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Kaźmierczak, Maciołek and Wawrzyk. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Reducing microbial
contamination on historical
leather artifacts at the
Auschwitz-Birkenau State
Museum using ethanol in the
form of mist
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Purpose: The aim of the study was to evaluate the biocidal e�cacy and
determine the influence of 90% ethyl alcohol applied in the form of a mist on
the surface of model and historical leather.

Materials and methods: The main object of the study were historical leather
shoes from the collections of the Auschwitz-Birkenau State Museum (A-BSM) in
Oświęcim (Poland). Microorganisms found before on historical leather objects
in A-BSM were inoculated onto samples of model and historical leather. Ethanol
mist was applied with an airbrush with optimized parameters for 15 s at a
concentration of 90%. To increase the biocidal e�ectiveness, the samples were
sealed in a tight package and stored for 22 hours. The e�ect of disinfection
was assessed using culture-dependent methods. Changes on the surfaces was
assessed using SEM, FTIR, and XPS techniques.

Results: On surfaces inoculatedwithmicroorganisms in the following quantities:
105−108 CFU bacteria and 105 CFU fungi, a reduction of 99.51% to 99.99% was
observed. Ethanol disinfection had no negative e�ect on the surfacemorphology
and collagen structure.

Conclusions: Disinfection with ethanol applied in the form of mist can be
e�ectively used to eliminate microbiological contamination of historical objects
made of leather in A-BSM.

KEYWORDS
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1 Introduction

The German Nazi concentration and extermination camp Auschwitz-Birkenau was

established in 1940. It was an important part of the drama of World War II and the result

of the genocidal policy of Nazi Germany. The huge number of victims, the vast area from

which people were brought, the industrial methods of killing people in gas chambers made
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FIGURE 3

Scanning Electron Microscopy (SEM) microscopic images of model leather at magnifications of 100, 500, and 5,000x: (A) model leather—control, (B)
model leather—after application of 90% ethanol in the form of mist and direct drying, (C) model leather—after application of 90% ethanol in the form
of mist and drying after 22 h of storage in ethanol vapors.

in Figures 5, 6. FTIR-ATR studies of model leather samples I, II,

III showed slight differences in the intensity of the IR spectral

bands. No changes in the band positions were observed due to

the use of ethanol. Figures 7, 8 show the spectra obtained for the

historic leather samples. For the historical leather top sample after

the use of ethanol exposed to long-term exposure to ethanol vapors,

a slight change in the band intensity was observed in relation to

the reference sample—new signals were observed in the area of

3,500 cm–1, 3,400 cm-1, 1,200–1,100 cm–1 (Figure 7). The peaks of

historical leather I, historical leather II and historical leather III,

located at the same wavenumber value, overlap, which indicates no

significal differences between the samples treated with ethanol and

not treated (Figures 7, 8).

3.3.3 Analysis of the chemical composition of the
surfaces

In order to fully illustrate the effect of disinfection with a

90% ethanol solution applied in the form of a mist on the

leather surfaces, an additional study was performed using the XPS

technique to determine the elemental composition of the outer

layers of the tested samples. Analysis of the spectral lines visible

in the spectra enabled the detection of elements contained in the

tested samples. The outer surface of the model leather contained

the following elements: carbon, nitrogen, oxygen, sodium, silicon,

sulfur, calcium, and phosphorus (Figure 9). The samples of historic

leather contained carbon, nitrogen, oxygen, sodium, aluminum,

magnesium, silicon, sulfur, calcium, and iron on their surface
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FIGURE 4

Scanning Electron Microscopy (SEM) microscopic images of historical leather at 100, 500, and 5,000x magnifications: (A) historical leather—control,
(B) historical leather—after application of 90% ethanol in the form of mist and direct drying, (C) historical leather—after application of 90% ethanol in
the form of mist and drying after 22 h of storage in ethanol vapors.

(Figure 10). In model leather samples, the vast majority of the

elemental composition expressed in mass percentages is carbon

and oxygen, which is due to the structure of the leather, mostly

composed of collagen (Figure 11). XPS studies performed in a

narrow range of binding energies showed the presence of the

following chemical bonds characteristic of carbon: C-C, C-O-

C, C=O, O-C=O. Calcium present in the samples occurs in the

form of carbonates, while silicon in the form of silicon(IV) oxide.

No significant differences were found between not treated and

decontaminated model leather samples (Figure 9).

In the case of historic samples, among elements found in

model leather, aluminum, iron and sulfur were also determined,

which most likely constitute a secondary layer of the tested historic

surface. The average analysis depth for an XPS measurement is

about 5 nm, so it mainly determines changes in the secondary

layer of the object. Analysis of samples of historic leather materials

also did not show any significant changes in the composition of

elements after disinfection with a 90% ethanol solution in the form

of mist (Figure 12).

XPS studies performed in a narrow range of binding energies

showed the presence of the following chemical bonds characteristic

of carbon: C-C, C-O-C, C=O, O-C=O, C-C, C-O-C, C=O, O-C=O,

C-C/C-HC-C/-C-N-, C-OH, C-O-C, C=O, COOR, C-C/C-H, C-C/

-C-S-/-C-N-, C-OH, C-O-C, C=O, and COOR. Calcium present on

the surface of the tested samples occurs in the form of carbonates,

while silicon in the form of SiO2.
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FIGURE 5

ATR spectra of the model leather samples, upper side: (A) superimposed, (B) with characteristic peaks marked; model leather I (red)—not subjected
to the decontamination process; model leather II (green)—after applying ethanol and dried; model leather III (blue)—after 22 h of storage in ethanol
vapors.

4 Discussion

Leather is a common building material for historical objects

found in A-BSM, such as shoes or suitcases, which are often the

only remnant of their owners, victims of the concentration camp,

and therefore their historical value is priceless.

Microorganisms that may be harmful to human health and

have a destructive effect on the surfaces of historical objects are

identified on objects found in A-BSM. The presence of bacteria

and fungi, native to the museum environment, on the surfaces

of historical objects may pose a threat to the health of people

exposed to professional contact with such items (Skóra et al., 2015).

Biodeterioration of leather objects involves the decomposition

of tannins, fats and proteins and may result in the appearance

of discolorations, stains, indentations and a weakening of the

strength (Rybitwa et al., 2020). In the current study, we detected

an average of 1.26 × 103 cfu/100cm2 of bacteria and 1.30 × 103

cfu/100cm2 of fungi on the leather surfaces of historical children’s

shoes. In addition, in 2020 we published data on microbiological

contamination of leather objects. On the surfaces of leather shoes,

the average number of bacteria ranged between 1.96 × 106

and 7.61 × 106 cfu/100cm2, while fungi colonized these objects

in an average number of 2.33 × 104–2.56 × 104 cfu/100cm2.

Thirty species of bacteria and 24 species of fungi were identified,

including microorganisms that could adversely affect the state of

preservation of the objects (e.g., P. agglomerans, A. pullulans)

and the health of workers carrying out conservation work (e.g.,

B. cereus, S. epidermidis) (Rybitwa et al., 2020). For comparison,

public utility areas are characterized by presence ofmicroorganisms

in average number ranging from 101 to 104 cfu/m2 (Wawrzyk

et al., 2020a). Uneven distribution of microorganisms on historical

leather objects may result from various factors such as the chemical
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FIGURE 6

ATR spectra of the model leather samples, back side: (A) superimposed, (B) with characteristic peaks marked; model leather I (red)—not subjected to
the decontamination process; model leather II (green)—after applying ethanol and dried; model leather III (blue)—after 22 h of storage in ethanol
vapors.

composition of the leather, its degree of preservation, biocides

used in the past and environmental conditions. Well-preserved

leather (e.g., impregnated with fats, waxes) is less susceptible to

colonization, because microorganisms have a harder time breaking

down hydrophobic protective substances. Damaged, dried out or

cracked leather creates microenvironments that are conducive

to the deposition of dust and moisture, which facilitates the

development of microorganisms.

Based on the results of previous studies (Rybitwa et al., 2020),

to analyze the biocidal effectiveness of ethanol in the form of mist,

we selected microorganisms occurring on the surfaces of leather

objects in A-BSM, potentially harmful to objects and human health,

such as Aspergillus flavus, Aspergillus niger, Pantoea agglomerans,

and Penicilium chrysogenum. Bacteria of the Staphylococcus genus

were also previously identified on leather objects (Rybitwa

et al., 2020), so for our research we used a health-threatening

representative of this group, namely Staphylococcus aureus. In

addition, the mold fungus Alternaria alternata, often found on

historical objects in A-BSM (Koziróg et al., 2014; Rajkowska

et al., 2014; Wawrzyk et al., 2020b, 2018), which produces acids

contributing to the progress of biodeterioration (Di Carlo et al.,

2016) and may also cause allergies in humans, was selected for our

study.

Biodegradation is a major problem in the protection of cultural

heritage, including historical leather objects, and traditional

biocides often have limited effectiveness due to microbial resistance

(Vadrucci et al., 2020). A commonly used method of disinfecting

microbiological contamination of abiotic surfaces is spraying with

70% ethanol. It should be noted that this method is rarely

used in museums, because contact of aqueous solutions with

historical surfaces may adversely affect their surface, and ultimately

negatively affect its properties. As a result of wetting, the leather
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FIGURE 7

ATR spectra of historical leather samples, top side: (A) superimposed, (B) with characteristic peaks and new ones marked with arrows; historical
leather I (red)—not subjected to the decontamination process; historical leather II (green)—after applying ethanol and dried; historical leather III
(blue)—after 22 h of storage in ethanol vapours.

surface may shrink, stiffen, which leads to increased potential

fragility or a noticeable change in morphology. In earlier attempts

described in the literature, in order to use ethanol on historical

leather, tests were performed using 70%–80% alcohol. However,

promising results were obtained only as a result of applying a

compress for several hours and soaking the leather sample for 10

min in an aqueous alcohol solution. Satisfactory effectiveness was

achieved, although the author does not recommend this method

for use on cultural heritage objects (Scheerer, 2012). Therefore, it is

important to constantly search for alternative techniques that will

eliminate microorganisms and, at the same time, be safe for objects

containing collagen materials, enabling safe work of conservators

(Dignard and Mason, 2020).

The primary objective of the study was to test the biocidal

efficacy of ethanol in the form of mist applied to historical

leather materials, as well as its effect on modern leather materials.

In previous studies, we demonstrated almost 100% effectiveness

of disinfection of textile, cotton historical objects using 90%

ethanol in the form of mist, without damaging their surfaces

(Wawrzyk et al., 2023, 2024). We also used 90% ethanol in the

form of mist to reduce autochthonous microflora occurring on

paint layers in historical buildings located in the A-BSM area.

Thanks to this approach, the quantitative reduction of bacteria

was achieved in the range of 70.4%–>99%, and fungi in the range

of 78.2%–>99% (Wawrzyk et al., 2025). In order to optimize

the disinfection process and achieve a greater reduction in the

number of microorganisms, the method used in the conservation

of historic objects for paper disinfection was used: the time of

ethanol vapor exposure was extended to 22 h (Karbowska-Berent

et al., 2018). Our studies showed >99% reduction in the number

of all tested fungi (Aspergillus flavus, Aspergillus niger, Penicilium

chrysogenum, and Alternaria alternata) and bacteria (Pantoea
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FIGURE 8

ATR spectra of historical leather samples, back side: (A) superimposed, (B) with characteristic peaks marked; historical leather I (red)—not subjected
to the decontamination process; historical leather II (green)—after applying ethanol and dried; historical leather III (blue)—after 22 h of storage in
ethanol vapours.

agglomerans, Staphylococcus aureus) present on both model and

historic leather after disinfection with ethanol in the form of mist.

However, in museums, the implementation of innovative

disinfection techniques requires a thorough examination of the

potential consequences associated with such a process. In order to

assess the possible harmfulness of the disinfection method using

90% ethanol in the form of mist on the surfaces of historical objects,

a number of analyses were performed. The use of SEM microscopy

allows for the detection of surface damage and collagen structure

cracks, which could lead to mechanical weakening of the object,

through the loss of specific material properties and constitute a

place for initiation of the adhesion of microorganism cells, leading

to further biodeterioration. Scanning Electron Microscopy (SEM)

is a proven method for imaging cracks on surfaces in other areas of

science (Wawrzyk et al., 2021). The images obtained during SEM

observations did not show significant changes for samples in this

regard after using ethanol as a disinfection method.

Collagen-based materials are very sensitive to degradation

and are mainly subject to hydrolysis and oxidation. Namely,

acid hydrolysis and photo-oxidation are the most common

causes of degradation of leather products. Several studies on

parchment have described typical features of hydrolysis, oxidation

and gelatinization observed using ATR-FTIR spectroscopy, which

is widely used in collagen degradation studies. ATR-FTIR

spectroscopy can detect changes in the amide I and amide II

bands, with an increase in the distance between wavenumbers

and the intensity ratio indicating oxidation, while changes in

the AI/AII ratio can indicate the type of hydrolysis (Vyskočilová

et al., 2019). FTIR measurements of examined samples did

not reveal any negative effect of disinfection with 90% ethanol

in the form of mist on the structure of disinfected leather

samples, both model and historical ones. Obtained results

indicate that the ethyl alcohol used in the study evaporated

to a large extent from the tested surfaces. Leather products
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FIGURE 9

Broadband spectrum obtained by XPS spectroscopy for samples: (A) model leather I; (B) model leather II; (C) model leather III, used to calculate the
elemental composition of the surface of the tested material.
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FIGURE 10

Broadband spectrum obtained by XPS spectroscopy for the samples: (A) historic leather I; (B) historic leather II; (C) historic leather III, used to
calculate the elemental composition of the surface of the tested material.
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FIGURE 11

Percentage distribution of individual elements included in the outer layer of the model leather samples subjected to the test.

FIGURE 12

Percentage distribution of individual elements included in the outer layer of the tested historical leather samples.

consist of collagen fibers, which do not react significantly

with ethanol.

Complementary to FTIR measurements, XPS tests confirm the

lack of influence of disinfection of leather samples with a 90%

ethanol solution in the form of mist on the chemical structure of

the outer surface layer. The slight changes in the percentage content

of individual elements could have been caused by the presence of

ethanol on the surface of the samples, which did not evaporate

completely.

The obtained results allow to demonstrate the lack of

contraindications to the use of this technique for disinfection of

historical leather materials. Disinfection with ethanol applied in

the form of mist after optimizing the concentration, exposure

time and selection of the appropriate application technique can

be effectively used to eliminate microbiological contamination

of historical objects made of leather. What is important, like

every method dedicated to use on historical material, it requires

validation for specific objects.

The ethanol mist method does not require large financial

outlays, complicated equipment, or special precautions compared

to other methods used to protect cultural assets. Minimizing

mechanical damage reduces the risk of physical damage

to the leather surface. The mist form can allow for even

distribution of the substance, reaching hard-to-reach places.

It is a quick and easy-to-use method in museum, so it can be

practically implemented in current conservation tasks. Ethanol

evaporates quickly, which can reduce the risk of long-term

exposure to moisture on the material, and therefore can be

used to disinfect materials that should not be exposed to

aqueous solutions.

Ethanol effectively eliminates many types of microorganisms,

although as a disinfectant has limited effectiveness compared

to other waterless disinfection techniques because it requires

the presence of water to effectively denature proteins and its

rapid evaporation may leave microbial spores intact, whereas

methods such as gas disinfection (e.g., ethylene oxide) or
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UV radiation are more effective against a broad spectrum

of microorganisms, including spores. However, ethanol is less

toxic and less harmful to humans compared to methods using

ethylene oxide or ionization, which can be effective in eliminating

pathogens on surfaces, but have limited use in decontamination of

heritage objects.

To conclude, we proved that disinfection of historical leather

objects with the 90% ethanol in the mist form is biocidally

effective, for tested bacteria and fungi. Moreover, we were

first to demonstrate that this technique does not damage the

leather object’s surface structure, as examined by SEM, FTIR,

and XPS analyses. 90% ethanol evaporates quickly, so there is

no threat of soaking of the surface. This disinfection method

is also cheap, easy to use, convenient and highly available.

What is important, it requires validation before use on different

historic materials.
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State Museum Publishing House.

Dai, Q., Zeng, L., Cen, Q., Du, W., Ning, P., Li, K., et al. (2025). Key process of
ethanol hydrogen donor promoting the conversion of organic matter in sludge to
bio-oil.Water Res. 268:122753. doi: 10.1016/j.watres.2024.122753

Di Carlo, E., Chisesi, R., Barresi, G., Barbaro, S., Lombardo, G., Rotolo, V.,
et al. (2016). Fungi and bacteria in indoor cultural heritage environments: microbial-
related risks for artworks and human health. Environ. Ecol. Res 4, 257–264.
doi: 10.13189/eer.2016.040504

Dignard, C., and Mason, J. (2020). Caring for leather, skin and fur, Canadian
conservation institute notes. Available online at: https://cool.culturalheritage.org/
byform/mailing-lists/cdl/2012/0927.html (accessed March 2, 2025).

Dutkiewicz, J., Mackiewicz, B., Lemieszek, M. K., Golec, M., and Milanowski,
J. (2016). Pantoea agglomerans: a mysterious bacterium of evil and good. part iii.

deleterious effects: infections of humans, animals and plants.Ann. Agric. Environ. Med.
23, 197-205. doi: 10.5604/12321966.1203878

Gerba, C. P., Boone, S., Nims, R. W., Maillard, J.-Y., Sattar, S. A., Rubino,
J. R., et al. (2024). Mechanisms of action of microbicides commonly used in
infection prevention and control. Microbiol. Molec. Biol. Rev. 88, e00205–e00222.
doi: 10.1128/mmbr.00205-22

Gutarowska, B., Pietrzak, K., Machnowski, W., and Milczarek, J. M. (2017).
Historical textiles-a review of microbial deterioration analysis and disinfection
methods. Textile Res. J. 87, 2388–2406. doi: 10.1177/0040517516669076

Hyde, K. D., Al-Hatmi, A. M., Andersen, B., Boekhout, T., Buzina, W., Dawson,
T. L., et al. (2018). The world’s ten most feared fungi. Fungal Divers. 93, 161–194.
doi: 10.1007/s13225-018-0413-9

Jacob, J. M., Schmull, M., and Villa, F. (2018). Biofilms and lichens on erodedmarble
monuments. APT Bull. 49, 55–60.

Karbowska-Berent, J., Górniak, B., Czajkowska-Wagner, L., Rafalska, K., Jarmiłko,
J., and Kozielec, T. (2018). The initial disinfection of paper-based historic

Frontiers inMicrobiology 16 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1576114
https://doi.org/10.1016/j.watres.2024.122753
https://doi.org/10.13189/eer.2016.040504
https://cool.culturalheritage.org/byform/mailing-lists/cdl/2012/0927.html
https://cool.culturalheritage.org/byform/mailing-lists/cdl/2012/0927.html
https://doi.org/10.5604/12321966.1203878
https://doi.org/10.1128/mmbr.00205-22
https://doi.org/10.1177/0040517516669076
https://doi.org/10.1007/s13225-018-0413-9
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
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Model study of the leather degradation by oxidation and hydrolysis. Heritage Sci. 7,
1–13. doi: 10.1186/s40494-019-0269-7
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