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EFFECTIVENESS OF PHYSICAL 
AND CHEMICAL METHODS FOR ANTIFUNGAL 
PROTECTION OF PAPER
Paper-based materials, particularly those of historical, cultural, or scientifi c value, are highly susceptible to damage caused 

by microscopic fungi. Micromycetes are capable of inducing both physical destruction of cellulose fi bers 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. Th erefore, the search for eff ective antifungal treatments that combine strong biocidal activity with safety for 

both users and the material substrate remains an urgent task. Th is study aimed to compare the eff ectiveness 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 diff erent 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 fl avus, 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 fi ve-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 eff ectiveness, particu-

larly for newsprint paper. Chemical treatment demonstrated signifi cantly higher resistance to fungal growth, with compo-

sition No. 4 (aromatic guanidinium-containing oligomer with branched oligotrimethyl iodide) markedly outperforming 
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In the modern world, the problem of protecting 
materials from damage caused by micromycetes 
is extremely urgent. Th is 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, eff ective 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. Th ese 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 oft en accompanied by visible defects 
(stains, discoloration, surface fl aking).

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 

drying. However, these methods oft en have only 
temporary eff ects or may cause structural chang-
es to the document (warping, changes in texture, 
delamination). Chemical methods, in particular 
the use of antiseptics, are more eff ective 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). 
Th e 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 eff ects. Th ey 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).

the commercial product Valeus D. However, in most cases, fungal growth resumed by the 14th day, indicating a lack of 

prolonged fungicidal eff ect. Even in the absence of spore inoculation, the development of background mycobiota (Clado-

sporium cladosporioides, C. sphaerospermum, Aspergillus fl avus, Trichoderma spp., Penicillium spp.) was observed, con-

fi rming 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. Th e optimal approach involves combining 

physical and chemical methods, which produces a more pronounced inhibitory eff ect on micromycete growth. Th ese fi nd-

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

Keywords: antifungal treatment, paper, micromycetes, guanidinium-containing oligomers, fungal resistance.
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Th e aim of this work was a comparative as-
sessment of the eff ectiveness of various types of 
antifungal treatment of paper, specifi cally:

■ Physical methods — drying and freezing
■ Chemical treatment  — using known and 

newly-synthesized guanidine-containing poly-
meric preparations.

Materials and Methods. Th e 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.

Th e used strains were: Alternaria 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 Th om — F-16719, Penicil-
lium brevicompactum Dierckx — F-16756, Aspergil-
lus terreus Th om — F-16718, Aspergillus versicolor 
(Vuill.) Tiraboschi  — F-41226, and Trichoderma 
viride Pers.  — F-16713. Th ese 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.

Th ree types of paper—printing paper No. 2, 
newsprint, and rag paper—served as the materi-
als for the study. Paper samples measuring 50 × 
50 mm were used as substrates to evaluate the 
effi  cacy of various antifungal treatments. Th e 
study was conducted using model paper samples 

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.

Th e following methods were employed to assess 
the antifungal treatment effi  cacy on paper samples:

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

2. Combined treatment: freezing + drying — 
aft er 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/m²), followed by drying at 20 °C for 24 hours.

Th e 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-containing oligomer in a 1:1 mass 
ratio (Alk = C3H7Br 1%). Th e formulations used 
in compositions No. 1 and No. 2 are structurally 
identical and diff er 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 = C7H15Br 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= СН3I 1%) (see Scheme 2); 

■ No. 4  — composition of an aromatic gua-
nidine-containing oligomer and a branched 
oligotrimethyl iodide in a 1:1 mass ratio (Alk= 
СН3I 1%) (see Scheme 3).

Acco  rding 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”. Th is 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.

Th is methodology allowed evaluation of the 
eff ectiveness of diff erent fungicidal treatments 
in inhibiting fungal growth on paper materials. 
Th e 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. Th e 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 confi rmed the presence or absence 
of spores, providing a comprehensive measure of 
biocidal activity. Th e degree of fungal damage to 
paper samples was evaluated according to a fi ve-
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 aff ected;

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

Result s. Th e 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

Conditions Paper type
Degree of fungal resistance

Untreated Freezing Freezing + Drying

Without spore suspension, under normal humi-
dity (negative control)

Rag paper 0 0 0

Newsprint 0 0 0

Printing 0 0 0

Without spore suspension, under high humidity 
(positive control)

Rag paper 5 5 4

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
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and printing paper. It should be noted that even 
in the absence of artifi cial fungal inoculation, the 
growth of the paper’s indigenous mycobiota was 
observed, represented by Cladosporium cladospo-
rioides, C. sphaerospermum, Aspergillus fl avus, 
Trichoderma sp., and Penicillium sp. Although 
physical treatments demonstrated measurable 
eff ects on reducing fungal contamination, 
their protective action was limited by duration 
and strongly dependent on environmental 
conditions. Th erefore, further attention was 
directed toward chemical antifungal treatments, 
which are expected to provide more stable and 
long-lasting protection.

Th e 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 eff ective com-
pared to the untreated controls.

Treatment with the tested fungicides did not 
ensure the expected eff ectiveness, 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 confi rmed that 
Valeus D (Fig.1) and compound No. 1 were able 
to partially suppress the development of mi-
cromycetes; however, this eff ect was not long-
lasting, as fungal growth resumed by day 14 of 
incubation. Th ese fi ndings 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. Th e obtained results indicate 
variable eff ectiveness 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 eff ects on the 
suppression of micromycete growth. Th e highest 
effi  ciency 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 fi nd-
ings were reported by Mahnke et al. (2010), who 
showed that deep freezing combined with dehy-
dration signifi cantly reduces fungal viability, al-

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

Conditions Paper type
Degree of fungal resistance

Untreated Valeus D No.1 No.2 No.3 No. 4

Without spore suspension, under 
normal humidity (negative control)

Rag paper 0 0 0 0 0 0

Newsprint 0 0 0 0 0 0

Printing 0 0 0 0 0 0

Without spore suspension, under 
high humidity (positive control)

Rag paper 5 5 5 2 2 1

Newsprint 4 4 4 2 2 1

Printing 3 3 3 2 2 1

With spore suspension, under high 
humidity

Rag paper 5 5 5 2 2 2

Newsprint 5 5 5 3 2 1

Printing 5 5 5 3 3 1
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though it does not guarantee complete sanitiza-
tion of archival materials.

Among the investigated paper types, physi-
cal treatments were most eff ective 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 effi  ciency of physi-
cal treatment.

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

In contrast to physical approaches, chemical 
treatments provided signifi cantly higher protec-
tion. Th e most pronounced antifungal eff ect 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 

paper types and experimental conditions. Th e 
high effi  cacy is likely due to the synergy between 
aromatic fragments, capable of π—π interactions 
with biomolecules, and the iodine-containing 
cation, known for its destructive eff ects 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. Th ese results agree with the fi ndings of 
Kaczmarek et al. (2021), who demonstrated the 
eff ectiveness 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 eff ects in most cases not exceeding control 
values. Th is 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 

a b

Fig. 1. Colonization of rag paper (a) and printing paper (b) by micromycetes aft er 
treatment with Valeus D
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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. Th e presence of a back-
ground mycobiota on untreated paper was dem-
onstrated even without additional inoculation, 
represented by Cladosporium cladosporioides, 

C.  sphaerospermum, Aspergillus fl avus, Tricho-
derma spp., and Penicillium spp.

Among chemical agents, composition No. 4 
(an aromatic guanidine-containing oligomer 
with branched oligotrimethyl iodide) was the 
most eff ective, providing the highest level of 
fungal resistance under both conditions. Th e 
obtained results confi rm the feasibility of fur-
ther optimization of antifungal paper treatment 
methods aimed at the long-term preservation of 
archival materials.

Confl ict of Interest. Th e authors declare no 
confl ict of interest.
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ЕФЕКТИВНІСТЬ ФІЗИЧНИХ ТА ХІМІЧНИХ МЕТОДІВ АНТИГРИБКОВОГО ЗАХИСТУ ПАПЕРУ

Матеріали на основі паперу, особливо ті, що мають історичну, культурну або наукову цінність, є надзвичай-
но чутливими до ушкоджень, спричинених мікроскопічними грибами. Мікроміцети здатні викликати як 
фізичне руйнування целюлозних волокон, так і хімічну деградацію через утворення вторинних метаболітів, 
включно з органічними кислотами та пігментами. Ріст грибів на архівних документах та бібліотечних ко-
лекціях не лише призводить до втрати інформаційної цінності, а й становить загрозу для здоров’я людини. 
Тому пошук ефективних антифунгальних засобів, які поєднують високу біоцидну активність із безпечністю 
для користувачів та матеріального субстрату залишається актуальним завданням. Метою цього досліджен-
ня було порівняти ефективність фізичних (заморожування, заморожування з подальшим висушуванням) 
та хімічних методів (комерційний препарат Валеус Д та новосинтезовані композиції гуанідинвмісних оліго-
мерів) для антифунгальної обробки різних типів паперу (друкарський, газетний та ганчір’яний) за умов під-
вищеної вологості та інокуляції спорами грибів. Методи. Для моделювання біодеградації було використано 
десять штамів мікроміцетів — Alternaria alternata, Acremonium strictum, Aspergillus fl avus, A. niger, Chaetomium 
globosum, Cladosporium cladosporioides, C. sphaerospermum, Fusarium moniliforme, F. poae та Trichoderma viride. 
Стійкість паперу до грибів оцінювали відповідно до ДСТУ IEC 60068-2-10:2015 (IEC 60068-2-10:2005, IDT) 
за шестибальною шкалою інфікування з візуальним та мікроскопічним контролем на 14-й та 28-й день екс-
позиції. Результати. Серед фізичних методів найбільшу ефективність показала комбінація заморожування 
з висушуванням, особливо для газетного паперу. Хімічна обробка забезпечила значно вищу стійкість до 
росту грибів, при цьому композиція №4 (ароматичний гуанідинвмісний олігомер з розгалуженим оліготри-
метилйодидом) значно перевищувала за ефективністю комерційний препарат Валеус Д. Проте у більшос-
ті випадків ріст грибів відновлювався до 14-го дня, що свідчить про відсутність тривалого фунгіцидного 
ефекту. Навіть за відсутності інокуляції спорами спостерігався розвиток фонової мікобіоти (Cladosporium 
cladosporioides, C. sphaerospermum, Aspergillus fl avus, Trichoderma spp., Penicillium spp.), що підтверджує висо-
кий ризик природного забруднення під час зберігання за підвищеної вологості. Висновки. Новосинтезовані 
гуанідинвмісні олігомери, особливо композиція ароматичного гуанідинвмісного олігомера з розгалуженим 
оліготриметилйодидом, є перспективними агентами для антифунгальної обробки паперових матеріалів. Зо-
крема, використання фізичних методів збереження може виявитися корисним в аварійних ситуаціях, коли 
великі масиви документів зазнали надмірного зволоження, що дозволить запобігти швидкому ураженню 
їх мікроміцетами. Оптимальним підходом є поєднання фізичних та хімічних методів, що забезпечує більш 
виражений інгібуючий ефект на ріст мікроміцетів. Отримані дані можуть бути використані в розробці про-
токолів збереження архівних та бібліотечних колекцій.
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