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B npeocmaenennoii pabome paccmompeno oeiicmeue moouPuuuposannvix 6000pacmeo-
PUMBIX 2YAHUOUHCOOEPIHCAUUX (CO)noumMepos Ha wmamm niecnesozo zpuba Aspergillus niger
(A. niger). Ycmanoeneno, umo ochoéHoit KOMnOHEHM WUPOKOUCRONLIYEMBIX OUOUUOOE NOUEK-
camemuneHzyanuoun 2uopoxinopuo (II'MI2x) naumenee r¢hghexkmusno nooaensaem pocm niec-
He6020 2puba, a ygenuueHue co0eplHcanus OKMaAmMemuieHo6blX (Ypazmennos ¢ MaKpoOmMoaeKyIap-
HOII cmpyKmype, mo ecmp ygeiuuenue 2uopoghooHocmu, nPUEOOUmM K 603pacmanuio Qyneunuo-
HO020 Oelicmeusn u nOJIHOCMbIO nodasnsem pocm Kiemok cpuda. Ilposeodenwvt nabopamopnuie Ikc-
nepumenmul O U3YYEHUIO OeliCmEUs (CO) NOAUMEPOE NPU 000ABICHUY UX 8 RUMAMENbHYIO CPeOy
6 uawkax Ilempu, a maxsice npu 00padonKe nOGePXHOCMU UX PACHEOPAMU PA3HOI KOHUEHMPA-
yuu peanvHozo 00bekma — 300posoii opesecunnvt Cochol ooviknosennoit (Pinus sylvestris). Onpe-
0efleno, Ymo MaKcumanbHoe nooasnenue pocma A. Niger docmuzaemcs Ha numamensvHoi cpeoe,
cooepacawieit 30 u 50% okmamemunenouamuna, Ymo cOnROCMABUMO ¢ OGHHBIMU, NOJIYYEHHBIMU
npu ouenke ynzunuonozo oeiicmeusn na opesecune Pinus sylvestris. B xooe uccredosanus, no-
JIYYeHHbIE 3A6UCUMOCHU NO360IAION NPEONOTIONCUND MEXAHUIM 63AUMOOCIICINEUA K1eMOYHO
cmenkKu zpuba c (co)noaumepom, 2oe Ha NePeoM Imane 6030eliCMEUst RPOUCXOOUN COPOUUA MAK-
POMONIEKY nonumepa 000104K0U CIEHKU KIemKU 2puda 3a cuem co0epicauiuxca ¢ Hell 0e1K0e
— «@02e3UH08» C NOCNEOYIOWUM HAPYUWIEHUEM YeI0CHIHOCIU KIeMKU U 3A6epuiaemcs 0CMomu-
yeckom auzucom. /lana oyenxa IQpgexkmugnocmu ucciedyemvix cOCOUHEHUIl U npou3eedena ux
Kaaccugukayus coziacHo Cmenenu 3auiUmHnblX C60ICME K NOPAXNCEHUIO N1ECHEeGeNbIMU ZPUdaMU
opesecunvt. Co2nacno knaccugukayuu, uccieoyemovie MOOUPUUUPOBAHHBIE 6000PACHEOPUMDbLE
ZyaHuouncooepcawjue (Co)noaumepol A6aAAIOMCA IPGHeKkmugHvimu u 6b1COK0IPphekmusHsviMuU
cpeocmeamu no 3auiuuiarouieil CROCOOHOCmU NPOMUEOCHIOAMb 3APAIICEHUI0 NOBEPXHOCIU Ope-
6€CUHbL NIECHEBLIMU 2pUbamu.

KiroueBble cjioBa: BOJAOPacCTBOPUMBIC I'yaHHIUHCOEpXKAIIHME (CO)IOIUMEPBI, THAPOPOOHOCTh, KOH-
¢dopmarms, antucentuk, Aspergillus niger, byHrunuaHas akTHBHOCTS, J€pEeBOPa3pyIIAOIINe TPHOBI
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The presented work examines the effect of modified water-soluble guanidine-containing
(co)polymers on a strain of the mold Aspergillus niger (A. niger). It has been established that the
main component of widely used biocides, polyhexamethylene guanidine hydrochloride (PHMGgx),
is the least effective at inhibiting the growth of mold fungi, and an increase in the content of oc-
tamethylene fragments in the macromolecular structure, that is, an increase in hydrophobicity,
leads to an increase in the fungicidal effect and completely suppresses the growth of fungal cells.
Laboratory experiments were carried out to study the effect of (co)polymers when they were added
to a nutrient medium in Petri dishes, as well as when the surface was treated with solutions of
different concentrations of a real object - healthy Scots Pine (Pinus sylvestris) wood. It was deter-
mined that the maximum inhibition of A. niger growth is achieved on a nutrient medium containing
30 and 50% octamethylenediamine, which is comparable to the data obtained when assessing the
fungicidal effect on Pinus sylvestris wood. In the course of the study, the obtained dependences
suggest a mechanism for the interaction of the fungal cell wall with the (co)polymer, where at the
first stage of exposure, sorption of polymer macromolecules by the fungal cell wall membrane oc-
curs due to the proteins contained in it — «adhesins», followed by a violation of the integrity of the
cell and ends with osmotic lysis. The effectiveness of the studied compounds was assessed and their
classification was made according to the degree of protective properties against wood damage by
moldy fungi. According to the classification, the studied modified water-soluble guanidine-contain-
ing (co)polymers are effective and highly effective means of protective ability to resist infection of
the wood surface by mold fungi.

Key words: water-soluble guanidine-containing (co)polymers, hydrophobic properties, conformation,
antiseptic, Aspergillus niger, fungicidal activity, wood-decay fungus

Wood processing and wood product manufac-
turing have also been on a steady rise. For instance, the
volume of timber processing reached 32.3 million m3,
which is 13% higher than the 2018 figure [2]. Although

INTRODUCTION

Wood has been used as one of the key con-
struction materials for thousands of years. Despite the

significant progress in construction material chemistry
and the emergence of new composite materials, wood
still plays a leading role in the construction of low-rise
buildings. Following the Rosstat data for 2010-2021,
housing development has been growing steadily both
in cities and rural areas. Of 87 million square meters
of housing constructed, 22% used wood as the wall
material [1].
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wooden furniture is the most popular kind of product,
wood is also used for the production of floating items
and even toys, which is especially relevant when the
production of eco-friendly items peaks.

However, this material is subjected to various
ambient factors during operation that may gradually
destroy it. These include humidity, acidity, temperature,
decomposer germs, etc. The problem of biodeterioration
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of wood as a production material rather than living
trees can be attributed to the fact that cellulose makes
a great organic substrate and food for different micro-
organisms, especially fungi. Microorganisms cause
stains of different colors and mold to appear on the
wooden surfaces which results in the reduction of its
durability [3, 4]. Besides, if mold appears in a house, it
starts to grow and cover different surfaces. Humans
that live in the contaminated building experience the
harmful impacts of mold. Mold fungi are dangerous
because of their mycotoxins that suppress or poison
living organisms. They may cause dizziness, head-
aches, skin and inhalant allergies, that are hard to diag-
nose and treat, as well as other health disorders, such
as migraines, runny nose, otitis, bronchitis, rhinitis,
asthma, cardiac disorders, and mycotoxicosis. People
with reduced immune system activity may get mold to
damage their internal organs [5]. Mold formed by As-
pergillus fungi is especially dangerous because its
spores contain aflatoxin that, apart from the toxic ac-
tion, may cause hepatic cancer [6].

Currently, various wood-protection antiseptic
is available, but they were developed several decades
ago, which results in the gradual adaptation of molds
to them [7, 8]. This calls for the development and test-
ing of new and more efficient solutions or alternative
wood product preservation methods. The substance
hazard category is an important factor in the use of pro-
tective solutions. It has to be at least Category 4 [5].

Properties like high biocidal activity, low tox-
icity (Hazard Category 4), inexpensive monomers,
simple synthesis, low corrosive activity, ability to
maintain antiseptic properties over a long time, as well
as extensive macromolecular design opportunities
make new modified water-soluble polyguanidines a
promising alternative to the existing solutions [9].

EXPERIMENTAL METHODS

Previous research [10, 11] determined the bio-
cidal activity of modified polyguanidines compared to
opportunistic pathogenic microorganisms. The promi-
nent antimicrobial action against the Candida fungi
among others demonstrated the potential fungicidal ac-
tivity of guanidine-containing (co)polymers. To deter-
mine that, we assessed the biocidal action of PHMGhc
and PHMGhc-based copolymers against the A. niger
mold fungus. All of the polymer products were synthe-
sized in the hot melt under different molar ratios of
monomers in the same way as before [12].

The antifungal properties were assessed using
the serial dilution technique in agar [13]. Note that this
article determines the biocidal activity of (co)poly-
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mers used in wood treatment against mold fungi fol-
lowing GOST 30028.4.-2006. Protective solutions for
wood [14].

The synthesis of (co)polymers

All of the (co)polymers were obtained using
the polycondensation method for the hot melt of the
following bifunctional amines: hexamethylenediamine
(HMDA), octaethylenediamine (OMDA), and guani-
dine hydrochloride (GHC) in two stages lasting 6 hours
and at different ratios presented in Table 1. For the ex-
periments, we prepared low-concentration water solu-
tions similar to the existing concentrations of popular
fungicidal solutions.

Table 1
The characteristics of (co)polymers and the concentra-
tions of their water solutions
Taonuya 1. XapakTepucTHKHU (CO)IIOJTUMEPOB U KOH-
HEHTPpAalUMU UX BOJAHBIX pacTBOpPOB

The molar ratio
No. | Concentration, % of monomers c[jT/]g
HMDA | OMDA | GHC
1 0.5
2 1.0 0.9 0.1 1.0 | 0.043
3 2.0
4 0.5
5 1.0 0.7 0.3 1.0 | 0.041
6 2.0
7 0.5
8 1.0 0.5 0.5 1.0 | 0.038
9 2.0
10 0.5
11 1.0 1.0 - 1.0 | 0.045
12 2.0

The first stage of synthesis took place at 165 °C
for 2.5 h, after which the temperature was increased to
185 °C[12].
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The structures of all of the obtained statistical
polyguanidines were studied using physical and chem-
ical methods and described in [10, 11].
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Preparing the test organism

The freeze-dried cells of the test organism (a
strain of the A. niger mold fungus from All-Russian
collection of industrial microorganisms (Genetika,
Moscow, Russia) were inoculated on Saburo broth
(State Research Center for Applied Biotechnology and
Microbiology, Obolensk) using the methodology of
Genetika, Moscow. After that, the culture of A. niger
grown in the Sabouraud dextrose broth for 2 days at
24 °C reached the concentration of 2x10° CFU/ml us-
ing the optic turbidity standard [15] with a Cecil — 1021
spectrophotometer (UK).

RESEARCH METHODS AND TECHNIQUES

The biocidal properties were assessed using
the serial dilution technique in agar [13]. The obtained
cell-rich fluid of A. niger contained ~10° CFU/ml. Un-
der aseptic conditions, we mixed thoroughly 20 mg of
Sabouraud-maltose-agar heated to 50 °C and 0.05;
0.025; 0.0125 ml of the 0.1% solution of the polymers
in question directly in the double dish. Simultaneously,
we prepared dishes without fungicidal solutions to ref-
erence the growth of the test organism. When the
agarized broth consolidated and the dishes dried, we
inoculated 0.1 ml of A. niger cell fluid on the prepared
solid nutrient media five times and incubated them in a
thermostat at 24 °C for 48 h to calculate the surviving
CFU (Na).

To determine the fungicidal action of (co)pol-
ymers following GOST 30028.4.-2006 [14], we pre-
pared the working fluid of A. niger containing 1 mil-
lion spores in the calculated volume. The measured
amounts of fungus fluids were poured into a beaker and
complemented with sterile distilled water until the vol-
ume reached (100 = 1) cm®.

The experiment was carried out in desiccators
filled with sawdust to % of their height and moisturized
to (70 = 5)% in advance. When the desiccators were
filled, the sawdust was contaminated with the working
fungus fluid using a sprayer. The desiccators were
placed in a room with a temperature of 25 + 2 °C and
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kept there for 14 days before the experiment to let A.
niger grow and develop.

The fungicidal activity of polymers was as-
sessed on healthy wood samples (the albur of Pinus
sylvestris) sized 10x55x75 mm. On the day of the ex-
periment, we prepared the wood samples for the tests.
To do this, we put numbered wood samples into the
prepared (co)polymer solutions and kept them there for
1 min. We used PHMGhc as the reference. The exper-
iment was attempted three times.

The wood samples treated with water solutions
of (co)polymers, as well as the reference (untreated)
sample, were placed in desiccators filled with contam-
inated sawdust. The test lasted for 15 days. The state
of the samples was assessed visually, and damaged ar-
eas were measured with a ruler on the 5th, 10th, and
15th day, according to the methodology.

RESULTS AND DISCUSSION

The serial dilution experiment in agar (Fig. 1)
used (co)polymers with a 1% concentration, as pre-
scribed by the methodology, namely samples 2, 5, 8,
and 11 (Table 1) and the reference sample.

The data obtained are shown in Table 2. Fig. 1
shows the photographs of one of the experimental se-
guences with content of (co)polymers of 0.0125 ml.

The data in Table 1 show that PHMGhc (No. 11)
has the smallest efficiency in suppressing the growth of
the mold fungus, while the ratio between the reference
and the CFU number is practically unaffected by its
content in the nutrient medium. As the content of oc-
tamethylene fragments in the macromolecular struc-
ture increases, i.e. as the hydrophobic properties of co-
polymers increase, their biocidal activity increases dra-
matically, which is especially obvious when their con-
tent is high (0.05 ml). Sample 8 completely suppressed
the growth of A. niger in all of the cases.

After that, we conducted a live experiment fol-
lowing GOST 30028.4.-2006 Protective Solutions for
Wood.

Table 2

The reduction of A. niger depending on the (co)polymer sample and its content in the nutrient medium
Tabnuya 2. Penyxuus A. Niger B 3aBUCHMOCTH OT 00pa3ia (Co)noJimMepa 1 ero cojiep:KaHusl B MUTATEJILHOI cpee

Sample No. 0.05 ml _ 0.025 ml _ 0.0125 ml _
Nav-10° Ratio** Nav-10° Ratio** Nav10° Ratio**
Control* 95 - 106 - 71 -
11 86 1.10 88 1.20 61 1.16
2 5 19.00 52 2.00 59 1.20
5 0 - 0 - 55 1.29
8 0 - 0 - 0 -

Notes: * nutrient medium without (co)polymers
** the ratio of the CFU number in the reference sample to the CFU number in the experimental sample
[Mpumeuanus: * murarenpHas cpena 6e3 1006aBIeHUs (CO)IOIMMEPOB
** ornomenue xkonmnaectBa KOE xontposns k kommdectBy KOE B o6pasne
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PHMGhc

Control

10% OMDA

4~

50% OMDA

30% OMDA

Fig. 1. The photographs of the growth of A. niger colonies in the nutrient medium with a (co)polymer content of 0.0125 ml
Puc. 1. ®ororpaduu pocta KoIoHHIA A. Niger Ha MUTATENBHOM cpefie ¢ coaepxkanueM (co)moaumepos 0.0125 mi

Fig. 2 shows the dynamics of the biocidal activ-
ity of the compounds in question (Samples 1-12, Table 1,
13 is the untreated sample).

100 -
90 A
80
70
60 -
50 1
40 -
30 |
20 1
10
0

Attitude towards control, %

1 2 3 4 5 6 7 8% 9 10 11 12 13
Fig. 2. The dynamics of the fungicidal properties of PHMGhc and
its copolymers compared to the untreated sample (control) in %:

- 5 days of exposure; M - 10 days of exposure; B - 15 days of
exposure. 1 —0.5% OMDA — 10%; 2 — 1,0% OMDA — 10%j;
3-2.0% OMDA - 10%; 4 — 0.5% OMDA — 25%; 5 — 1.0%

OMDA- 25%; 6 — 2.0% OMDA — 25%; 7 — 0.5% OMDA — 50%;
8 — 1.0% OMDA - 50%; 9 — 2.0% OMDA - 50%; 10 — PHMGhc
—0.5%; 11 — PHMGhc — 1%; 12 — PHMGhc — 2.0%; 13 — Control
Puc. 2. lunamuka GyHrummaHoi cnocobHoctu [II'MITX u ero
COMOJIMMEPOB MO OTHOIIEHHIO K HeoOpaboTaHHOMY 00pasiy
(xoHTponb) B %: - 5 cyr. Bosaeiicteus; M - 10 cyr. Bo3neit-
CTBUS, B 15 CyT. BO3/ICHCTBHUSI.

1-0,5% OMIA — 10%; 2 — 1,0% OMIA — 10%; 3 — 2,0%
OMJIA — 10%; 4 — 0,5% OMIA — 25%; 5 — 1,0% OMJIA — 25%;
6 —2,0% OMJIA — 25%; 7 — 0,5% OMJA — 50%; 8 — 1,0%
OM/JIA —50%; 9 —2,0% OMIA — 50%; 10 — II'MI'rx — 0,5%;
11 -TII'MI'Tx — 1%; 12 — [II'MITx — 2,0%; 13 — KonTpons

Samples of (co)polymers containing 30%
OMDA (Samples 5-6) with a higher concentration in a
1-2% solution have the greatest biocidal effect, and
that of Sample 9 is slightly less prominent. The
weakest fungicidal properties were typical of the
HMDA:OMDA:GHC (co)polymers with a ratio of
0.7:0.3:1.0 (Sample 4) and the PHMGhc (co)polymers
(Sample 10) with a concentration of 0.5% in the solu-
tion. Wood samples treated with (co)polymers 5 and 6
at the initial stage of exposure were fully resilient
against the contamination with A. niger, and the insig-
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nificant fungus growth on the surface (4.90 and 0.85%
against the reference) was only observed at the end of
the experiment. Other (co)polymer combinations had
medium efficiency.

The correlation between the biocidal action
and macromolecular design of (co)polymers aligns
well with previously-obtained data. Thus, we showed
that (co)polymers have similar impacts on both gram-
positive and gram-negative bacteria [16, 10, 17]. The
increase in the biocidal action against bacteria is asso-
ciated with the increase in the hydrophobic fragments
of the macromolecule, in particular the number of
methylene groups, which results in increased absorp-
tion on the cell membrane.

The cell membrane is an important structure
that is flexible and permeable. It maintains the integrity
and vitality of microorganism cells, including fungus
cells. It plays an important role in different biological
functions, such as cell permeability control and protecting
the cell from osmotic and mechanical impacts [18-22].

Cell membranes of fungi and bacteria differ by
the type of polysaccharides: fungi contain chitin, a ni-
trogen-containing polysaccharide, while bacteria fea-
ture a unique polysaccharide comprising sugars and
amino acids. For instance, the cell membrane of A. ni-
ger contains chitin and glucan [23]. The obtained sim-
ilar correlations allow us to assume that the cell mem-
brane interacts with (co)polymers in a similar way.
Thus, the proteins that act as adhesins in cell mem-
branes and allow the fungus cells to stick to the sub-
strate [24-26] are responsible for the absorption of
macromolecules by the fungus cell membrane during
the first stage, after which the cell integrity is broke due
to the appearance of a new material that can be con-
nected to the ionic groups in mycelium walls [27]. As
a result, the structural integrity and morphology of the
cell deteriorate leading to the osmotic lysis [28]. Thus,
we can claim that as the content of octamethylene frag-
ments in the macromolecular structure increases, i.e. as
the hydrophobic properties of (co)polymers increase,
their fungicidal activity increases as well (Fig. 2).
However, Sample 9 shows greater activity compared
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to Sample 12, which can be a consequence of the mac-
romolecule hydrodynamic volume reduction due to the
conformation mobility of a flexible structure [29] and
result in the reduction of the contact area with the cell
membrane.

Table 3
Efficiency classification in terms of protective ability [14]

Tabnuya 3. Knaccndpuxanus 3¢p@PexTHBHOCTH 3alIUT-
HBIX CPEJCTB M0 3aluiawieii cnocoonocru [14]

Concentration,|  Average fungus Antiseptic
% contamination area, %| classification
0-10 High-efficiency
Upto3 10-30 Efficient
30-50 Medium-efficiency
Over 50 Inefficient
Table 4

The classification of PHMGhc and its copolymers in
terms of their protective ability
Tabnuua 4. Knaccupuxanus IITMI'TxX 1 ero conoJimme-
POB 10 3alIMINAIONIEH CIOCOOHOCTH

Sample No Antiseptic classification
1 Medium-efficiency
2 Medium-efficiency
3 Medium-efficiency
4 Efficient
5 High-efficiency
6 High-efficiency
7 Medium-efficiency
8 Medium-efficiency
9 Efficient
10 Medium-efficiency
11 Medium-efficiency
12 Efficient

13* -

Notes: *Reference sample without (co)polymer treatment
[Mpumeuanns: *KonTponbHsIi 00paser 6e3 00padboTku (co)mo-
JINIMEPOM

Besides, the data obtained in the live experi-
ment can be compared to the experiment conducted us-
ing the serial dilution method and they help us classify
the (co)polymers depending on their protective proper-
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ties against wood decay fungi. The classification pa-
rameters are shown in Table 3 [14].

Besides, the data obtained in the live experi-
ment can be compared to the experiment conducted us-
ing the serial dilution method and they help us classify
the (co)polymers depending on their protective proper-
ties against wood decay fungi. The classification pa-
rameters are shown in Table 3 [14].

According to the efficiency classification above,
the (co)polymers in question belong to the medium-effi-
ciency, efficient, or high-efficiency groups depending
on their composition and concentration (Table 4).

CONCLUSIONS

1. We demonstrated the prominent fungicidal
activity of water-soluble (co)polymers containing
guanidines against A. niger using the serial dilution
method and GOST 30028.4.-2006 Protective Solutions
for Wood.

2. Thus, as the content of octamethylene frag-
ments in the macromolecular structure increases, i.e. as
the hydrophobic properties of (co)polymers increase,
their fungicidal activity increases as well.

3. We established that the maximum suppres-
sion of fungal growth is achieved for the nutrient me-
dium containing 30% and 50% of octamethylenedia-
mine, which correlates with the data obtained in the as-
sessment of the fungicidal action on the common pine
wood. According to the efficiency classification, the
compounds in question are highly-efficient in terms of
wood protection properties.
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