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EFFECTIVENESS OF PHYSICAL
AND CHEMICAL METHODS FOR ANTIFUNGAL
PROTECTION OF PAPER

Paper-based materials, particularly those of historical, cultural, or scientific value, are highly susceptible to damage caused
by microscopic fungi. Micromycetes are capable of inducing both physical destruction of cellulose fibers and chemical
degradation through the production of secondary metabolites, including organic acids and pigments. Fungal growth on
archival documents and library collections not only results in the loss of informational value but also poses health risks
to humans. Therefore, the search for effective antifungal treatments that combine strong biocidal activity with safety for
both users and the material substrate remains an urgent task. This study aimed to compare the effectiveness of physical
(freezing, freezing followed by drying) and chemical methods (the commercial preparation Valeus D and newly-synthe-
sized compositions of guanidinium-containing oligomers) for the antifungal treatment of different paper types (printing,
newsprint, and rag paper) under conditions of high humidity and inoculation with fungal spores. Methods. Ten strains of
micromycetes — Alternaria alternata, Acremonium strictum, Aspergillus flavus, A. niger, Chaetomium globosum, Clado-
sporium cladosporioides, C. sphaerospermum, Fusarium moniliforme, F. poae, and Trichoderma viride — were used to
model biodeterioration. Fungal resistance was assessed according to DSTU IEC 60068-2-10:2015 (IEC 60068-2-10:2005,
IDT) using a five-point infection scale, with visual and microscopic examinations on the 14th and 28th days of exposure.
Results. Among the physical methods, the combination of freezing with drying showed the highest effectiveness, particu-
larly for newsprint paper. Chemical treatment demonstrated significantly higher resistance to fungal growth, with compo-
sition No. 4 (aromatic guanidinium-containing oligomer with branched oligotrimethyl iodide) markedly outperforming
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the commercial product Valeus D. However, in most cases, fungal growth resumed by the 14th day, indicating a lack of
prolonged fungicidal effect. Even in the absence of spore inoculation, the development of background mycobiota (Clado-
sporium cladosporioides, C. sphaerospermum, Aspergillus flavus, Trichoderma spp., Penicillium spp.) was observed, con-
firming the high risk of natural contamination during storage under elevated humidity. Conclusions. Newly synthesized
guanidinium-containing oligomers, particularly the composition of an aromatic guanidinium-containing oligomer with
branched oligotrimethyl iodide, are promising agents for antifungal treatment of paper materials. In particular, the use of
physical preservation methods may prove valuable in emergencies, when large collections of documents have been exces-
sively moistened, as it can prevent their rapid colonization by micromycetes. The optimal approach involves combining
physical and chemical methods, which produces a more pronounced inhibitory effect on micromycete growth. These find-

ings can be applied in developing preservation protocols for archival and library collections.

Keywords: antifungal treatment, paper, micromycetes, guanidinium-containing oligomers, fungal resistance.

In the modern world, the problem of protecting
materials from damage caused by micromycetes
is extremely urgent. This issue concerns not only
archival collections, library holdings, and museum
exhibits but also industrial and domestic sectors,
where paper products are widely used. Conse-
quently, considerable attention is directed toward
the search for new, effective methods of biodete-
rioration control. Paper-based products, particu-
larly those of historical or cultural value, are highly
vulnerable to a variety of biological agents, includ-
ing bacteria, fungi, and other microorganisms.

Microscopic fungi such as Aspergillus, Penicil-
lium, Cladosporium, Chaetomium, Trichoderma,
and others are capable of colonizing cellulose-
containing materials under conditions of elevat-
ed humidity, poor ventilation, and contaminated
air. These organisms produce enzymes (cellu-
lases, hemicellulases, proteinases) that catalyze
the degradation of structural components of
paper, as well as secondary metabolites (organic
acids, pigments, mycotoxins) that accelerate its
chemical deterioration (Mahnke et al., 2010;
Gutarowska et al., 2015). In addition to physical
loss and reduced mechanical strength, fungal in-
festation is often accompanied by visible defects
(stains, discoloration, surface flaking).

One of the promising approaches to preserv-
ing archival documents is the use of physical and
chemical treatment methods (Chuenko et al.,
2020). Physical methods for enhancing paper’s
fungal resistance include exposure to low tem-
peratures, drying, UV irradiation, and vacuum
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drying. However, these methods often have only
temporary effects or may cause structural chang-
es to the document (warping, changes in texture,
delamination). Chemical methods, in particular
the use of antiseptics, are more effective for deep
decontamination of paper.

Guanidine derivatives, including polyguani-
dines, have found wide application as biocides
and disinfectants due to their antimicrobial ac-
tivity against Gram-positive and Gram-negative
bacteria, viruses, and fungi (Zhao et al., 2018).
The fungicidal mechanism of polyguanidines
involves the sorption of the biocidal polycation
onto the negatively charged cell membrane of
microorganisms, leading to membrane disrup-
tion, increased permeability, depolarization,
and subsequent cell lysis. At low concentrations,
polyguanidines can disrupt osmotic balance, al-
ter membrane permeability, block enzymatic sys-
tems, inhibit the respiratory chain, and interfere
with protein synthesis (Kaczmarek et al., 2021).

Unlike many traditional fungicides, polygua-
nidines are characterized by high chemical sta-
bility, low toxicity, and the absence of mutagenic
or carcinogenic effects. They belong to hazard
class IV (low-hazard substances) upon skin con-
tact and class III (moderately hazardous) when
ingested. Aqueous solutions of polyguanidines
retain their biocidal activity for extended peri-
ods, have no odor, do not cause discoloration of
fabrics, do not induce corrosion of equipment,
and exhibit detergent and surface-active proper-
ties (Vortman et al., 2020).
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The aim of this work was a comparative as-
sessment of the effectiveness of various types of
antifungal treatment of paper, specifically:

» Physical methods — drying and freezing

» Chemical treatment — using known and
newly-synthesized guanidine-containing poly-
meric preparations.

Materials and Methods. The study included 10
strains of microscopic fungi from the collection
of biodeteriorative micromycetes of the testing
laboratory for fungal resistance and microbio-
logical studies of technical and medical products
and materials at the D.K. Zabolotny Institute of
Microbiology and Virology, NAS of Ukraine.

The used strains were: Alfernaria alternata
(Fr.) Keissl. — F-41218, Acremonium strictum W.
Gams — F-16776, Aspergillus niger Tiegh — F-73001,
Scopulariopsis brevicaulis (Sacc.) Bainier — F-16715,
Cladosporium sphaerospermum Penz — F-41232,
Penicillium funiculosum Thom — F-16719, Penicil-
lium brevicompactum Dierckx — F-16756, Aspergil-
lus terreus Thom — F-16718, Aspergillus versicolor
(Vuill.) Tiraboschi — F-41226, and Trichoderma
viride Pers. — F-16713. These micromycete spe-
cies were selected as representative organisms most
commonly found on cellulose-containing materials
and responsible for their microbiological degrada-
tion under conditions of elevated humidity.

Three types of paper—printing paper No. 2,
newsprint, and rag paper—served as the materi-
als for the study. Paper samples measuring 50 x
50 mm were used as substrates to evaluate the
efficacy of various antifungal treatments. The
study was conducted using model paper samples
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whose physicochemical characteristics corre-
spond to the types of paper forming the mate-
rial basis of the majority of documents stored in
the V. I. Vernadskyi National Library of Ukraine
(NBUV). Control samples were not subjected to
any antifungal treatment but were exposed under
identical conditions alongside treated samples to
allow objective comparison of fungal damage.

The following methods were employed to assess
the antifungal treatment efficacy on paper samples:

1. Freezing — paper samples were maintained
at — 18°C for 25 days.

2. Combined treatment: freezing + drying —
after freezing, samples underwent drying at
30 °C for 8 hours.

3. Chemical treatment with polyguanidines —
application of known and newly synthesized gua-
nidine-containing compounds onto the paper
surface by spraying (fungicide consumption 0.05
L/m?), followed by drying at 20 °C for 24 hours.

The studied fungicides included the commer-
cially available preparation Valeus D (a mixture of
polyhexamethylene guanidine hydrochloride and
phosphate salts) and compounds synthesized by
the Institute of Macromolecular Chemistry of NAS
of Ukraine, comprising the following substances:

= No. 1 — composition of aromatic guanidine-
containing oligomer and aliphatic diacyl-substi-
tuted guanidine-containingoligomerina1:1 mass
ratio (Alk = CsH;Br 1%). The formulations used
in compositions No. 1 and No. 2 are structurally
identical and differ only in the concentration
of the aliphatic component; the corresponding
structural formula (see Scheme 1).
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= No. 2 — composition of aromatic guanidine-
containing oligomer and aliphatic diacyl-substi-
tuted guanidine-containing oligomer in a 1:1
mass ratio (Alk = C;H;sBr 3%)

= No. 3 — composition of an aliphatic guani-
dine-containing oligomer and a branched gua-
nidine-containing oligotrimethyl iodide in a 1:1
mass ratio (Alk= CH,I 1%) (see Scheme 2);
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» No. 4 — composition of an aromatic gua-
nidine-containing oligomer and a branched
oligotrimethyl iodide in a 1:1 mass ratio (Alk=
CH,I1%) (see Scheme 3).

According to our previous studies, no sig-
nificant changes in the physical and techni-
cal properties of the examined paper sam-
ples were observed after treatment with
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physical and chemical methods (Zatoka et
al., 2020).

To assess the fungal resistance of materials,
particularly paper, standardized methodologies
were applied to ensure objectivity and accuracy
of the results. One of the principal documents
regulating the procedure is DSTU IEC 60068-
2-10:2015 (IEC 60068-2-10:2005, IDT) “En-
vironmental testing — Part 2-10: Tests — Test
J and guidance: Fungal growth” This standard
describes the use of fungal spore suspensions to
evaluate the susceptibility of materials to coloni-
zation and development of micromycetes.

An additional important reference was QR-
160D, which sets requirements for testing the re-
sistance of materials to fungi under variable hu-
midity and temperature conditions, simulating
real storage environments of archival documents.

This methodology allowed evaluation of the
effectiveness of different fungicidal treatments
in inhibiting fungal growth on paper materials.
The positive control consisted of paper incuba-
tion under elevated humidity (95 + 5) % and tem-
perature (28 + 2) °C, conditions that reliably pro-
mote fungal development. The negative control
involved storing paper at a humidity not exceed-
ing 60% and at (20 + 2) °C, which prevents ac-
tive fungal growth. Controlled incubation condi-
tions ensured reproducibility, while microscopic

examination confirmed the presence or absence
of spores, providing a comprehensive measure of
biocidal activity. The degree of fungal damage to
paper samples was evaluated according to a five-
point scale, following the standard methodology:

» 0 points — no visible signs of fungal con-
tamination; surface remains intact;

» 1 point — single small fungal spots; weak,
localized colonization;

= 2 points — slight but noticeable contamina-
tion; fungal colonies on separate areas with lo-
calized sporulation;

= 3 points — moderate contamination; several
zones with active colony growth and mycelium
formation; partial darkening of the surface;

= 4 points — extensive contamination; colonies
merging into larger clusters; massive mycelial
spread; more than 50% of the surface affected;

= 5 points — severe contamination; complete
coverage of the paper surface with fungal my-
celium; deep penetration into fibers; possible
structural damage.

Results. The results of investigating physical
methods of antifungal treatment of three types
of paper—printing, newsprint, and rag—are pre-
sented in Table 1.

According to the obtained data, the most ef-
fective physical treatment was the combination
of freezing and drying, particularly for newsprint

Table 1. Resistance of paper to fungal colonization under physical treatment methods

Degree of fungal resistance
Conditions Paper type
Untreated Freezing Freezing + Drying

Without spore suspension, under normal humi-| Rag paper 0 0 0
dity (negative control) Newsprint 0 0 0
Printing 0 0 0

Without spore suspension, under high humidity| Rag paper 5 5 4
(positive control) Newsprint 4 1 2
Printing 3 3 4

With spore suspension, under high humidity Rag paper 5 5 5
Newsprint 5 3 3

Printing 5 3 4

ISSN 1028-0987. Microbiological Journal. 2026. (2)
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and printing paper. It should be noted that even
in the absence of artificial fungal inoculation, the
growth of the paper’s indigenous mycobiota was
observed, represented by Cladosporium cladospo-
rioides, C. sphaerospermum, Aspergillus flavus,
Trichoderma sp., and Penicillium sp. Although
physical treatments demonstrated measurable
effects on reducing fungal contamination,
their protective action was limited by duration
and strongly dependent on environmental
conditions. Therefore, further attention was
directed toward chemical antifungal treatments,
which are expected to provide more stable and
long-lasting protection.

The results of chemical antifungal treatments
are presented in Table 2.

According to the results, the highest antifun-
gal activity among the tested chemical agents
was demonstrated by compound No. 4, which
provided the lowest infection scores for all types
of paper, even under inoculation with fungal
spores. Compounds No. 2 and No. 3 also exhib-
ited pronounced activity, whereas Valeus D and
compound No. 1 proved to be less effective com-
pared to the untreated controls.

Treatment with the tested fungicides did not
ensure the expected effectiveness, particularly
for printing paper. Visual observations and mi-
croscopic examination revealed persistent fun-

gal growth, indicating the limited action of the
applied agents. Additional tests confirmed that
Valeus D (Fig.1) and compound No. 1 were able
to partially suppress the development of mi-
cromycetes; however, this effect was not long-
lasting, as fungal growth resumed by day 14 of
incubation. These findings highlight the need
for further improvement of the composition and
application regimes of chemical agents intended
for the antifungal protection of cellulose-con-
taining materials.

Discussion. The obtained results indicate
variable effectiveness of physical and chemical
methods of antifungal treatment of paper, de-
pending on both the type of material and the ex-
posure conditions.

Physical methods, particularly freezing and
the combination of freezing with drying, dem-
onstrated limited but noticeable effects on the
suppression of micromycete growth. The highest
efficiency was observed for the combined treat-
ment, which is likely explained by a dual mecha-
nism: crystallization of intracellular water lead-
ing to the disruption of membrane structures,
and dehydration, reducing available moisture
essential for fungal development. Similar find-
ings were reported by Mahnke et al. (2010), who
showed that deep freezing combined with dehy-
dration significantly reduces fungal viability, al-

Table 2. Resistance of paper to fungal colonization under chemical treatment methods

Degree of fungal resistance
Conditions Paper type
Untreated Valeus D No.1 No.2 No.3 | No.4

Without spore suspension, under| Rag paper 0 0 0 0 0 0
normal humidity (negative control) |  Newsprint 0 0 0 0 0 0
Printing 0 0 0 0 0 0
Without spore suspension, under| Rag paper 5 5 5 2 2 1
high humidity (positive control) Newsprint 4 4 4 2 2 1
Printing 3 3 3 2 2 1
With spore suspension, under high| Rag paper 5 5 5 2 2 2
humidity Newsprint 5 5 5 3 2 1
Printing 5 5 5 3 3 1
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Fig. 1. Colonization of rag paper (a) and printing paper (b) by micromycetes after

treatment with Valeus D

though it does not guarantee complete sanitiza-
tion of archival materials.

Among the investigated paper types, physi-
cal treatments were most effective on newsprint,
while rag paper showed minimal response, likely
due to its denser structure and high hygroscop-
icity. Comparable observations were described
by Gutarowska et al. (2015), who emphasized
the role of the physicochemical properties of the
substrate in determining the efficiency of physi-
cal treatment.

An important observation was the growth of
autochthonous mycobiota even without spore
inoculation, including Cladosporium clado-
sporioides, C. sphaerospermum, Aspergillus fla-
vus, Trichoderma spp., and Penicillium spp.
(Chuenko et al., 2020). This is consistent with
the findings of Florian (2002), who noted that
most paper-based materials harbor endogenous
microflora capable of activation under humid
conditions (Florian, 2002).

In contrast to physical approaches, chemical
treatments provided significantly higher protec-
tion. The most pronounced antifungal effect was
observed for composition No. 4, consisting of an
aromatic guanidine-containing oligomer com-
bined with a branched oligotrimethyliodide. Its
fungicidal activity was nearly complete across all
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paper types and experimental conditions. The
high efficacy is likely due to the synergy between
aromatic fragments, capable of n—m interactions
with biomolecules, and the iodine-containing
cation, known for its destructive effects on fun-
gal cells (Zhao et al., 2018).

Compositions No. 2 and No. 3, containing al-
kyl substituents, also exhibited strong antifungal
activity, particularly against newsprint and print-
ing paper. These results agree with the findings of
Kaczmarek et al. (2021), who demonstrated the
effectiveness of functionalized guanidine-based
polymers against Aspergillus niger and Penicil-
lium chrysogenum.

Conversely, the commercial preparation Vale-
us D showed weak or moderate activity, with
its effects in most cases not exceeding control
values. This raises concerns about its suitability
as a long-term preservation agent under condi-
tions of elevated humidity. Similar limitations
for polyhexamethylene guanidine-based agents
were reported by Zielinska-Jurek et al. (2016),
who emphasized the need for structural modifi-
cations to enhance and stabilize their fungicidal
action (Zielinska-Jurek et al., 2016).

In summary, physical methods may be con-
sidered auxiliary or temporary measures, where-
as the chemical stabilization of paper materials
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appears more promising when employing com-
positions based on functionalized guanidine-
containing oligomers, which combine high effi-
cacy with potential adaptability for archival and
museum preservation purposes.

Conclusions. It was established that the phys-
ical treatment of paper by freezing followed by
drying contributes to the reduction of micro-
scopic fungal growth, particularly on newsprint
and printing paper. The presence of a back-
ground mycobiota on untreated paper was dem-
onstrated even without additional inoculation,
represented by Cladosporium cladosporioides,
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EQEKTVBHICTD OISMYHMX TA XIMIYHNMX METO/IB AHTUTPMBKOBOTI'O 3AXVICTY ITAIIEPY

Marepiany Ha OCHOBI Harepy, 0COOMNBO Ti, 1[0 MAIOTh iCTOPUYHY, KyIbTYPHY 460 HayKOBY LIiHHICTb, € Ha/I3BIYall-
HO YyT/IMBYMIU JIO YUIKOIKEHb, CIIPUYMHEHNX MIKPOCKOMIYHMMY rpubaMu. MikpomilieTu 3aTHI BUKIIMKATA SIK
¢isuuHe pyiHyBaHH L[e/TI0JIO3HUX BOTOKOH, TaK i XIMIUHY ferpajalliio yepes yTBOPEHHs BTOPMHHIX MeTabOITiB,
BK/IIOYHO 3 OpraHiuYHVMM KMUCTOTaMy Ta IirMeHTaMu. PicT rpu6iB Ha apXiBHMX ZOKyMeHTax Ta 61671i0TedHNX KO-
JIEKL[iIX He JyIle IPU3BOAUTD 10 BTpaty iHpopMaIiiiHOl LiIHHOCTI, @ 1 CTAHOBUTD 3arpo3y A/ 340POB A JIIOVHA.
Tomy nomryk eeKTMBHUX aHTUDYHIATIBHUX 3aC0O0iB, AKi TOETHYIOTb BUCOKY OiOLMIHY aKTUBHICTD i3 6€3MeYHiCTIO
UL KOPUCTYBAYiB Ta MaTepia/IbHOTO CyOCTPaTy 3a/IMIIAETHCA aKTYaIbHIM 3aBJaHHAM. MeTOX0 IIbOro TOCTiIKeH-
Hs1 6y/10 TIOPIBHATK eeKTUBHICTD (PisUIHMX (3aMOPOXKYBAHHSI, 3aMOPOXXYBAHHS 3 ITOA/IBIINM BUCYIIYBAHHIM)
Ta XiMiYHUX MeTOfiB (KoMepLiliHui mpemapat Baneyc J] Ta HOBOCMHTe30BaHi KOMITO3ULIii I'yaHiTMHBMICHMX OJIro-
MepiB) s aHTUYHTaIbHOI 00pOOKM PiSHMX TUIIB Harepy (IpyKapChKuit, ra3eTHUI Ta TaHYip sTHMIT) 38 YMOB Mif-
BUIL[EHOI BOJIOTOCTI Ta iHOKy/sALii ciopamu rpu6is. Meromu. It MofenoBaHHs 6iogerpananii 6y/10 BUKOPUCTaHO
IecATh WTaMiB MikpoMineTiB — Alternaria alternata, Acremonium strictum, Aspergillus flavus, A. niger, Chaetomium
globosum, Cladosporium cladosporioides, C. sphaerospermum, Fusarium moniliforme, E poae Ta Trichoderma viride.
CriiikicTp nanepy o rpu6is oniniosamu Bignosigao go JCTY IEC 60068-2-10:2015 (IEC 60068-2-10:2005, IDT)
3a IecTOATPHOI0 MIKA/IOK0 iH(IKyBaHHS 3 Bi3ya/bHIM Ta MIKPOCKOIIYHIM KOHTPOJIEM Ha 14-i1 Ta 28-if IeHb eKc-
nosuuii. Pesynpraru. Cepen ¢isnuHux MeTOAIB HaitOinbIy eheKTUBHICTD MOKasama KOMOIHALisS 3aMOPOXKYBAHHSI
3 BUCYILIYBAaHHIM, OCOOMNBO M/IsI TaseTHOro marepy. XimiuHa 06po6Oka 3abesmednsa 3HaYHO BUIINY CTIilIKIiCTDb JO
pocTy rpubiB, Ipy 1IbOMY KOMITO3uList Ne4 (apoMaTUIHMIT IyaHiZMHBMICHIIT OJIIrOMep 3 pO3rany>KeHUM OiroTpu-
METIIIOUIOM) 3HaUHO IIepeBUINyBaja 3a eeKTUBHICTI0O KoMepIiiitHuit npenapat Baneyc [I. IIpore y 6inbInoc-
Ti BUNAfKIB picT rpubiB BifHOBIIOBABCs O 14-r0O [HA, O CBIYUTD PO BiACYTHICTH TpUBaMOro QyHriLMEHOTO
edexty. Hapitb 3a BificyTHOCTI iHOKYymAIii criopamm crioctepiraBes po3BuTok ¢onosoi Mikobiotu (Cladosporium
cladosporioides, C. sphaerospermum, Aspergillus flavus, Trichoderma spp., Penicillium spp.), 110 IifTBepI>Ky€ BUCO-
KU1 pU3VIK IPUPORHOTrO 3abpyAHeHH if yac 36epiranHs 3a mifiuiieHol Bonorocti. Bucnosku. HoBocunresosani
TyaHifMHBMICHI oiroMepu, 0COO/IMBO KOMITO3MIisi apOMATIYHOTO IYaHIIMHBMICHOTO O/irOMepa 3 pO3raTy>XeHNM
ONIIrOTPUMETIIIOAIOM, € IIePCIIEKTUBHIMMI areHTaMu /L aHTU(YHIanbHOI 06pO6KI ITarepoByX MaTepiais. 30-
KpeMa, BUKOPUCTaHH:A (i3MIHUX METOMIB 30epeXKeHHs MOKe BUSABUTHUCSA KOPYCHUM B aBapiifHUX CUTYAIiAX, KON
BE/IMKi MacVBU JOKYMEHTIB 3a3Ha/IM Ha/[MiPHOTO 3BOJIO>KEHHS, IO JO3BOMUTD 3aMOOIrTH MIBUIKOMY YpPasKeHHIO
ix mikpomineramyu. OnTVMaNIbHUM IiAX0J0OM € ITOefHAHHA GisVYHMX Ta XIMIYHUX METOZIB, 110 3abesedye 6ibuI
BUpaXeHWT iHriOyIounit epekT Ha pict MikpoMileTiB. OTpyuMaHi faHi MOXXYTb OyTU BUKOPUCTaHi B po3po61i mpo-
TOKOJIiB 30epe>KeHH: apXiBHUX Ta 6i6/1i0TeYHIX KOTEKIIiil.

Knrouosi cnosa: anmugpyneanvna 06pobka, nanip, mikpomiyemu, eyaniounemicHi onieomepu, epubocmitiicme.
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