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The aim of this study is to confirm the adequacy of the proposed hypothesis, which explains and quantitatively describes the
distribution of biologically active substances (BAS) within the extraction system consisting of Helichrysum arenarium flowers
and the solvent using a regressive analysis for the theoretically predicted coordinates.

Materials and methods. For this research, milled officinal flowers of Helichrysum arenarium (Helichrysum arenarium L.
flores) were used. The analysis of the extractions was carried out by RP HPLC method. Isosalipurposide, salipurposide, and
chlorogenic acid of 298.0% purity were used as reference substances. The analytical wavelengths were 370, 290, and 325 nm.
Results. The obtained experimental data are well-approximated by regressive linear equations in the theoretically predicted
coordinates 1/C=f(V) and In(b/a)=f(1/T). Wherein, the coefficient of determination of regressive equations was R?>>0.998,
which indicates functional dependence between the studied parameters and confirms the adequacy of the developed
mathematical model. The experimental work identified the necessity of implementation of additional constant values into
the mathematical model.

Conclusion. A new hypothesis was proposed to explain and quantitatively describe the distribution of BAS in the extraction
system of Helichrysum arenarium flowers and 80% ethanol. With this working hypothesis, mathematical models were
developed and their adequacy was proved using a regressive analysis in the theoretically predicted coordinates. The results
obtained could not deny that a mechanism of BAS distribution between the phases is explained and described by the classic
Boltzmann distribution for discrete values of molecular energy (or quantum distribution according to Fermi and Dirac).
Keywords: flowers of Helichrysum arenarium; isosalipurposide; salipurposide; chlorogenic acid; equilibrium; classic
Boltzmann distribution for discrete values of molecular energy
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Llenb. MpoBepKa ageKkBaTHOCTY Bblasuraemoi paboyeit runoTesbl, KOTOpas 06bACHAET U KOAUYECTBEHHO OMUCHIBAET pac-
npeaeneHne BAB B 3KCTPaKLMOHHOMN cMCTEME U3 LBETKOB 6€CCMEpPTHMKA NeCcHaHoro U pacTBOPUTES, C MOMOLLbIO Perpeccu-
OHHOrO aHa/IM3a B NpPeACKa3aHHbIX TeOpMel KOOpAMHaTaXx.

Martepuanbl U meToabl. 1A UCCAea0BaHMIN UCMOb30BaM M3MesibueHHOe papMaKoneiHoe pacTuTesibHoe cbipbe «bec-
CMepTHMKa necyaHoro uBeTku» (Helichrysum arenarium L. flores). AHanu3 nssneyeHuit NnposoaMAKn ¢ nomolbio O BIKX
meToZa. B KauecTBe CTaHAAPTHbLIX BELLECTB MCMO/b30BaAN M30CaMNYPNOo3na, canmnypnosung, XxJ0poreHosyto kucaoty @CO
[PV, copeprkaHune 298,0 %. AHanuTMYecKne aanHol BoaH 370, 290 n 325 Hm.

Pe3ynbTatbl. JKCNEPUMEHTA/IbHbIE AAHHbIE XOPOLLO anmnpPOKCUMUPYHOTCA PErPECCMOHHBIMU IMHENHBIMU YPaBHEHUAMW B
npeackasaHHbIX Teopueit kKoopauHatax 1/C=f(V) n In(b/a)=f(1/T). Npn 3tom Ko3dOULUMEHT AETEPMUHALNN PETPECCUOHHBIX
ypaBHEeHMi, UmeeT 3HadeHne R?>0,998, 4To roBOpUT O GYHKLMOHAIbHOM 3aBUCMMOCTM MEXAY U3y4aemMbIMKU NapameTpamm
1 NOATBEPKAAET aleKBAaTHOCTb Pa3paboTaHHbIX YpaBHEHMI. DKCNEPUMEHT BbIsiBU HEO6XOAMMOCTb BBEAEHNUsA B MaTeMaTu-
YeCcKyto MoAeNb AONOHUTENbHON KOHCTAHTbI.

3aKkntoueHue. MpeanoxkeHa paboyas rmnoTesa, KOTopasa OBBLACHAET U KOIMYECTBEHHO OMUCLIBAET pacnpeaeneHne BAB B
3KCTPAKLMOHHOM CUCTEME U3 LIBETKOB HECCMEPTHMKA NecyaHoro u ataHosa 80 % 06. C nomoLubio paboyer runoTesbl paspa-
60TaHbl MaTeMaTUYECKME MOAE/U, aAeKBATHOCTb KOTOPbIX AOKa3aHa C MOMOLLbIO PErPecCMOHHOro aHanns3a B npeacKasaH-
HbIX Teopueln KoopanHaTax. MosyyeHHble pesynbTaTbl He OTBEPraloT rMNoTesy, YTO MexaHu3M pacnpegeneHus BAB mexay
$basamm B 3KCTPAKLMOHHOM cucTeme 06BACHAETCA M OMMUCLIBAETCA KNAacCMYECKUM pacnpegesneHvem bonbumaHa ans auc-
KPETHbIX 3HaYEeHWI IHEPTUM MONEKYA (MAN KBAHTOBLIM pacnpeseneHnem Gepmu-Aupaka).

KnioueBble cnoBa: LBeTKM BeccmepTHUKA necyaHoro; Helichrysum arenarium, nsocanunypnosua; caavnypnosung; Xa0po-
reHoBas KMCNO0Ta; paBHOBECHKE; KaccMyecKoe pacnpeseneHve bonbumaHa ana AUCKPETHbIX 3HAYEHWI SHEPTMN MOIEKYA

INTRODUCTION

Flowers of Helichrysum arenarium (Helichrysum
arenarium L. flores) are the officinal raw material within
the territory of the Russian Federation, the Republic
of Belarus, Ukraine, the Republic of Kazakhstan, etc.
This raw material is used for the production of the
drug product Flamin, which is manufactured in the
form of tablets, granules and in-bulk substance. It is
used in treatment of liver and gallbladder diseases. In
addition, biologically active substances (BAS) from that
raw material have antioxidant, antibacterial, antiviral,
antihyperlipidemic, and cytotoxic effects [1-20].

In our previous research [21], the authors justified the
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mechanism of dielectric constant impact on equilibrium
concentration of isosalipurposide in the extractions.
However, the obtained model neither explains nor describes
the mechanism of BAS distribution in the extraction system
when the equilibrium status is reached within it. That is why
the studies aimed at the development of the equilibrium
status of the extraction process are relevant.

THE AIM of this study is to confirm the adequacy
of the proposed hypothesis, which explains and
guantitatively describes the distribution of BAS in the
extraction system of Helichrysum arenarium flowers and
the solvent using a regressive analysis in the theoretically
predicted coordinates.
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MATERIALS AND METHODS

Raw materials and chemical reagents

For this study, milled plant raw material of
Helichrysum arenarium was used, and it was bought
at pharmacy Medical herbs Ltd., Kharkiv, Ukraine, lot
number 530617, expiry date 07.2020 [22].

An aqueous solution of ethanol 80%+1%, was used
as an extracting solution. Qualitative and quantitative
analyses were carried out using RP HPLC with reference
substances.

Isosalipurposide, salipurposide, and chlorogenic
acid of 298.0% purity were used as reference substances.
Analytical wavelengths were 370, 290, and 325 nm.

The main validation parameters of the analytical
method and suitability of RP HPLC system for the assay
of isosalipurposide, salipurposide, and chlorogenic acid,
are shown in Table 1.

Methods of obtaining extracts

A precisely weighed amount of the raw material (1 g)
was put into a hermetic flask, the required volume of the
solvent was added, which additionally was weighted and
put into a refrigerator/thermostat at the temperature
of 4, 20, 40 and 60%1°C. The proportions of the raw
material and the solvent at each temperature, were
1:5 (1:10), 1:15, 1:20, 1:40 w/v. The extraction mixture
was decocted for 24 hours. After that, the extract was
removed and its assay was performed using RP HPLC
method. The mean value and the standard error of
mean were calculated at the repeat count n=3 and the
significance level P=0.95.

Analysis methods via RP HPLC

The analysis of the extractions was carried out using
the chromatographic equipment of Agilent Technologies,
“Agilent 1200 Infinity” series, manufactured in the USA.
The detailed description is available in the following
articles [21, 23].

Theoretical part

In order to explain the mechanism and a quanti-
tative description of BAS distribution between a solid
phase of the medicinal plant raw material and a liquid
phase of the solvent, the authors proposed the follow-
ing hypothesis: the mechanism of equilibrium molecu-
lar distribution of BAS between two phases in the ex-
traction system is explained and described by the classic
Boltzmann distribution for discrete values of molecular
energy (or quantum distribution according to Fermi and
Dirac), equation (1). This hypothesis allows developing
a mathematical model, which will describe the experi-
mental data in the theoretically predicted coordinates,
as shown by equations (2) and (3):

n__.
Mo 14 exp[i—fj (1)

where n is quantity of BAS in the solvent with energy
equals AG, mol;

n, is an overall quantity of BAS, mol;

AG is the difference of Gibb’s energy for BAS mole-
cules in the extraction system, J;

k is Boltzmann constant value, 1.38:102% J/K;

Tis absolute Kelvin’s temperature, K.

1 1 AG) 1 M M
:-V+exp(j-:~V+KH-:a-V+b
C n, kT ) n, m, m, 2)
1 A
InK, =In b _L.ae
a) T k

where C is concentration of BAS in the extracting
solution, g/ml;

m, is an overall (initial) content of BAS in the raw
material, g;

Vis the volume of the extracting solution, ml;

M is the weight of the raw material in the extraction
system, g;

a is a constant that equals to the reversed value of
overall BAS content in the raw material (M/m);

Tom 7, Beinyck 5, 2019

(3)

b is a constant that equals to multiplicity of Henry’s
constant and (K, ) and the reversed value of overall BAS
content in the raw material (M/m,), mi/g.

To determine the degree of adequacy of the pro-
posed hypothesis, the authors used the regressive
analysis of the experimental data in the theoretically
predicted coordinates 1/C=f(V) and In(b/a)=f(1/T). The
obtained data were processed with preset for the data
analysis in MS Excel 2010.
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Table 1 - The main validation parameters of analytical method and suitability of RP HPLC system
for the assay of isosalipurposide, salipurposide, and chlorogenic acid

Pharmacopoeia Salipurposide

Parameter Isosalipurposide Chlorogenic acid

criteria [22] (sum of isomers)
;'iﬁite"m" time, - 20.1£0.2 11.940.2 and 12.840.2 6.3:0.3
2. Separation coef- >15 3.0 3.1and 3.2 11.0
ficient
3. Number of theo- 1,000 103,458 39,541 and 29,267 12,282
retical plates
4. Relative Standard

<

Deviation, RSD, % 2.0 1.2 1.2 0.8
5. LOD, g/mL - 4.1.10° 5.5.10% 2.2:10°
6.L0Q, g/mL - 1.3-10% 1.7-10% 6.5-10°
/. Determination >0.98 0.9999 0.9999 0.9999
coefficient, r?

8. Linear regressive
equation, C(g/ml) = - C=(2.7940.06)-107-S C=(3.94+0.01)-107-S C=(2.9240.04)-107-S
f(S(mAU-sec))

* Note. The average value and its error (XtAX) were calculated on the basis of the repeat count n = 3 and the significance
level P = 0.95.

Table 2 - Constant values for BAS from Helichrysum arenarium flowers

Constant value

BAS
AG, J/mol g m, % wt.
1. Isosalipurposide 5,390+380 —1.540.2 22.0+3.0
2. Salipurposide 19,930+1,030 -7.210.4 0.075+0.004
3. Chlorogenic acid 18,640+2,160 —5.4+0.9 0.45+0.08

Note. The number of experiments: n=4, the significance level: P=0.95.

Table 3 - Values of overall (initial) BAS content in the raw material (m )
found by the experiment and theoretical calculation

BAS Theoretically calculated content, mD/M, Experimental values, mo/M,
% wt.* % wt.**
1. Isosalipurposide 1.58+0.06 1.46+0.07
2. Salipurposide 0.47+0.02 0.43+0.02
3. Chlorogenic acid 0.19+0.04 0.19+0.01

Note. * The number of experiments: n=4, the significance level: P=0.95.
** The number of experiments: n=3, the significance level: P=0.95.
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0
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Figure 1 — Regressive equation of isosalipurposide concentration dependence on the volume

of the extracting solution in coordinates 1/C=f(V)

12000 - 1/C = 215.7-V + 223.8 Salipurposide
R?=0.998 - 60°C
10000 -
1/C = 204.8V + 329.6
w 3000 7 R?=0.999 — 40°C
~
é 6000 - 1/C = 212.0V + 577.6
- R%=0.999 - 20°C
4000 -|
1/C = 220.4V + 978.2
2000 7 R2=0.998 - 4°C
X
0 ‘ ‘ | | |
0 10 20 30 40 50
Vv, ml

Figure 2 — Regressive equation of salipurposide concentration dependence on the volume

1/C, ml/g

of the extracting solution in coordinates 1/C=f(V)

Chlorogenic acid

35000 - 1/C = 461.8'V + 1723.5
2 _ o
30000 - R?=0.998 - 60°C
1/C = 544.71-V + 2998.7
25000 R
R%=0.999 - 40°C
20000
15000 - l/C =498.9-V + 4713
R%=0.999 - 20°C
10000 -
1/C = 601.2:V + 8591.5
5000 7 R%=0.998 - 4°C
0 T T T T 1
0 10 20 30 40 50
V, ml

Figure 3 — Regressive equation of chlorogenic acid concentration dependence on the volume
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of the extracting solution in coordinates 1/C=f(V)
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Figure 4 — Regressive equations of empiric constant values’ (a, b) dependence on temperature
in coordinates In(b/a)=f(1/T) for BAS from Helichrysum flowers

RESULTS AND DISCUSSIONS

The experimental data and regressive linear
equations of isosalipurposide, salipurposide, and
chlorogenic acid concentration dependence on the
volume of the extracting solution in the theoretically
predicted coordinates are shown in Figures 1, 2, and 3.

As Figures 1, 2, and 3 show, the experimental points
are well-approximated by regressive linear theoretical-
ly predicted coordinates 1/C=f(V). Wherein, the coeffi-
cient of determination of the regressive equations was
R2>0.998. It determines the functional dependence be-
tween the studied parameters and confirms the adequa-
cy of the equation (2).

Thereafter, the obtained results were used for build-
ing up the regressive linear equations of dependence of
Henry’s constant for isosalipurposide, salipurposide and
chlorogenic acid in the theoretically predicted coordi-
nates. They are shown in Figure 4.

As Figure 4 shows, the dependence of Henry’s
constant values on the temperature is well-approximated
for isosalipurposide, salipurposide, and chlorogenic
acid by regressive linear equations in the theoretically
predicted coordinates In(b/a)=f(1/T). Wherein, the
coefficient of the determination of the regressive
equations was R2>0.998. It proves the functional
dependence between the studied parameters and
confirms the adequacy of the equation (3). However,
the obtained results have identified the additional
constant value (g) in the equation (3), which was not
predicted by the theory, hence, this requires to add this
experimentally found constant value (g=ln(mp/100)) into
the initial equation (1).

The constant values (AG, g and mp) for BAS from
Helichrysum arenarium flowers, found in accordance
with the proposed theoretical equations (2) and (3)
and also the experimental outcome, are summarized
in Table 2.

As Table 2 shows, constant value AG, which
expresses the energy of the BAS interphase distribution,
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is found at 5-20 kJ/mol level. It is well-complied with the
values of the physical adsorption of the substances on
the adsorbents [24]. Judging by this fact, BASes in the
medicinal plant raw material are found to be in a bound
or even adsorptive status, as it was discovered by M.S.
Tsvet at the beginning of the XXth century [25].

The conclusive test of the proposed hypothesis was
performed, comparing the experimentally obtained and
theoretically calculated values of the overall (initial)
content of BAS in the raw material (m /M), which are
shown in Table 3.

As Table 3 shows, the experimentally found and
theoretically calculated values of the overall (initial)
content of BASin Helichrysum arenarium flowers (m /M),
do not differ from each other. This fact additionally
confirms the adequacy of the equation (2).

Hence, the obtained experimental results are well-
complied with theoretically developed mathematical
models via equations (2) and (3). However, the
experiment identified the necessity of adding constant
(g) into the mathematical model, wherein equation (1)
transforms to the following:

n 1

No 44 exp[i—f — g) @

Hence, the proposed hypothesis concerning the
mechanism of the interphase distribution of BAS in the
extraction system, is explained and described by the
classic Boltzmann distribution for discrete values of the
molecular energy (or quantum distribution according to
Fermi and Dirac), is not denied.

Thus, the proposed hypothesis and the developed
mathematical model based on it, explain the mechanism
of the BAS distribution in the extraction system
between the phases; make it possible for us to find the
constants required; forecast the equilibrium (limiting)
concentration of BAS in the extract; and choose/calculate
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the optimal values of the volume and temperature of the
extractant to achieve certain values of the exhaustive
degree of the plant raw material for BAS.

CONCLUSION

A new hypothesis was proposed to explain and
guantitatively describe the distribution of BAS in the
extraction system of Helichrysum arenarium flowers and
80% ethanol. With this hypothesis, the mathematical
models have been developed, their adequacy has been

proved using a regressive analysis in the theoretically
predicted coordinates. The constant values have been
found, they are present in the mathematical model.
The necessity of the addition of a new constant value
has been identified experimentally. The obtained results
do not deny that the mechanism of BAS distribution
between the phases is explained and described by the
classic Boltzmann distribution for discrete values of the
molecular energy (or quantum distribution according to
Fermi and Dirac).
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