of the cells with MitoTracker® Orange 27 
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CMTMRos fluorescent dye (500 nM) at 37 °C for 30 min, they were rinsed with PBS and plated 1 

into a black 96-well plate (80,000 cells per well). The concentration of substance (a) and 2 

doxorubicin in final suspensions were equal to 100 μM. For the dissipation of the proton gradient, 3 

10 μM of FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone) was added. The 4 

measurements of fluorescence was carried out using microplate reader (TECAN Instrument, 5 

Austria) at the excitation/emission wavelength of 554/576 nm. 6 

2.3.5. Computer simulation 7 

 The study of substance (a) at the atomic/molecular level was started with the calculations 8 

of the electronic structure of the molecule. DFT calculations using DMol3 tool from Materials 9 

Studio software package produced charges according to the Mulliken scheme. The calculations 10 

were carried out with the PBE, PW91, HCTH functionals and the DNP atomic basis (4.4). To 11 

account for the environment (vacuum, n-hexane, acetonitrile, water), the COSMO model was used. 12 

 The obtained charges were used to construct the electrostatic component of the force field 13 

for classical Molecular Dynamics calculations. The short-range interactions were represented by 14 

the Universal Force Field. Simulated systems consisted of one substance (a) molecule and three 15 

thousand solvent molecules in the NVT ensemble. The calculation parameters were: 5 ns 16 

simulation time, 298 K temperature, 1 fs integration step, Nosé–Hoover thermostat. 17 

2.4. In vitro investigation of substance (a) 18 

 Substance (a) cytotoxicity towards pancreas adenocarcinoma (Capan-2) and skin 19 

melanoma (SK-MEL-1) cell lines was carried out using MTT-assay. The experimental technique 20 

is described elsewhere [1,41]. 21 

2.5. In vivo investigation of substance (a) in a transplantable Ehrlich ascites carcinoma 22 

murine model 23 

 The study was carried out in 20 female BALB/c mice which were kept under 24 

environmentally relevant conditions with a 12:12 light–dark cycle. Standard murine food and 25 

water were provided ad libitum. The research was approved by the Local Ethics Committee of 26 

Pavlov First Saint Petersburg State Medical University, and carried out in accordance with the 27 
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University guidelines and ethical standards as well as ARRIVE guidelines. After intraperitoneal 1 

transplantation of Ehrlich ascites carcinoma, all animals were randomised into 2 groups, 10 mice 2 

per group: control mice (n = 10) and mice with administrated substance (a) at the concentration of 3 

5 mg∙kg−1 i. p. (n = 10). Substance (a) was administered once intraperitoneally, 48 h after the 4 

tumour transplantation. The volume of the injected substance (a) 0.9 % sodium chloride solution 5 

was 80 ml per kg. The control mice were injected i. p. with 0.9 % sodium chloride solution of the 6 

same volume. 7 

3. Results and discussion 8 

3.1. Identification 9 

 Mass spectrometry and NMR spectroscopy data confirmed the composition and structure 10 

of substance (a). The signals of the protons of the aziridine groups were found in the range 2.33–11 

2.36 ppm, and the signals at 1.42–1.44 ppm confirmed the presence of two CH3-groups in the 12 

dioxane fragment. 13 

 Crystal Data for substance (a) C14H22N6O3 (M = 322.37 g∙mol−1) were the following: 14 

triclinic, space group P-1 (no. 2), a = 9.0771(2) Å, b = 9.0823(2) Å, c = 9.8721(2) Å, α = 15 

79.883(2)°, β = 83.960(2)°, γ = 72.365(2)°, V = 762.38(3) Å3, Z = 2, T = 100(2) K, μ(CuKα) = 16 

0.846 mm−1, Dcalc = 1.404 g/cm3, 20099 reflections measured (9.114° ≤ 2Θ ≤ 152.508°), 3089 17 

unique (Rint = 0.0406, Rsigma = 0.0231) which were used in all calculations. The final R1 was 0.0373 18 

(I > 2σ(I)) and wR2 was 0.0989 (all data). Additional X-ray diffraction data for substance (a) are 19 

presented in Tables S2–S5 of the Supplementary Material. 20 

3.2. Study of physicochemical properties of substance (a) aqueous solutions 21 

3.2.1. Density of aqueous solutions of substance (a) 22 

 The results of substance (a) aqueous solution density (C = 0.025–10 g·dm−3, T = 293.15–23 

333.15 K) are shown in Table S6 and Fig. 7. The average molar volumes and partial molar volumes 24 

of the solution components were obtained according to Eqs. 2 and 3: 25 

2H O a

V
V

n n
=

+
,                               (2) 26 
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2H O a

a ,T P

V
V V x

x

 
= −  

 
,  

2

2

a H O

H O
,T P

V
V V x

x

 
= −  

  

.             (3) 1 

where V  is the average molar volume, V is the volume of substance (a) aqueous solution; 
2H On ,na 2 

and 
2H Ox , xa are the amounts of substance and molar fractions of the solution components, 3 

respectively, 
2H OV  and Va are partial molar volumes of the solution components. 4 

 Figs. 8–10 present the concentration dependences of the average molar volume and the 5 

partial molar volumes in the temperature range T = 293.15–333.15 K. The results reveal that the 6 

dependence of substance (a) partial molar volume in the region of diluted solutions has a 7 

complicated shape: At low concentration up to 0.1 g∙dm−3, the values of Va slightly decrease. This 8 

fact shows that introducing little amount of substance (a) in the system leads to condensing and 9 

structuring of the solution. 10 

3.2.2. Speed of sound of substance (a) aqueous solutions 11 

 Table S7 presents the values of the speed of sound in the substance (a)–H2O system in the 12 

temperature interval T = 278.15–323.15 K. Isentropic compressibility (κS) was calculated 13 

according to Lalpace equation (Fig. 11): 14 

1 2

S u  − −=  ,                    (4) 15 

where ρ is the density of the solution, u is speed of sound. 16 

 Intermolecular interactions between water and substance (a) can be evaluated using the 17 

apparent specific isentropic compressibility (κS,ϕ) [42–44]: 18 

a watera

,

a water a

(1 )S S

S

m

m m


 


 

+
= − ,                  (5) 19 

where ma is the molality of substance (a), 
aS  and 

waterS  are the isentropic compressibility of 20 

solution components, ρ and ρwater are the density of solution components. 21 

 Fig. 12 shows the concentration dependences of the apparent specific isentropic 22 

compressibility in the studied temperature range. The analysis of the results obtained allows to 23 

state the following: (i) the value of κS,ϕ is positive in the entire concentration range. This fact 24 
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testifies to the high compressibility of water molecules in the binary system substance (a)–water 1 

in comparison with the one-component system. The obtained result is in good agreement with the 2 

data on the concentration dependences of the partial molar volume of substance (a) and confirms 3 

the fact of structuring and compaction of the solution in the region of low concentrations; (ii) a 4 

decrease in κS,ϕ with an increase in the concentration of the solute indicates that the compressibility 5 

of water molecules in the system under study approaches the compressibility of a pure solvent; 6 

(iii) it is obvious that an increase in temperature decreases the value of κS,ϕ due to the weakening 7 

of intermolecular interactions in the system. 8 

3.2.3. Viscosity of substance (a) aqueous solutions 9 

 Table S8 presents data on the dynamic and kinematic viscosity in the binary system 10 

substance (a)–water in the temperature range T = 293.15–333.15 K. The kinematic viscosity was 11 

calculated according to Eq. 6 [45]: 12 

k





= .                    (6) 13 

 The thermodynamic characteristics of viscous flow activation (∆G, ∆H, ∆S, Ea) were 14 

calculated using Eyring’s theory according to the following equations (see Table 1) [45]: 15 

A

ln
V

G RT
hN


 = ,                   (7) 16 

G H T S =  −  ,                   (8) 17 

a 1
ln ln S

E
A

R T
 = + ,                   (9) 18 

a
A

ln S

E
T

R A

−
= ,                  (10) 19 

where ∆G, ∆H, and ∆S are Gibbs energy, enthalpy, and entropy of viscous flow, AS is the pre-20 

exponential entropic factor corresponding to the viscosity at the infinite temperature, Ea is the 21 

activation energy of the transition state, TA is the activation temperature, R is the molar gas 22 

constant, T is the absolute temperature. 23 
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 The analysis of the obtained values of the thermodynamic functions of viscous flow 1 

activation allows to conclude the following: (i) the enthalpy values are stable and positive over the 2 

entire concentration range. This fact indicates the presence of specific interactions in solution; (ii) 3 

the stability of entropy values is observed over the entire concentration range. The negative 4 

definiteness of entropy indicates ordering in solution associated with the formation of an activated 5 

complex. This fact indicates the interaction between the molecules of the solute and the solvent. 6 

 The temperature dependences of the dynamic viscosity of aqueous solutions of substance 7 

(a) were described using the van’t Hoff equation (Fig. 13): 8 

10 1.21 0.05
T

T T

T










−= =  ,                (11) 9 

where γη is the van’t Hoff viscosity coefficient. 10 

 The analysis of Fig. 13 shows that the van’t Hoff temperature coefficient is constant over 11 

the studied temperature range. 12 

 Fig. 14 shows the results of applying the three-parameter Vogel–Fulcher–Tammann (VFT) 13 

equation [46] to describe the temperature dependences of the dynamic viscosity in the binary 14 

system substance (a)–water. Table 2 summarises the values of the parameters for the VFT 15 

equation, as well as the average absolute deviation (AAD) and standard deviation (SD) values. 16 

3.2.4. Refractions of substance (a) aqueous solutions 17 

 Table S9 presents the experimental data on the refractive indices of substance (a) solutions 18 

(nD) at C = 0.01–25 g∙dm−3 and in the temperature interval T = 293.15–333.15 K. 19 

 Specific and molar refractions of solutions were calculated using Eqs. 12, 13: 20 

2

2

1 1

2

D

D

n
r

n 

 −
=  

+ 
,                 (12) 21 

2

2

1

2

D

D

n M
R

n 

 −
=  

+ 
,                 (13) 22 
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where r and R are the specific and molar refractions, M  is the average molar mass of the solution 1 

(
2 2H O H O a aM x M x M=  +  ). We did not use the experimental data on refraction indices at low 2 

concentration region (xa < 1.4∙10−4) due to low accuracy (see Table 3). 3 

 The specific (r) and molar (R) refractions of substance (a) were calculated according to 4 

Eqs. 14, 15: 5 

2 2H O H O a a

1
( )

100
r r w r w=  +   ,                (14) 6 

2 2H O H O a aR R x R x=  +  ,                (15) 7 

where ri, Ri are specific and molar refractions of the solution components, wi, xi are the mass and 8 

molar fractions of the solution components (see Table 3). 9 

 Additionally, the substance (a) molar refraction was estimated using the Eisenlohr (Eq. 16) 10 

and Vogel (Eq. 17) additivity rules [47]: 11 

'
2 3

add 3 1

C H O(OH) N(R NH) N(R N) N(C N C)O(R O R )
14 22 2 2 3 83.345 cm molR R R R R R R R −

− =− −
= + + + + + +   , (16) 12 

add 3 1

C H C N C C C O C=N O H N H20 11 7 5 3 82.262 cm molR R R R R R R R −

− − − − − −= + + + + + +   .        (17) 13 

 The specific refraction of substance (a) was determined using Eq. 18: 14 

add
add

a

R
r

M
= .                  (18) 15 

 The obtained values are equal to 0.259 cm3∙g−1 (calculated from the molar refractions 16 

according to Eisenlohr rule) and 0.255 cm3∙g−1 (calculated from the molar refractions according to 17 

Vogel rule). 18 

 The comparison between experimental and calculated data on specific (a) and molar 19 

refractions (b) are presented in Fig. 15. One can see good correspondence between the results. 20 

3.2.5. Correlation of physicochemical properties of substance (a) aqueous solutions 21 

 T–C data on investigated physicochemical properties of substance (a) aqueous solutions 22 

(density, speed of sound, viscosity, and refraction index) were fitted using Eq. 19: 23 

4 4

1 1

i j

i j

i j

M a b T c C
= =

= +  +   ,               (19) 24 
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where M is the property under correlation, a, bi, cj (i, j = 1–4) are the fitting parameters obtained 1 

using the least-square method in OriginLab software (Table 4, Fig. 16). 2 

3.3. Substance (a) solubility 3 

 Fig. 17 presents the experimental values of the solubility of substance (a) in water ( T = 4 

293.15–318.15 K). It can be seen that substance (a) is well soluble in water. The solubility values 5 

varied in the range 26.3–43.0 g∙dm−3 in the studied temperature range. It is clearly seen that the 6 

temperature dependence of solubility has a sigmoidal form. At the same time, the solubility rises 7 

with temperature increase. This fact determines that dissolution of substance (a) in water is 8 

accompanied with an endothermic effect. Conducted thermogravimetric analysis shows that the 9 

equilibrium solid phase with saturated solution is a crystalline hydrate of substance (a) of 10 

composition C14H22N6O3∙3H2O. 11 

3.4. Study of the stability of substance (a) in aqueous solutions by NMR spectroscopy 12 

 The effect of the solvent on the stability of substance (a) was investigated by measuring 13 

the kinetics of the reaction by 1H NMR spectroscopy. During the experiment, the intensity did not 14 

decrease, and displacement of the signals corresponding to the protons of the parent compound 15 

was not recorded. Within 24 h, no changes were found in the original spectra. Fig. 18 shows the 16 

fragments of 1H NMR spectra recorded at regular intervals in an automatic mode. There is no 17 

visible shift of signals or decrease in their intensity over time. Thus, it can be concluded that 18 

substance (a) is stable at pH = 7 at least for 24 h. 19 

 In addition, we investigated the influence of pH on the stability of substance (a) in 20 

solutions at pH = 3, 4, and 10. Substance (a) containing the 1,3-dioxane fragment in its structure 21 

undergoes hydrolysis under the action of acid catalysts. In this case, the electron-donating 22 

substituents in position 2 accelerate the rate of hydrolysis (Fig. 19). Thus, the 1,3-dioxane moiety 23 

can undergo hydrolysis to form tris(hydroxymethyl)aminomethane (b) according to Fig. 19 [48]. 24 

 It was found by NMR spectroscopy that at pH 3 and 4, the disappearance of the signals 25 

is observed from the protons of the CH3-groups (1.41–1.42 ppm), as well as the shift of the 26 

chemical shifts of the CH2-protons of aziridine rings in a strong field (from 2.33 to 2.16 and 2.07 27 
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ppm, respectively). These changes may indicate the hydrolysis of the 1,3-dioxane fragment with 1 

the formation of the tris(hydroxymethyl)aminomethane derivative (b) at pH 3 and 4 (Fig. 20). The 2 

formation of product (b) was also confirmed by mass spectrometry. 3 

 It was found by NMR spectroscopy that no noticeable shift of signals occurs in an 4 

alkaline medium at pH = 10. Thus, it can be concluded that the structure of substance (a) is stable 5 

in an alkaline medium (Fig. 21). 6 

3.5. Distribution in the octan-1-ol–H2O system 7 

 The substance (a) distribution coefficient between phases was calculated using Eq. 20: 8 
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= = ,                 (20) 9 

where co’ and cw’ are the concentrations of substance (a) in octan-1-ol and water, respectively, 10 

after distribution, cw is the initial concentration of substance (a) in water. 11 

 The obtained value for substance (a) turned out to be lgPow = 0.16 ± 0.01. The indicated 12 

value shows that substance (a) has practically the same affinity for the aqueous and lipid phases. 13 

The literature data contain only one calculated value for the octan-1-ol–water partition coefficient 14 

of substance (a): lgPow = 0.1 [49]. This value was obtained using the XLOGP3-AA method [50]. 15 

XLOGP3-AA is an atom-additive method that calculates lgPow by adding up contributions from 16 

each atom in the given molecule. 17 

3.6. Membrane mitochondrial potential 18 

 As known from the literature, the mechanism of the cytotoxic action of doxorubicin is to 19 

inhibit the activity of topoisomerase II, which leads to inhibiting DNA replication and damage to 20 

mitochondria due to the inhibition of complex I of the electron donor chain and the decrease in the 21 

mitochondrial potential [51]. The combination of these factors causes mitochondrial damage and 22 

activation of oxidative stress. 23 

 The study showed that doxorubicin reduces the mitochondrial membrane potential by 45 ± 24 

5 % compared to the control. In the case of substance (a) no statistically significant effect on the 25 

value of the mitochondrial membrane potential was observed. Thus, based on the results of 26 
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previous studies [1], we can conclude that the key mechanism of the cytostatic action of substance 1 

(a) is the damaging effect on the DNA molecule. 2 

3.7. Electronic structure and Molecular Dynamics 3 

 The results of calculating charges (average values for each type of atoms) for various 4 

functionals and environments are given in Table 5. An increase in the dielectric constant of the 5 

medium leads to an increase in the absolute values of the charges on the atoms. In this case, the 6 

highest negative values belong to the oxygen atoms of the molecule. This means that the 7 

interaction with polar solvents, in particular, solvation and hydrolysis will mainly be carried out 8 

via carbon-oxygen bonds. 9 

 Molecular dynamics calculations have confirmed this approach. Table 6 shows the maxima 10 

of the radial distribution functions (RDF) between water molecules and the corresponding atoms 11 

of substance (a) (for designation, see Fig. 22). The closest approach of water molecules to oxygen 12 

atoms of substance (a) increases the higher probability of breakage of carbon-oxygen bonds due 13 

to the hydrolysis. 14 

3.8. Cytotoxicity 15 

 The study of the cytotoxicity of substance (a) in relation to the cell lines Capan-2 (Fig. 23) 16 

and SK-MEL-1 (Fig. 24) shows dose-dependent decrease in cell survival in the concentration 17 

range C = 0.098–50 μM. Fig. 25 summarises the data on the cytotoxicity of substance (a) on 18 

various cell lines in comparison with such widely used cytotoxic drugs as doxorubicin and 19 

cisplatin. It can be seen that substance (a) has the most pronounced effect towards the A549 cell 20 

line (human adenocarcinomic cells), superior to that of doxorubicin and cisplatin. In the case of 21 

other cell lines, the effect of substance (a) is comparable to that of cisplatin and is inferior in 22 

effectiveness to doxorubicin. Separately, it should be noted that substance (a) has the lowest 23 

cytotoxicity towards healthy HEK293 cells (human embryonic kidney cells) in comparison with 24 

doxorubicin and cisplatin. The observed effect indicates a lower cytotoxicity of substance (a). 25 
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3.9. Ehrlich ascites carcinoma murine model 1 

 By the 8th day after tumour transplantation, the ascites was observed in all control mice and 2 

was completely absent in the animals that received substance (a).  Only by the 18th day the ascites 3 

was observed in all mice of the substance (a) group (Table 7). 4 

 The lag in the accumulation of ascites under the influence of substance (a) was reflected in 5 

the body weight of the animals. By the 12th day after the tumour transplantation, while the body 6 

weight of the control mice increased by 14 % (p = 0.0259), the body weight of the mice that 7 

received substance (a) did not differ from the initial weight, and only by the 16th day an increase 8 

in the body weight was recorded (Table 8). The delay in tumour development under the influence 9 

of substance (a) resulted in increased life expectancy of the animals (Fig. 26). 10 

 By the 24th day after transplantation, when 100 % of the control mice died, 80 % of the 11 

animals in the group of mice injected with substance (a) remained alive (p = 0.0003). As a result 12 

of substance (a) treatment, the risk of death from the tumour decreased by 69 % (HR 0.3099; 95 13 

% CI 0.1105–0.8691; p = 0.0006). The life expectancy median for the mice that received substance 14 

(a) increased by 42 % in comparison with the control group (Table 9). 15 

 The obtained results suggest the presence of a contact antitumor effect of substance (a). 16 

This property allows to consider its use as promising treatment in other approaches of local 17 

chemotherapy, including hyperthermic chemoperfusion of the abdominal cavity and intra-arterial 18 

perfusion. The contact cytotoxicity of substance (a) can also be clinically used in intravesical 19 

chemotherapy for superficial bladder cancer. Due to its amphiphilicity, substance (a) can be used 20 

in oil solutions for chemoembolisation in patients with primary and metastatic liver cancer and in 21 

kidney cancer. 22 

4. Conclusions 23 

 We present novel experimental data on the physicochemical properties of substance (a) 24 

aqueous solutions. It was revealed that the presence of substance (a) in aqueous solution leads to 25 

solution structuring. It was shown that substance (a) is compatible with water and demonstrates 26 

high stability in time in neutral and alkaline medium. The investigated distribution of substance 27 
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(a) between octan-1-ol and water has shown that its affinity is comparable for the aqueous and 1 

lipid phases. A dose-dependent cytostatic effect of substance (a) was shown on Capan-2 and SK-2 

MEL-1 cell lines. The measurement of the mitochondrial membrane potential did not reveal the 3 

effect of substance (a) on the functional activity of mitochondria. The therapeutic activity of 4 

intraperitoneal administration of substance (a) in chemotherapy of abdominal carcinomatosis was 5 

established in the model of Ehrlich ascites carcinoma. All results combined are of interest for 6 

further medical applications of substance (a). 7 
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Table 1. Viscous flow activation parameters for substance (a) aqueous solutions. 1 

C / g∙dm−3 Ea / J·mol−1 lnAs / ln[mPa·s] TA / K ΔH / kJ·mol−1 ΔS / J·mol−1 

0.025 15118.67 −6.21 292.94 14.81 −5.09 

0.10 15099.15 −6.20 292.88 14.79 −5.15 

0.25 15115.69 −6.21 292.94 14.81 −5.10 

0.55 15108.14 −6.20 292.94 14.80 −5.13 

1.0 15052.56 −6.18 293.04 14.75 −5.33 

2.5 15124.00 −6.20 293.22 14.82 −5.12 

5.0 15187.55 −6.22 293.87 14.88 −5.01 

10 15091.71 −6.15 295.35 14.77 −5.62 

  2 
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Table 2. Correlation parameters for the VFT equation (
0lg ( ) lg

A
T

T B
 = +

−
). 1 

 

Parameter 

C / g∙dm−3 

0.025 0.1 0.25 0.55 1 2.5 5 10 

lgη0 / lg[mPa∙s] −1.3096 −1.3241 −1.3032 −1.3321 −1.3267 −1.3254 −1.3295 −1.2895 

A / K 160.8 165.1 159.0 167.4 166.9 165.9 168.0 161.6 

B / K 170.8 168.8 171.5 167.9 167.8 168.6 168.0 170.4 

SD / mPa∙s 0.00048 0.00032 0.00062 0.00039 0.00071 0.00064 0.00026 0.00277 

AAD / % 0.17 0.12 0.12 0.12 0.12 0.03 0.07 0.23 

  2 
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Table 3. Refraction properties of substance (a) aqueous solutions at 293.15 K. 

w / % x∙103 nD r / cm3∙g−1 R / cm3∙mol−1 ra / cm3∙g−1 Ra / cm3∙mol−1 

0.0025 0.0014 1.3330 0.2060 3.7088 — — 

0.010 0.0056 1.3330 0.2060 3.7091 — — 

0.025 0.014 1.3330 0.2061 3.7096 — — 

0.050 0.031 1.3331 0.2061 3.7106 — — 

0.10 0.056 1.3331 0.2061 3.7122 — — 

0.25 0.14 1.3332 0.2062 3.7175 0.4451 127.46 

0.50 0.28 1.3338 0.2062 3.7264 0.3257 96.85 

1.00 0.57 1.3345 0.2064 3.7442 0.2862 81.54 

1.50 0.85 1.3353 0.2066 3.7622 0.2748 76.47 

2.50 1.44 1.3369 0.2070 3.7991 0.2649 72.45 
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Table 4. Fitting parameters a, bi, cj (i, j = 1–4) for T–C dependences of density (ρ), speed of sound (u), viscosity (η), and refraction indices (nD) of substance 

(a) aqueous solutions according to Eq. 19. R2 is the coefficient of determination. 

Solution 

property 

a b1 b2 b3 b4 c1 c2 c3 c4 R2 

ρ / g∙cm−3 −5.12 0.076 −3.53∙10−4 7.32∙10−7 −5.76∙10−10 3.70∙10−4 −1.57∙10−4 4.26∙10−5 −2.81∙10−6 0.99967 

u / m∙s−1 −14072.04 161.83 −0.64 1.15∙10−3 −8.00∙10−7 0.48 0.11 −0.011 2.75∙10−4 0.99978 

η / mPa·s 507.88 −6.04 0.027 −5.46∙10−5 4.13∙10−8 3.24∙10−3 −1.18∙10−3 3.07∙10−4 −1.84∙10−5 0.99960 

nD 2.49 −0.016 8.24∙10−5 −1.87∙10−7 1.56∙10−10 1.64∙10−4 −1.32∙10−6 1.04∙10−7 −2.03∙10−9 0.99926 
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Table 5. Average charges on substance (a) atoms 

Medium ε Carbon Nitrogen Hydrogen Oxygen 

PBE 

vacuum 1 0.276 −0.335 0.270 −0.476 

n-hexane 1.89 0.281 −0.338 0.279 −0.485 

acetonitrile 37.5 0.287 −0.342 0.294 −0.507 

water 78.54 0.288 −0.342 0.294 −0.507 

PW91 

vacuum 1 0.271 −0.334 0.270 −0.489 

n-hexane 1.89 0.276 −0.337 0.213 −0.499 

acetonitrile 37.5 0.282 −0.339 0.217 −0.519 

water 78.54 0.283 −0.341 0.294 −0.520 

HCTH 

vacuum 1 0.340 −0.373 0.257 −0.500 

n-hexane 1.89 0.345 −0.377 0.204 −0.507 

acetonitrile 37.5 0.348 −0.381 0.279 −0.527 

water 78.54 0.352 −0.381 0.270 −0.527 
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Table 6. The values of the maxima of the RDF between substance (a) atoms and water (for 

designation, see Fig. 22). 

Atom type N4 N5 N6 N7 N8 N9 O1 O2 O3 

RDF / Å 3.65 3.71 3.95 3.59 4.79 3.55 3.57 3.49 3.43 
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Table 7. Effect of substance (a) on the timing of ascites in BALB/c mice with Ehrlich carcinoma. 

 

Days after transplantation 

Number (%) of mice without ascites  

p Control Substance (a) 

8 0 (0 %) 10 (100 %) <10−4 

10 0 (0 %) 10 (100 %) <10−4 

12 0 (0 %) 10 (100 %) <10−4 

14 0 (0 %) 9 (90 %) 10−4 

16 0 (0 %) 5 (50 %) 9.8∙10−3 

18 0 (0 %) 0 (0 %)  
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Table 8. Effect of substance (a) on body weight change in BALB/c mice with Ehrlich ascites 

tumour. 

Days after 

transplantation 

Control (n = 10) Substance (a) 5 mg∙kg−1 (n = 10) 

Body mass % to the original Body mass % to the original 

0 35.6 ± 0.8 100 % 35.3 ± 0.7  100 % 

6 36.3 ± 1.1 102 % 

р = 0.5241 

33.9 ± 0.8 96 % 

р = 0.1864 

8 39.2 ± 1.0 110 % 

p = 0.0112 

33.9 ± 1.0 96 % 

р = 0.2302 

10 39.4 ± 1.0 111 % 

р = 0.0085 

34.6 ± 0.9 98 % 

р = 0.4915 

12 40.6 ± 1.2 114 % 

р = 0.0033 

35.4 ± 0.7 100 % 

р = 0.6827 

14 39.7 ± 1.5 112 % 

р = 0.0259 

35.5 ± 1.1 100 % 

р = 0.8804 

16 40.2 ± 2.2 113 % 

р = 0.0541 

38.3 ± 1.3 113 % 

р = 0.0121 
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Table 9. Effect of substance (a) on the life expectancy median of mice with Ehrlich ascites 

carcinoma. 

Group Number of mice 

/ alive over 60 

days (%, р) 

Life expectancy 

median (days) 

75 % confidence 

interval 

Increase in life 

expectancy 

р (Mann–

Whitney test) 

Control 10/0 19.00 18.00–21.50 — — 

Substance (a) 10/0 27.00 23.75–30.25 42 % 0.0060 
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Fig. 1. The structure of substance (a). 
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Fig. 2. The structures of anticancer drugs: Altretamine (1), Tretamine (2) and Azacitidine (3). 
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Fig. 3. Crystallographic data for substance (a) (CCDC 2074787). 
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Fig. 4. The UV/Vis spectrum of substance (a) (C = 0.055 g∙dm−3) (l = 1 cm). 
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Fig. 5. Beer–Lambert–Bouguer law for substance (a) aqueous solutions (R2 = 0.989) (λ = 221 nm). 
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Fig. 6. TG (dashed line) and DTG (solid line) of substance (a) at t° = 40–600 °C. 
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Fig. 7. Density concentration dependence of substance (a) aqueous solution at (□) 293.15 K, (○) 

303.15 K, (△) 313.15 K, (▽) 323.15 K, (◇) 333.15 K. 
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Fig. 8. Average molar volume (V ) concentration dependence of substance (a) aqueous solution at 

(□) 293.15 K, (○) 303.15 K, (△) 313.15 K, (▽) 323.15 K, (◇) 333.15 K. xa is a molar fraction of 

substance (a). 
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Fig. 9. 
a ,T P

V

x

 
 

 
 derivative concentration dependence at (□) 293.15 K, (○) 303.15 K, (△) 313.15 

K, (▽) 323.15 K, (◇) and 333.15 K. O is the extremum point (
2

2

,

0,

T P

V

x

 
= 

 
 x = 5.3·10−6). 
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Fig. 10. Water partial volume concentration (xa) dependence at different temperatures: (□) 293.15 

K, (○) 303.15 K, (△) 313.15 K, (▽) 323.15 K, (◇) 333.15 K. 
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Fig. 11. Isentropic compressibility concentration dependence of substance (a) aqueous solution at 

(■) 278.15 K, (●) 283.15 K, (▲) 288.15 K, (▼) 293.15 K, (◆) 298.15 K, (◄) 303.15 K, (►) 

308.15 K, (⬢) 313.15 K, (★) 318.15 K, (⬟) 323.15 K. m is molality of substance (a). 
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Fig. 12. Apparent specific isentropic compressibility concentration dependence of substance (a) 

aqueous solution at (■) 278.15 K, (●) 283.15 K, (▲) 288.15 K, (▼) 293.15 K, (◆) 298.15 K, (◄) 

303.15 K, (►) 308.15 K, (⬢) 313.15 K, (★) 318.15 K, (⬟) 323.15 K. 
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Fig. 13. Van’t Hoff viscosity coefficient concentration dependence in substance (a) aqueous 

solutions. (□) 278.15

288.15




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Fig. 14. Dynamic viscosity temperature dependences with a shear rate of 100 s−1 of substance (a) 

aqueous solutions at C = (□) 0.1 g∙dm−3, (○) 0.25 g∙dm−3, (△) 0.5 g∙dm−3, (▽) 1 g∙dm−3, (◇) 2.5 

g∙dm−3, (◁) 5 g∙dm−3, (▷) 10 g∙dm−3, (⬡) 15 g∙dm−3. 
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Fig. 15. Specific (a) and molar (b) refractions concentration dependence in aqueous solutions at 

293.15 K. w is the mass fraction of substance (a), xa is the molar fraction of substance (a). 
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(d) 

 

Fig. 16. T–C dependences of substance (a) aqueous solutions density (a), speed of sound (b), 

dynamic viscosity (c), refraction index (d). Spheres are experimental data; surfaces are calculated 

data. 
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Fig. 17. Polythermal solubility of substance (a). 
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Fig. 18. 1H NMR spectra of substance (a) in D2O after 24 h (pink), 20 h (blue), 16 h (green) and 

12 h (red). 
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Fig. 19. Hydrolysis scheme of substance (a). 
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Fig. 20. 1H NMR spectra after hydrolysis of substance (a) at pH = 3 (red) and pH = 4 (green). 
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Fig. 21. 1H NMR spectra of substance (a) in D2O (red) and at pH = 10 (green). 
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Fig. 22. Structure of substance (a) with allocated oxygen and nitrogen atoms. 
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Fig. 23. Effect of substance (a) on Capan-2 cell line viability. 
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Fig. 24. Effect of substance (a) on SK-MEL-1 cell line viability. 
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Fig. 25. Comparison of IC50 values of substance (a) (left column), doxorubicin (middle column), 

and cisplatin (right column) for the following cell lines: HEK293, A549, Capan-2, PA-1, PANC-

1, SH-MEL-1, SK-HEP-1, and T98G. Columns with numbers indicate literature data references 

[1,52–60]. 
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Fig. 26. Effect of substance (a) on the survival of mice with Ehrlich ascites carcinoma, where ○ 

marks the control group and □ marks the substance (a) group. 


