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Abstract

Objectives. The study set out to use mathematical modeling, in particular the method of
multifactorial analysis of multicriteria optimization (MAMO), in the development of a pharmaceutical
product.

Methods. After carrying out experimental tests based on the proposed algorithmic sequence, the
obtained data were interpreted using MAMO.

Results. The possibility of using MAMO to solve the applied problem of purifying
oligohexamethyleneguanidine hydrosuccinate (OHMG-HS), considered as a pharmaceutical
precursor for the creation of medicines, was demonstrated.

Conclusions. The expediency of using the proposed algorithm as a tool for pharmaceutical
development is substantiated by identifying dependencies of the influence of purification
conditions on the final content of admixtures in the target product.
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AnHOmauyus

IMenu. /laHHoe uccnedo8aHuUe NOC8AULEHO UCNOAB308AHUND MAMEMAMUUECK020 MOO0eUPO8AHUSL,
8 uacmHocmu memooa MHO20(paAKMOPHO20 AHANU3IA MHO20KPUMEPUASIbHOU OnmuMu3ayuu
(MAMO), e papmayeemuueckoli paspabomie.

Memoovtl. B xode uccnedosarus 6bL1a NPedosKeHA aN20pUmmuUUecKas nociedosameibHOCMs
aKcnepumeHma u npogedeHsl Heobxooumsle uchbimarus. IlonyueHHvle 0aHHble ObLIU UHMEp-
npemuposarsl npu nomowu MAMO.

Pesynomamel. IH3yueHa 8o3moskHocmb npumeHerHusi MAMO Ons peweHus npurkiadHoll
npobiembl OUUCMKU 2UOPOCYKYUHAMA 0uzozeKkcamemunieHeyaruoura (OI'MI-I"C), paccmampu-
8aemozo0 8 Kauecmae papmayesmuueckolti cybcmaHyuu 015 CO30AHUSL TEKAPCMEEHHbIX cpedcma.
Bwb1800bL. Hbliu 8blsi8/ieHbl 3A8UCUMOCTNU AUSHUSL YCLOBUTL OUUCMKU HA KOHEUHOE COOepIKAHUE
npumecetl 8 yenegom npooyKme u 00KA3aHA YeaecoobpasHoCmMb UCNONIb308AHUSL NPEOSIOIKEHHO20
aneopumma 8 Kauecmee UHCmpymeHma gpapmayesmuueckoil paspabomru.

Knroueevle cnoea: apmayesmuueckas paspabomka, mamemamuueckoe MooenuposaHue,
aHMubuoMmuKopesucCmeHmHOCMs, OuU202eKcamemusieH2yaHuouUHbL

Jna yumuposanus: laranos JI.0., Tpauyk K.H., AiimakoBa A.B., AxmemnoBa [I.A., BanoB U.C., Munenkos /I.C.,
braxesuu MN.10., Kenuk C.A. Peanuszanus papmManeBTHICCKOH pa3pabOTKu ¢ MPUMEHEHHEM MHOTO(pAKTOPHOTO aHaJIN3a MHOTO-
KPUTEPHATIBHOM ONTUMHU3AIMU Ha TIPUMEPE dTara OYMCTKU THIPOCYKIIHHATA OJIMTOTCKCAMETHIICHTYaHUIUHA. TOHKUEe XumuuecKkue
mexnonoeuu. 2023;18(3):265-279. https://doi.org/10.32362/2410-6593-2023-18-3-265-279
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INTRODUCTION

With the number of deaths worldwide caused by
drug-resistant microorganisms exceeding 50000 per year,
antimicrobial resistance is widely perceived as a major
problem. However, the complex and multifactorial
nature of antimicrobial resistance remains poorly
understood, especially in the context of human-,
animal- and environmental interactions. The situation
is exacerbated by a lack of reliable information,
the slow development of new antimicrobial drugs,
and high infection incidence rates. Thus, the
emergence and spread of antimicrobial resistance
requires immediate attention from both medical
professionals and developers of new compounds
that may exhibit antimicrobial activity [1].

As a consequence of the reduced effectiveness
of current means of prevention and treatment of
human infectious diseases due to the resistance of
microorganisms to drugs and disinfectants, the World
Health Organization expects antibiotic resistance
to become the biggest threat to human health by
2050 [2]. In 2017, in order to implement the National
Security Strategy of the Russian Federation and
the State Policy for ensuring the chemical and
biological safety of the Russia for the period up to
2025 and beyond, the Government of the Russian
Federation approved the Strategy to Prevent the
Spread of Antimicrobial Resistance to 2030 [3].
A direction implemented within the framework
of this Strategy is related to the search for new
ways of synthesizing substances with antimicrobial
activity that are capable of overcoming identified
resistance mechanisms.

Previously proposed methods for the synthesis
of oligohexamethyleneguanidine (OHMG) salts [4, 5]
showed sufficient efficiency against various pathogenic
and opportunistic microorganisms, including fungi and
viruses [6, 7]. In this regard, OHMG derivatives are
currently actively used to create drugs based on them [8, 9].

The process for obtaining derivatives of poly-
and oligohexamethylene guanides consists in the
polycondensation of hexamethylenediamine (HMDA)
and guanidine salts followed by conversion into
the required OHMG salt. However, the main
problem inherent in this process is the content of
a sufficiently large quantity of residual impurities
in the target compound. Although a recent study [10]
showed that the use of microfluidic synthesis makes
it possible to achieve a low content of monomer
impurities compared to bulk synthesis, the obtained
results do not meet the requirements of the State
Pharmacopeia of the Russian Federation'. Therefore,

the aim of the present study is to identify the
optimal conditions for the purification of the target
compound from impurities using mathematical
modeling.

MATERIALS AND METHODS

The following reagents were used in the
experiments: HMDA  (99.5%, Acros Organics,
Belgium), guanidine hydrocarbonate (GHC) (99.5%,
Sigma-Aldrich, USA), chloroform (99.5%, EKOS-I,
Russia), acetone (99.75%, EKOS-1, Russia), carbon
tetrachloride (99.6%, EKOS-1, Russia), methylene
chloride (99.5%, EKOS-1, Russia).

The main methods of polymer purification consist
of several dissolution cycles followed by precipitation
and washing with various solvents [11]. For washing
poly- and oligoguanidines [12], chloroform, carbon
tetrachloride, and similar solvents are used. However,
in order to establish the optimal time for the
purification process, as well as the ratio of components
and dependencies between the initial parameters
and the values of residual impurities, it becomes
necessary to conduct many experiments involving
different variations and combinations of the initial
values. In this case, significant increases in reagent
consumption and time preclude the rapid achievement
of satisfactory results. In this regard, mathematical
modeling techniques such as multifactorial analysis
of multicriteria optimization (MAMO) can become
useful tools for improving process parameters and
saving resources [13]. Taking into account the
application of MAMO methods, we propose the
following algorithmic sequence:

1) search for information in foreign and local

literary sources;

2) conducting preliminary experiments in the

absence of reliable literature data;

3) formulating a  hypothesis of criteria

dependence on various factors and determining

parameters for verifying hypothesis validity;

4) obtaining an approximating function in

accordance with paragraph 3 according to the

experimental data;

5) search for optimal values;

6) conducting  verification  experiments  for

compliance with the verification parameters defined

in clause 3;

7) selection of the most appropriate time-solvent

ratio from those calculated.

The application of mathematical modeling can
be described according to the algorithmic sequence

!'State Pharmacopeia of the Russian Federation, 14th ed. OFS.1.1.0006.15 Pharmaceutical substances. URL: https://minzdrav.
gov.ru/poleznye-resursy/xiv-izdanie-gosudarstvennoy-farmakopei-rossiyskoy-federatsii. Accessed February 15,2023 (in Russ.).
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proposed above on the example of purification
of  oligohexamethyleneguanidine hydrosuccinate
(OHMG-HS) (Fig. 1).

(CHp)s—NH—C—NH
NH ],

1/2 (C4H604)

Fig. 1. Formula of oligohexamethyleneguanidine
hydrosuccinate (OHMG-HS).

Based on the literature data [5], the following
solvents were chosen for the purification process:
chloroform, carbon tetrachloride, methylene chloride,
and acetone. The most important and controllable
factors were the amount of solvent added and the
residence time of the sample in the chosen solvent.

The content of related impuritiess—HMDA and
GHC, sulfate ash, heavy metals, as well as residual
solvents (acetone, chloroform, methylene chloride,
carbon tetrachloride}—were chosen as acceptance
criteria for the target product. The corresponding
data, which are taken from the State Pharmacopeia

Table 1. Quality criteria for the OHMG-HS target product

of the Russian Federation, 14th edition, are given in
Table 1 (see Footnote 1).

Since no information about the mutual influence
of factors was obtained, we assumed that there is
mutual influence—that is, a nonlinear dependence
on the factors expressed in quadratic terms taking
the form xy. Therefore, to expand the range, we
built experiments according to a full factorial design
(containing all possible combinations of all factors
at a certain number of levels, an equal number
of times) (Table 2). To check hypothesis validity,
the extraction coefficient (R) was used, which
should lie within 10% for the test experimental
points [14]. Having chosen the optimal purification
method, the relative standard deviation for the
quality indicators of OHMG-HS (Table 1) obtained
during the measurements of 5 samples should not
exceed 5%.

During the experiment, 20% aqueous solutions
of the OHMG-HS salt were prepared, followed by
the addition of the required amount of one of
the solvents in accordance with Table 2 at room
temperature (25°C). The solutions were thoroughly
mixed and left to settle. After that, the target
solutions were decanted and evaporated on a
Laborota 4000 rotary evaporator (Heidolph, Germany)
at 100°C

Indicator

Requirement for the content of residual admixtures, no more %

Hexamethylenediamine (HMDA) admixture 0.0500
Guanidine hydrocarbonate (GHC) admixture 0.0500
Sulfate ash 0.1000
Heavy metals 0.0010
Chloroform 0.0060
Acetone 0.5000
Carbon tetrachloride 0.0004
Methylene chloride 0.0600
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Table 2. Conditions of the salt purification process of OHMG-HS

No. Solvent Added, mL Settling time, h
1 30 8
2 35 12

Chloroform
3 40 18
4 45 24
5 30 8
6 35 16
Carbon tetrachloride
7 40 24
8 45 28
9 30 16
10 35 24
Methylene chloride
11 40 28
12 45 36
13 40 1.5
14 45 1
Acetone
15 50 2
16 55 2.5
RESULTS AND DISCUSSION z
Z norm S — (2)
z

During the preliminary experiments, the following
data were obtained on the content of impurities
in samples of OHMG-HS (Table 3).

To carry out mathematical calculations, it is
necessary to normalize the obtained data. Data on
the quantity of solvents (x) and the settling time
of the mixture (y) are normalized according to the
formula (1):

X _ min _ y_ymin . (1)

norm >/ norm
i ymax - ymin

Data on residual impurities (z) are normalized
in such a way (2) that the value of 0 coincides with
the actual value of 0 and that the value of 1 corresponds
to the maximum permissible concentration (in the
graphs, everything below the line y = 1 is acceptable):

maximum allowed

Normalized data are presented in Table 4.

Next, the response surface was constructed
(approximation). In accordance with the full factorial
design, the dependence of criteria on factors has
the form (3):

F(x,y)=4+ Bx+ Cy+ Dxy, 3)

where x is the amount of solvent; y is settling time
A, B, C, and D are regression coefficients. The term
Dxy corresponds to the mutual influence of factors.
According to the experimental data, the value
of the coefficients 4, B, C, and D can be accurately
determined. For the F(x,y) dependence, the
standard deviation was considered, after which it
was differentiated by each of the coefficients. The
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Table 3. Quantitative values of quality indicators after cleaning

No. Solvent Amount after cleaning, % | HMDA, % | GHC, % Sulfate ash, % Heavy metals, %
1 0.016 0212 0.150 0.02 0.0017
2 0.007 0.138 0.076 0.04 0.0011

— Chloroform
3 0.008 0.094 0.048 0.03 0.0008
4 0.006 0.066 0.091 0.03 0.0009
5 0.076 0212 0.149 0.03 0.0013
6 0.059 0.178 0.110 0.04 0.0012
Carbon
hlori
7 | tetrachloride 0.043 0.121 0.076 0.04 0.0009
8 0.032 0.177 0.092 0.14 0.0010
9 0.094 0.146 0.171 0.02 0.0014
1 . 112 . 0 .00
0 | Methylone 0.059 0 0.057 0.03 0.0008
jp | chloride 0.061 0.060 0.054 0.05 0.0005
12 0.058 0.051 0.046 0.02 0.0006
13 0.067 0.092 0.05 0.02 0.0009
14 0.024 0.062 0.048 0.04 0.0006
— Acetone
15 0.015 0.047 0.051 0.03 0.0008
16 0.013 0.049 0.046 0.03 0.0007

resulting system was equated to zero and solved
with respect to the coefficients 4, B, C, and D.
Thus, an approximation was constructed for the
dependence of the amounts of each of the residual
impurities on the normalized factors x and y.
The plot of this fitting function comprises the
response surface.

Processing of experimental data and mathematical
modeling by multivariate analysis of multicriteria
optimization was carried out using Wolfram
Mathematica software (Wolfram Research, USA).

Carbon tetrachloride

According to the calculations for the carbon
tetrachloride solvent, the following dependencies (F)
of the impurity residues on the amount of added
solvent (x) and settling time () were obtained.
Figure 2 shows the level lines for each impurity.

The solid line indicates the limit value, while the dotted
line indicates the permissible values. Optimal points
should be located in the area of intersection of lines of
all colors:

1. F_,. (xy) = (341.25 = 191.25x — 109.375y +
+39.375%) - 0.0004%;

2.F, . ()=
= (~18.19 +40.77x — 11.795y — 7.245xy) - 0.05%;

3. Fuc(x,y) =
=(-1.49 +9.63x — 7.875y + 1.575xy) - 0.05%;

4. Fsulfate ash(x’y) =
= (=11.5 +20.25x — 6.125y — 1.575x) - 0.1%;

5.F () = (-3.8+9x — 1.05y — 3.15xy) - 0.001%.

* 7 heavy metals
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Table 4. Normalized experimental data

No. Solvent Normalized added volume Normalized settling time
1 0.67 0.33
2 0.78 0.50

Chloroform
3 0.89 0.75
4 1.00 1.00
5 0.67 0.29
6 0.78 0.57
Carbon tetrachloride
7 0.89 0.86
8 1.00 1.00
9 0.68 0.44
10 0.78 0.67
Methylene chloride
11 0.89 0.78
12 1.00 1.00
13 0.73 0.60
14 0.82 0.40
Acetone
15 0.91 0.80
16 1.00 1.00

Time, h

54 55 56 57 58 59
Solvent. mL

I Solvent residue
s HMDA impurity
S GHC impurity
s Amount of sulphate ash
B Amount of heavy metals

Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 2. Results of OHMG-HS optimization
with carbon tetrachloride.

50

As can be seen from the traces of residual
impurities, the amount of residue after cleaning can
fall below the maximum allowable values given
the correct solvent ratio and sufficient time. This area
on the chart marked in dark blue and purple is
bounded by red, pink and green solid charts. Within
this allowable area, 3 optimal points for the reaction
were found (red dots on the graph) with integer
values of the added amount of solvent (mL) and
settling time (h, min):

l.x=57mL, y=47 h;
2.x=55mL, y =49 h 20 min;
3.x=57TmL,y=51h.

Methylene chloride

Similar calculations were carried out for the
methylene chloride solvent (Fig. 3):

I.F

solvent

(xy)=(4.1-x—83y+6.17xy) - 0.06%

2. Fupa(xy) = (13.6 = 19x + 0.67y + 5.8xy) - 0.05%;

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):265-279

271



Implementation of pharmaceutical development using multivariate analysis ...

Time, h

41 42 43 44 45 46
Solvent, mL

s Solvent residue
e HMDA impurity
[ GHC impurity
S Amount of sulphate ash
IS Amount of heavy metals

-:| Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 3. Results of OHMG-HS optimization
with methylene chloride.

3. F,, (xy) = (15.1 - 7.82x — 30.88y + 24.53x) - 0.05%;

4' Fsulfate ash(x’y) =
= (—4.17 + 7.84x + 1.16y — 4.63xy) - 0.1%;

5. F ey e X)) = (7.8 = 9x = 6.3y + 8.1xy) - 0.001%.

Residual impurities plots show that, given
the correct solvent ratio and sufficient time, the
amount of residue after cleaning can fall below
the acceptable limits (purple area bordered by
orange, green, and red solid graphs). Within this
allowable area, 3 red dots characterize the optimal
(integer) values of the added amount of solvent
and the settling time for carrying out the
reaction:

l.x=44mL,y=34h;
2.x=43 mL, y =32 h 20 min;
3.x=45mL, y=35h 40 min.

Chloroform

Figure 4 shows the dependencies (F) of impurity
residues on the amount of added solvent (x) and
settling time (y) for the chloroform solvent in
accordance with the calculations:

Time, h

50 55 60 65 70 75 80 85
Solvent, mL

. Solvent residue
s HMDA impurity
S GHC impurity
[ Amount of sulphate ash
S Amount of heavy metals

-] Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 4. Results of OHMG-GS optimization
with chloroform.

1.F_(x,y)=(26—48x+ 32y — 9xy) - 0.006%;

solvent

2. F 0 (6) = (17.28 = 21.24x — 0.48y + 5.76xy) - 0.05%;
3. Fy (ry) = (16.4— 17.1x = 23.04y + 25.56xy) - 0.05%;

4. F fate ash(x’y) = (_36 + 8.1x — 6y + 18xy) . 01%’

sul

5.F (x,) =(6.9 —7.2x — 6y + 7.2xy) - 0.001%.

© 7 heavy metals

In Fig. 4, the blue triangle (the darkest of those
present), bounded by orange, green, and pink solid
graphs, indicates the area where the amount of
residue after cleaning can fall below the limit values
at the desired ratio of solvent and time. Within this
allowable range, the optimal (integer) values for
the solvent amount added and the settling time are
indicated by a red dot:

x=41mL, y=15h 20 min.
Acetone

Similar calculations for the acetone solvent are
shown in Fig. 5:
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Time, h

50 55 60 65 70 75 80 85
Solvent, mL

s Solvent residue
e HMDA impurity
[ GHC impurity
[ Amount of sulphate ash
IS Amount of heavy metals

Maximum impurity level lines

@ Experimental points
@ Optimal points

Fig. 5. Results of optimization of OHMG-GS
with acetone.

LLF . (x))=(1.05—1.27x— 0.62y +0.86x)) - 0.5%:

solvent
2. F, 0 (60) = (11.32— 12.41x— 8.3y + 10.37xy) - 0.05%;
3. F ) = (=0.71 + 1.92x + 2.7y — 2.99xy) - 0.05%;

4. F (x,)=(=0.3+1.1x—0.5y) - 0.1%;

sulfate ash

5. Fheavy metals(x’y) =
= (=0.29 + 0.63x + 3.5y — 3.14xy) - 0.001%.

As can be seen from the graphs of residual
impurities, acetone is the best solvent, as it
requires less settling time compared to chloroform,
carbon tetrachloride, and methylene chloride.
Four optimal points were proposed and approximated:

1.x=55mL, y =108 min;
2.x =60 mL, y =120 min;
3.x=71mL,y =156 min;
4.x=70mL, y = 140 min.

Table 5 indicates the values of the acceptance
criteria calculated for points that meet the criteria.

From the data obtained by MAMO, it can be
seen that the optimal points for OHMG-HS along
with those for chloroform and methylene chloride
solvents are on the border of the acceptance
criteria in terms of HMDA and GHC impurities. From
the location of the remaining proposed points for
carbon tetrachloride and acetone solvents, it can
be seen that the settling time of the mixture is
reduced several times when using acetone in
comparison with the use of carbon tetrachloride,
which belongs to hazard class 1—highly toxic
solvents (according to the State Pharmacopeia of
the Russian Federation of the Russian Federation,
carbon tetrachloride 1is wused in pharmaceutical
production in exceptional cases, when it is
impossible to refuse its use). In this connection,
the optimal method for purifying OHMG-HS is
reprecipitation with acetone at the appropriate
ratios of added solvent and mixture settling time:

1. 55 mL — 108 min;
2. 60 mL — 120 min;
3.71 mL — 156 min;

4. 70 mL — 140 min.

After carrying out mathematical calculations,
it was decided to reproduce control experiments that
check the correctness of the obtained data (optimal
points) (Figs. 6 and 7). The obtained experimental
data are presented in Table 6.

Thus, based on a comparison of the experimental
data with the MAMO data, the advanced hypothesis
can be confirmed as valid, since for the methods
of quantitative determination, the recovery factor (R)
corresponds to an interval from 90% to 110%.

The precision of the technique was determined
by the parameter of convergence (repeatability).
For OHMG-HS, after selecting a single optimal
point and performing the required number of
experiments, the standard deviation and dispersion
values were calculated for the results of HMDA,
GHC, sulfate ash, and heavy metal impurities
(Table 7).

The characteristics presented in the table indicate
the compliance of the obtained results with the
established acceptance criteria  (Table 1) and
the reproducibility of the technological stage of
purification of OHMG-HS under the conditions
selected using MAMO.

CONCLUSIONS
The obtained results were interpreted using
MAMO according to the described algorithm.
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Table 5. Acceptance criteria at the optimal points for the OHMG-HS

Amount of solvent, mL, Amount Sulphate Heav
Solvent and settling mixture of solvent after | HMDA, % | GHC, % P y
. . ash, % metals, %
time cleaning, %
Chloroform 41 mL, 15 h 20 min 0.0000 0.0490 0.0490 0.0990 0.0007
44 mL, 34 h 0.0590 0.0480 0.0700 0.0320 0.0005
Methylene
chloride 43 mL, 33 h 20 min 0.0590 0.0490 0.0470 0.0390 0.0005
45 mL, 35 h 40 min 0.0590 0.0480 0.0490 0.0230 0.0006
57mL, 47 h 0.0000 0.0100 0.0430 0.0870 0.0001
Carbon
tetrachloride 55mL, 49 h 20 0.0000 0.0160 0.0210 0.0170 0.0003
57mL,51h 0.0000 0.0110 0.0110 0.0120 0.0004
55 mL, 108 min 0.0000 0.0200 0.0500 0.0440 0.0006
60 mL, 120 min 0.0000 0.0090 0.0470 0.0500 0.0005
Acetone
71 mL, 156 min 0.0000 0.0290 0.0280 0.0600 0.0000
70 mL, 140 min 0.0000 0.0050 0.0350 0.0630 0.0000

Table 6. Experimental (practical) and calculated (theoretical) data obtained during the OHMG-HS purification of in acetone

Specifications No. 1 No. 2 No. 3 No. 4 HCEIVT G BT
theor./pract.

Volume of added
solvent (mL) 55 mL, 108 min | 60 mL, 120 min | 71 mL, 156 min | 70 mL, 140 min -
and settling time (min)
Amount of solvent
after cleaning, theor, % 0.0000 0.0000 0.0000 0.0000

100%
Amount of solvent after 0.0000 0.0000 0.0000 0.0000
cleaning, pract., %
HMDA, theor., % 0.0200 0.0090 0.0050 0.0290

91.3%
HMDA, pract., % 0.0210 0.0070 0.0090 0.0320
GHC, theor., % 0.0500 0.0470 0.0280 0.0350

98.2%
GHC, pract., % 0.0410 0.0390 0.0420 0.0410
Sulphate ash, theor., % 0.0440 0.0500 0.0600 0.0630

96.4%
Sulphate ash, pract., % 0.0460 0.0510 0.0630 0.0650
Heavy metals, theor., % 0.0006 0.0005 0.0000 0.0000

100%
Heavy metals, pract., % 0.0005 0.0003 0.0002 0.0001
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Fig. 6. HPLC analysis results for the content of acetone (A), HMDA (B), and GHC (C) admixtures for OHMG-HS samples No. 1-2.
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Fig. 7. HPLC analysis results for the content of HMDA (A) and GHC (B) admixtures for OHMG-HS

obtained in the convergence study (5 repeats).

Table 7. Results of the convergence method checking

Cleaning conditions Quality criteria
No. .. . Sulphate Heavy
solvent, mL Settling time, min HMDA, % GHC, % ash, % metals, %

1 0.011 0.045 0.063 0.0002
T 0.012 0.044 0.059 0.0001
T 70 140 0.007 0.043 0.062 0.0003
T 0.008 0.042 0.063 0.0001
T 0.009 0.041 0.061 0.0002

Ato 0.009 £0.002 | 0.043 £0.002 | 0.061 =0.002 | 0.0002 =+ 0.0001

* A + ¢ — Standard deviation and dispersion.
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As a result, dependencies of the influence of the
ratio of the added amount of solvent and the
settling time of the mixture on the final content of
impurities in the target product were revealed. For
the highest quality purification of OHMG-HS, the
use of acetone solvent is advisable, since this reduces
the process time to several hours while minimizing
the quantity of impurities. Using statistical methods,
the wvalidity and repeatability of the proposed
algorithmic model was substantiated. The use of
MAMO for predicting the results and plotting the
dependencies of the parameters and criteria of the
reaction confirmed its feasibility as a means of
reducing the time and material costs involved in
experiments.

REFERENCES

1. Singh K.S., Anand S., Dholpuria S., Sharma J.K.,
Shouche Y. Antimicrobial Resistance Paradigm and One-
Health Approach. In: Panwar H., Sharma C., Lichtfouse E.
(Eds.). Sustainable Agriculture Reviews 46. Mitigation of
Antimicrobial Resistance. 2020. V. 46. P. 1-32. https://doi.
org/10.1007/978-3-030-53024-2 1

2. La-Rosa R., Johansen H.K., Molin S. Persistent
Bacterial Infections, Antibiotic Treatment Failure, and
Microbial Adaptive Evolution. Antibiotics. 2022;11(3):419.
https://doi.org/10.3390/antibiotics 11030419

3. Davydov D.S. The National Strategy of the Russian
Federation for Preventing the Spread of Antimicrobial
Resistance: Challenges and Prospects of Controlling One
of the Global Biological Threats of the 2 1st Century. BIOpreparaty.
Profilaktika, diagnostika, lechenie = BIOpreparations. Prevention,
Diagnostics, Treatment. 2018;18(1):50-56 (in Russ.). https://doi.
org/10.30895/2221-996X-2018-18-1-50-56

4. Kedik S.A., Shatalov D.O., Norin A.M., Belyakov S.V.,
Ivanov LS., Aidakova A.V. Method for the separation of branched
oligohexamethylenguanidine salts for their use as pharmaceutical
substances (variants): RF Pat. RU2750869. Publ. 07.05.2021 (in Russ.).

5. Shatalov D.O., Kedik S.A., Belyakov S.V., Ivanov L.S.,
Aidakova A.V., Sedishev 1.P. Method of producing branched
oligohexamethylene guanidine salts having degree of purity
sufficient for use thereof as pharmaceutical substance: RF Pat.
RU2729421. Publ. 06.08.2020 (in Russ.).

6. Shatalov D.O., Kedik S.A., Ivanov L.S., et al. Development
of a Promising Method for Producing Oligomeric Mixture of
Branched Alkylene Guanidines to Improve Substance Quality and
Evaluate their Antiviral Activity Against SARS-CoV-2. Molecules.
2021;26(11):3472. https://doi.org/10.3390/molecules26113472

Authors’ contributions

D.O. Shatalov - study concept;

K.N. Trachuk - writing and editing the text of
the article, implementation of the analytical stage in the
experimental studies, literature review;

A.V. Aydakova — conducting experiments;

D.A. Akhmedova — conducting experiments, writing
and editing the text of the article;

LS. Ivanov - conducting experiments;

D.S. Minenkov — processing experimental data;

I.Yu. Blazhevich — processing experimental data;

S.A. Kedik - developing a technological base for
research.

The authors declare no actual or potential conflicts of interest
in relation to this article.

CIIMCOK JIMTEPATYPbI

1. Singh K.S., Anand S., Dholpuria S., Sharma J.K.,
Shouche Y. Antimicrobial Resistance Paradigm and One-
Health Approach. In: Panwar H., Sharma C., Lichtfouse E.
(Eds.). Sustainable Agriculture Reviews 46. Mitigation of
Antimicrobial Resistance. 2020. V. 46. P. 1-32. https://doi.
org/10.1007/978-3-030-53024-2 1

2. La-Rosa R., Johansen H.K., Molin S. Persistent
Bacterial Infections, Antibiotic Treatment Failure, and Microbial
Adaptive Evolution. Antibiotics. 2022;11(3):419. https://doi.
org/10.3390/antibiotics 11030419

3. Haseinos JI.C. Harmmonansnas ctparerust Poccuiickoit
Qemepann MO MIPEAYNPEKICHUIO  PACHPOCTPAHEHHS
YCTOWYMBOCTH TMATOT€HHBIX MHKPOOPTaHU3MOB K aHTHU-
MHUKPOOHBIM ~ IIpenaparam: TPYAHOCTH U  IEPCIIEKTHBEI
CHEPKUBAaHMS OTHOW M3 TIIO0ATBHBIX OHMOJOTHYECKHX YIpo3
XXI Bexa. bHUOnpenapamoi. Ipoghunakmuxa, ouaznocmuxa,
neuenue. 2018;18(1):50-56. https://doi.org/10.30895/2221-
996X-2018-18-1-50-56

4. Kemuxk C.A., UlaramoB H.0., Hopun A.M.,
Bensixor C.B., UBanos U.C., AiinakoBa A.B. Cnocob nonyuenus
conetl pazeemenéHHo20 ONUe02eKCaMEeMuiLeH2yaHuOuUHa OJis Ux
npumenenus 6 Kauecmee ghapmayesmuyeckux cyocmanyuil
(6apuanmur): nat. 2750869 PD. 3asska Ne 20201195; 3assi.
12.06.2020; omry6. 05.07.2021. brom. Ne 19.

5. Illaranos J1.0., Kemuk C.A., bensxor C.B., Banos N.C.,
AninakoBa A.B., CenumieB W.II. Cnoco6 nonyuenusi conetl
PA36EMBNIEHH020  ONULO2EKCAMEMUICHSYAHUOUNA, UMEIOUUX
cmenenb 4ucmomaul, 0OCMAMOUHYIO Ol UX NPUMEHEHUs 8
Kawecmee ghapmayesmuyeckoli cyocmanyuu: nar. 2729421 PO.
3asBka Ne 2019122256; 3asB1. 15.07.2019; omy6. 06.08.2020.
bron. Ne 22.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):265-279

277


https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.3390/antibiotics11030419
https://doi.org/10.30895/2221-996X-2018-18-1-50-56
https://doi.org/10.30895/2221-996X-2018-18-1-50-56
https://doi.org/10.3390/molecules26113472
https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.1007/978-3-030-53024-2_1
https://doi.org/10.3390/antibiotics11030419
https://doi.org/10.3390/antibiotics11030419
https://doi.org/10.30895/2221-996X-2018-18-1-50-56
https://doi.org/10.30895/2221-996X-2018-18-1-50-56

Implementation of pharmaceutical development using multivariate analysis ...

7. Belyakov S.V., Kedik S.A., Krupenchenkova N.V.,,
Demenyuk P.Yu., Shatalov D.O. The effect of branched
oligo(hexamethylene)guanidine hydrochloride against
clinically significant pathogens. Biofarmatsevticheskii zhurnal
= Russ. J. Biopharml. 2019;11(6):28-37 (in Russ.).

8.Kedik S.A.,ShatalovD.O.,PanovA.V.,AidakovaA.V.,
Ivanov 1.S., Belyakov S.V. Combined drug preparation in
form of solution for preparing spray for treating diseases
of oral cavity: RF Pat. RU2687745. Publ. 16.05.2019
(in Russ.).

9. Kedik S.A., Shatalov D.O., Kovalenko A.V., Aidakova A.V.
Ophthalmic preparation in the form of eye drops for
preventing and treating infectious conjunctivitis caused by
bacteria and viruses: RF Pat. RU2699377. Publ. 09.05.2019
(in Russ.).

10. Akhmedova D.A., Shatalov D.O., Ivanov I.S.,
Aydakova A.V., Herbst A., Greiner L., Kaplun A.P,
Zhurbenko A.S., Kedik S.A. The use of microfluidic
hardware in the synthesis of oligohexamethylene
guanidine derivatives. Tonk. Khim. Tekhnol. = Fine Chem.
Technol.  2021;16(4):307-317 (Russ., Eng.). https://doi.
org/10.32362/2410-6593-2021-16-4-307-317

11. Braun D., Sherdron G., Kern V. Prakticheskoe
rukovodstvo po sintezu i issledovaniyu svoistv polimerov
(A Practical Guide to the Synthesis and Study of the Properties
of Polymers): transl. from German. Moscow: Khimiya; 1976.
256 p. (in Russ.).

[Brown D., Sherdron G., Kern V. Praktikum der
Makromolekularen Organischen Chemie. Heidelberg: Alfred
Huthig, 1971.]

12. Efimov K.M., Gembitskii P.A., Martynenko S.V.
Method for purification polyguanidine disinfecting agent
from parent monomers: RF Pat. RU2237682. Publ. 10.10.2004
(in Russ.).

13. Antony J. Design of Experiments for Engineers
and Scientists. First edition. Elsevier Science & Technology
Books; 2003. 156 p.

14. Grzhibovsky A.M. The choice of a statistical
criterion for testing hypotheses. Ekologiya cheloveka = Human
Ecology. 2008;(11):48-57 (in Russ.).

About the authors:

6. Shatalov D.O., Kedik S.A., Ivanov LS., ef al. Development
of a Promising Method for Producing Oligomeric Mixture
of Branched Alkylene Guanidines to Improve Substance
Quality and Evaluate their Antiviral Activity Against
SARS-CoV-2. Molecules. 2021;26(11):3472. https://doi.
org/10.3390/molecules26113472

7. bemsxoB C.B., Kemux C.A, KpymnenuenkoBa H.B.,
Hemenrox [LIO., I[llaramoB J[.O. Bmmsane pa3BerBicH-
HOTO  OJIMTOTEKCAMETWJICHTYaHWAMHA THAPOXJIOpHIa Ha
KIMHUYECKH 3HAYMMBle MAaTOTCHHBIE MHKPOOPTaHU3MBEIL.
buopapmayeemuueckuii scypuan. 2019;11(6):28-37.

8.Kemuk C.A., llaranos /1.0., [TanoB A.B., AlinakoBa A.B.,
WBanos U.C., bensixor C.B. Kombunuposannoe nexapcmeen-
HOe cpedcmeo 6 eude pacmeopa OJis NOLydeHus cnpes OJis
Jevenus 3abonesanull pomoeot norocmu: nar. 2687745 PO.
3asBra Ne 2018109980; 3assn. 21.03.2018; omy6. 16.05.2019.
Bron. Ne 14.

9. Kemux C.A., Iaramor J[.O., Kosamenko A.B.,
AininakoBa A.B. Opmansmorocuueckuii npenapam 6 popme
2NA3HBIX Kanenb O NPOPUAAKMUKY U e eHUs. UHPEKYUOHHBIX
KOHBIOHKIMUBUMOS, GbI36AHHBIX OAKMEpUAMU U  BUPYCAMIL:
mar. 2699377 P®. 3asska Ne 2019113050; 3asBi. 26.04.2019;
omy6. 05.09.2019. Brom. Ne 25.

10. AxmemoBa JI.A., IllaramoB J[.O., HeanoB W.C,,
AiimakoBa A.B., Tepoer A., TIpaiinep JI., Kammyn AL,
Kypoenko A.C., Kequk C.A. [TpumeHeHnE MUKPOQITFOUIHOTO
annapaTHOrO OCHAIICHHWS B CHHTE3€ IMPOMU3BOIHBIX OJIATO-
reKCaMeTHIICHTYaHUIuHA. TOHKuUe XuMuuecKue mexuonio2uu.
2021;16(4):307-317. https://doi.org/10.32362/2410-6593-
2021-16-4-307-317

11. bpayn ., Wepapon I., Kepu B. Illpakmuuecxoe
PYKOBOOCHIBO NO  CUHME3Y U UCCTe008AHUIO  CBOUCTE
noaumepog: niep. ¢ Hem. M.: Xumus; 1976. 256 c.

12. Epumon K.M., I'emOuukwuii I1.A., Mapteiaenko C.B.
Cnocob ouucmku NoAUSYAHUOUHOB020 Oe3UHDUYUPYIOU e20
cpedcmea  om  UCXOOHbIX MOHOMepog. mar. 2237682 Pd.
3asBka Ne 2003117422/04; 3as81. 16.06.2003; omy©6. 10.10.2004.

13. Antony J. Design of Experiments for Engineers
and Scientists. First edition. Elsevier Science & Technology
Books; 2003. 156 p.

14. Tpxubosckuit A.M. BbIOOp CTaTHCTHYECKOTO
KpUTEpHUsI Ui TPOBEPKH THIOTE3. DKono2us uenogexd.
2008;11:48-57.

Denis O. Shatalov, Can. Sci. (Pharm.), Associate Professor, Department of Biotechnology and Industrial Pharmacy,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia). E-mail: shat-05@mail.ru. ResearcherID H-9408-2013, Scopus Author ID 57060435900,
RSCI SPIN-code 3453-9987, https://orcid.org/0000-0003-4510-1721

Kirill N. Trachuk, Student, Department of Biotechnology and Industrial Pharmacy, M.V. Lomonosov Institute
of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571, Russia).
E-mail: trachuk98@yandex.ru. RSCI SPIN-code 9210-8024, https://orcid.org/0000-0002-2061-0274

Anna V. Aydakova, Technologist, Institute of Pharmaceutical Technologies (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: ann.reznikova2012@yandex.ru. RSCI SPIN-code 9925-5381, https://orcid.org/0000-0002-2560-5028
Diana A. Akhmedova, Postgraduate Student, Department of Biotechnology and Industrial Pharmacy, M.V. Lomonosov

Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: akhmedova.diana.a@gmail.com. Scopus Author ID 57218775331, https://orcid.org/0000-0002-0951-939X

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2023;18(3):265-279

278


https://doi.org/10.32362/2410-6593-2021-16-4-307-317
https://doi.org/10.32362/2410-6593-2021-16-4-307-317
https://doi.org/10.3390/molecules26113472
https://doi.org/10.3390/molecules26113472
https://doi.org/10.32362/2410-6593-2021-16-4-307-317
https://doi.org/10.32362/2410-6593-2021-16-4-307-317
mailto:shat-05@mail.ru
https://orcid.org/0000-0003-4510-1721
mailto:trachuk98@yandex.ru
https://orcid.org/0000-0002-2061-0274
mailto:ann.reznikova2012@yandex.ru
https://orcid.org/0000-0002-2560-5028
mailto:akhmedova.diana.a@gmail.com
https://orcid.org/0000-0002-0951-939X

Denis O. Shatalov, Kirill N. Trachuk, Anna V. Aydakova, et al.

Ivan S. Ivanov, Technologist, Institute of Pharmaceutical Technologies (86, Vernadskogo pr., Moscow, 119571, Russia).
E-mail: ivan.ivanov1994@gmail.com. Scopus Author ID 57372716000, RSCI SPIN-code 1899-6495, https://orcid.org/0000-0002-
1346-7588

Dmitry S. Minenkov, Cand. Sci. (Phys.-Math.), Ishlinsky Institute for Problems in Mechanics, Russian Academy
of Sciences (101, Vernadskogo pr., Moscow, 119526, Russia). E-mail: minenkov.ds@gmail.com. ResearcherID M-8037-2015,
Scopus Author ID 36010696700, RSCI SPIN-code 6424-1334, https://orcid.org/0000-0001-6432-8134

Igor Yu. Blazhevich, Student, Faculty of Mechanics and Mathematics, Lomonosov Moscow State University
(1, Kolmogorova ul., Moscow, 119234, Russia). E-mail: blazhevich-igor@mail.ru. https://orcid.org/0000-0002-3217-473X

Stanislav A. Kedik, Dr. Sci. (Eng.), Professor, Head of the Department of Biotechnology and Industrial Pharmacy,
M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86, Vernadskogo pr.,
Moscow, 119571, Russia); General Director of the Institute of Pharmaceutical Technologies (86, Vernadskogo pr., Moscow, 119571,
Russia). E-mail: doctorkedik@yandex.ru. Scopus Author ID 7801632547, https://orcid.org/0000-0003-2610-8493

06 aemopax:

IITamanoe eHnuc Onezoeuu, x.hapMm.H., JAOICHT, JOUCHT Kadeapbl OMOTEXHOJOTHHA M TPOMBIIUICHHON (apMaryn
WuctutyTa TOHKHX XuMH4YeckuX TexHojorui um. M.B. JlomonocoBa ®I'6OY BO «MUPDA — Poccuiickuii TEXHOIOTHUECKAN
yauBepcutet» (119571, Poccus, Mocksa, np-T Bepnazackoro, a. 86). E-mail: shat-05@mail.ru. ResearcherID H-9408-2013,
Scopus Author ID 57060435900, SPIN-kox PUHLI 3453-9987, https://orcid.org/0000-0003-4510-1721

Tpauyrx Kupunn Hurxonaeeuu, ctyieHt, kagenpa OMOTEXHOJIOTHHU U MPOMBIIITICHHOU (apMmariui MHCTUTYTa TOHKHX
XUMHYECKHUX TexHosoruil um. M.B. JlomonocoBa ®T'BOY BO «MUPOA — Poccuiickuii TexHonorndeckuit yausepeutem (119571,
Poccusi, Mocksa, nip-t Beprazckoro, a. 86); E-mail: trachuk98@yandex.ru. SPIN-kon PUHI] 9210-8024, https://orcid.org/0000-
0002-2061-0274

Ailidaxoea AHHa Buxmopoena, texuonor, AO «uctutyT (apmaneBTuueckux texHonorui» (121353, Pocews,
Mocksa, nip-T Beprazckoro, a. 86). E-mail: ann.reznikova2012@yandex.ru. SPIN-kox PUHI 9925-5381, https://orcid.org/0000-
0002-2560-5028

Axmedoea JuaHna AnexcanHOpoOeHa, aciupanrt, kadeapa GUOTEXHOIOTHH U IPOMBIILIEHHON (papmanun UHcTUTyTA
TOHKUX XUMUYecKUX TexHonorui um. M.B. Jlomonocosa ®I'BOY BO «MHPOA — Poccuiickuil TeXHONOTMUECKUN YHUBEPCUTET
(119571, Poccus, Mocksa, rip-t Beprazackoro, a. 86). E-mail: akhmedova.diana.a@gmail.com. Scopus Author ID 57218775331,
https://orcid.org/0000-0002-0951-939X

Heanoe Hean Cepzeeeuu, texnoinor, AO «HCTHTYT (apmaneBTHueckux Texnoiorui» (119571, Poccus, Mocksa,
np-T Bepranckoro, a. 86). E-mail: ivan.ivanov1994@gmail.com. Scopus Author ID 57372716000, SPIN-xon PUHL] 1899-6495,
https://orcid.org/0000-0002-1346-7588

Munenxoe mumpuii Cepzeeeuu, X.p.-M.H., CTapIIMii Hay49HBIH COTPYIHHK, VIHCTUTYT IpOONEM MEXaHHKA
M. A.JO. Nnumsckoro Poccwiickoii akanemun Hayk (119526, Pocensi, Mocksa, 1ip. BepHasckoro, 101, . 1) E-mail: minenkov.ds@gmail.com.
ResearcherID M-8037-2015, Scopus Author ID 36010696700, SPIN-kox PUHLI 6424-1334, https://orcid.org/0000-0001-6432-8134

Bnaceeuu Heopov FOpveeuu, cryicHT, MexaHHKO-mMaremaruueckuii (dakynsrer OI'BOY BO «MockoBckuid
rocyfapcTBeHHbIi yHuBepeuter um. M.B. JlomonocoBa» (119234, Poccusi, Mockaa, yi1. Konmoropoga, 1). E-mail: blazhevich-igor@mail.ru.
https://orcid.org/0000-0002-3217-473X

Kedurx Cmanucnae Anamonsveeuu, 1.1.H., mpodeccop, 3aBeayroiuil Kageapoii GHOTEXHONIOTUH ¥ MPOMBIIUIEHHOMN
(dapmanu MHCTUTYTa TOHKMX XHMHUYeckuX TexHojorud um. M.B. JlomonocoBa ®I'BOY BO «MUPDA — Poccuiickuit
TexHosornyeckuil yausepcuret» (119571, Poccust, Mocksa, np-T Bepnaackoro, a. 86); I'enepanbnbiii qupekrop AO «MucTn-
TyT (apmaneBTudeckux TexHojorui» (119571, Poccus, Mocksa, np-t Bephnanckoro, a. 86). E-mail: doctorkedik@yandex.ru.
Scopus Author ID 7801632547, https://orcid.org/0000-0003-2610-8493

The article was submitted: December 15, 2022, approved afier reviewing: January 12, 2023; accepted for publication: May 24, 2023.

Translated from Russian into English by H. Moshkov
Edited for English language and spelling by Thomas A. Beavitt

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(3):265-279
279


mailto:ivan.ivanov1994@gmail.com
https://orcid.org/0000-0002-1346-7588
https://orcid.org/0000-0002-1346-7588
mailto:minenkov.ds@gmail.com
https://orcid.org/0000-0001-6432-8134
mailto:blazhevich-igor@mail.ru
https://orcid.org/0000-0002-3217-473X
mailto:doctorkedik@yandex.ru
https://orcid.org/0000-0003-2610-8493
mailto:shat-05@mail.ru
https://orcid.org/0000-0003-4510-1721
mailto:trachuk98@yandex.ru
https://orcid.org/0000-0002-2061-0274
https://orcid.org/0000-0002-2061-0274
mailto:ann.reznikova2012@yandex.ru
https://orcid.org/0000-0002-2560-5028
https://orcid.org/0000-0002-2560-5028
mailto:akhmedova.diana.a@gmail.com
https://orcid.org/0000-0002-0951-939X
mailto:ivan.ivanov1994@gmail.com
https://orcid.org/0000-0002-1346-7588
mailto:minenkov.ds@gmail.com
https://orcid.org/0000-0001-6432-8134
mailto:blazhevich-igor@mail.ru
https://orcid.org/0000-0002-3217-473X
mailto:doctorkedik@yandex.ru
https://orcid.org/0000-0003-2610-8493

