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Abstract
Eco-friendly decontamination treatments on works of art made from organic materials are of growing interest. The high risks to human health and the environment associated with traditional biocides (e.g. ecotoxicity, development of biotic resistance) have made it necessary to search for safer alternatives, also looking at the past but innovating it. The current state of the art is explored here, delving into the literature on the topic from 2000 to today, and outlining trends in terms of the most tested artistic supports and types of published research (in vitro/in vivo). An overview of the characteristics and mechanisms of biodegradation processes on different types of organic products and on the microorganisms mainly involved is thus provided. The main chemical-physical action techniques tested are illustrated and their practical-applicative aspects are discussed on the basis of evidence from case studies. Taking stock of the actual situation, literature consultation highlights that if on the one hand research is advancing rapidly towards the discovery of new ecological and safe solutions, on the other hand these are often biocidal treatments whose protocols have yet to be explored and validated.
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Introduction
Bio-colonization is one of the main causes of the degradation of artistic artifacts, and as a result, it is a recurring intervention in art restoration [1, 2]. Biocidal treatments for disinfection from microbial agents are routinely carried out using products based mainly on quaternary ammonium salts (QACs), compounds widely used in formulations for hygienic and disinfectant purposes in various industrial sectors that represent a reference commercial product in the restoration field. However, some critical issues are emerging regarding the use of these products, such as safety and eco-toxicity profiles, as well as the impact on the development of bio-resistance, which numerous recent studies have focused on [3]. For these reasons, research in the past twenty years has increasingly deepened alternative solutions to treat microbial colonization, aiming to reduce their impact on human health and the environment. From the literature, it is possible to identify two macro-categories of intervention for carrying out greener decontamination treatments: the first exploits a chemical mechanism of action, using substances with biocidal activity to be applied on the support that inhibits microbial growth and prevents its reappearance [4]. These substances, as will be further explored in this paper, can be organic or inorganic and may intervene at different stages of the microorganism's metabolic cycle. The second category involves the use of physical disinfection techniques, such as exposure to radiation or plasma [5]. The examination of the literature reveals that numerous studies concerning the utilization of natural biocides are centered on inorganic-based historical-artistic manufacts, primarily focusing on stone materials found in mural paintings, mosaics, architectural surfaces, and similar items [6]. This work instead aims to focus attention on organic-media artistic objects, a category that includes a wide variety of supports including cellulosic ones (artifacts on paper and derivatives, textiles based on plant fibers, wooden supports), keratinic ones (parchment artifacts, leather supports, textiles made of animal fibers, composite materials), and finally polymeric supports of synthetic origin that characterize contemporary artistic production. Organic artistic supports are often assemblies of heterogeneous materials, as in the case of canvas and easel paintings, parchment volumes, as well as ethnographic or natural history artifacts: this condition favors colonization by microbial consortia that act synergistically on all the different substrates [7–9] Hence, the aim of this review is to assess the current state of decontamination techniques applied to these manufacts that imply the use of chemical and physical protocols, while also examining the types of artifacts that have undergone more advanced research and identifying areas where information is lacking. Since the 2000s, studies on green treatments in cultural heritage conservation have increased significantly, but they are not homogeneous in the distribution of analyzed support typologies or the protocols experimented with, highlighting a differentiated interest in each topic.
The processes of degradation involved in contaminated substrates will also be examined, along with the genera most frequently isolated in the considered case studies, and the mechanisms that determine the biocidal action against microorganisms.
Finally, this analysis will reveal opportunities for further research on the subject, based not only on the results achieved in terms of effectiveness but also on practical feasibility.

Literature trends on the topic
To have a clear vision of the state of the art on the topic, two online search platforms, Science Direct and Scopus, were consulted and the following criteria were employed:	Only peer-reviewed original articles and literature reviews in English were selected, excluding conference papers, book chapters, and thesis works.

	The chronological range taken into consideration span from January 2000 to March 2024.

	Keywords were chosen based on the main categories of biocidal treatments investigated here, namely: nanostructured materials, natural extracts, ionic liquids, gamma radiation, and low-temperature plasma. Keywords were also selected starting from organic-media typology: painting, plastic, paper, wood, textile and leather.




Keywords were entered into the two platforms (as described in Table 1), utilizing the search setting "Title-Abstract-Keywords"; results were filtered for applications and case studies dedicated to organic supports. Finally, bibliographies of all collected papers were reviewed, and relevant studies were selected using the "snowball" methodology as previously reported in literature [6].Table 1Literature collection: keywords used for research on Scopus and Science Direct database


	Scopus
	Science Direct

	 < keywords > 
	 	 < keywords > 
	 	 < keywords > 
	 	 < keywords > 
	 
	 < plant material + cultural heritage > 
	[84]
	 < green biocide + painting > 
	[10]
	 < plant material + cultural heritage + biocide > 
	[153]
	 < green biocide + painting > 
	[255]

	 < essential oil + cultural heritage > 
	[114]
	 < green biocide + plastic > 
	[10]
	 < essential oil + cultural heritage + biocide > 
	[156]
	 < green biocide + plastic > 
	[81]

	 < nano-material + cultural heritage > 
	[147]
	 < green biocide + paper > 
	[44]
	 < nano-material + cultural heritage + biocide > 
	[81]
	 < green biocide + paper > 
	[249]

	 < plasma + cultural heritage > 
	[126]
	 < green biocide + wood > 
	[20]
	 < plasma + cultural heritage + biocide > 
	[45]
	 < green biocide + wood > 
	[168]

	 < gamma radiation + cultural heritage > 
	[55]
	 < green biocide + textile > 
	[11]
	 < gamma radiation + cultural heritage + biocide > 
	[55]
	 < green biocide + textile > 
	[41]

	 < Ionic Liquids + cultural heritage > 
	[18]
	 < green biocide + leather > 
	[1]
	 < Ionic Liquids + cultural heritage + biocide > 
	[40]
	 < green biocide + leather > 
	[17]

	 	Total
[544]
	 	Total
[96]
	 	Total
[515]
	 	Total
[811]


In brackets [n] are reported the number of results
Selected papers [137]



The collected literature was further categorized by year of publication, type of organic media, and theoretical/experimental study in vivo/in vitro.
It is evident that from the 2000s to the present research has increasingly focused on alternative solutions for the decontamination treatment of artistic objects on organic support, paying particular attention to the use of antimicrobial substances with chemical action (Fig. 1). Specifically, among these, the use of natural extracts stands out (as mentioned previously, mainly represented by essential oils), followed by experiments involving the use of nanomaterials. Physical techniques are also increasing in frequency, especially for the use of gamma radiation.[image: ]
Fig. 1Number of scientific papers published per year divided per green biocidal treatment on organic-media cultural heritage. Radar charts have been constructed to show the growing interest over the years in the application of strategies based on [image: ] natural products; [image: ] nanomaterials, and [image: ] gamma radiation


However, experimental procedures are not evenly distributed among different types of organic support: among the most extensively tested materials there are paper and wood supports (Fig. 2). It should be noted that cellulose-based supports (such for books and archival documents) are often characterized by a simpler composition, they also have very limited bulk, and their treatment may be more manageable for experimental purposes. More complex polymeric objects, such as paintings and contemporary art manufacts, pose a more ambitious challenge considering the heterogeneity of their constituent materials. For these types of artifacts there are no experimental research studies on the use of plasma or green solvents (ILs and DES), as is the case for organic archaeological findings.[image: ]
Fig. 2Number of scientific papers divided per biocidal treatment and categorized per organic-media support typology


Moreover, the majority of experiments reported in the literature are performed in vitro: the products and treatments have therefore been tested in Petri dishes (for antimicrobial assays) or simply on prepared mocks-up. However, there are in vivo experiments (case studies), especially regarding plant extracts and gamma radiation (Fig. 3).[image: ]
Fig. 3Number of scientific papers divided per: in vitro studies (on mocks-up and Petri plates), Theoretical studies (literature reviews), and Case Studies (on real artworks)


In general, these data highlight that while research is rapidly progressing towards the discovery of new ecological and safe solutions, on the other hand, these are often biocidal treatments whose protocols still need to be explored and consolidated.

Biodeterioration of organic-media: the role of fungi and bacteria
Pathogenic organisms of artistic objects are responsible for damages of both chemical-physical and aesthetic nature and are favored by environmental conditions such as relative humidity, temperature, UV exposure, presence of CO2 or environmental pollutants, as well as by the chemical and morphological characteristics of the substrate, such as porosity and surface roughness [10]. Biological micro-systems encompass a wide category of pathogens including bacteria, fungi, algae, and lichens [11], The latter two, however, predominantly affect inorganic-media artifacts and those exposed outdoors, such as stone monuments, mosaics, sculptures, frescoes, and murals [12], and will not be considered in this study. Regarding bacteria, autotrophic species are mainly responsible for the degradation of inorganic substrates, such as sulfur-oxidizing bacteria and hydrogen bacteria (chemolithotrophs, colonizers of stone substrates) [13], nitrifying bacteria [14] and iron bacteria, which play a decisive role in the degradation of metallic artifacts. Heterotrophic bacteria, on the other hand, colonize organic supports such as proteolytic and ammonifying bacteria (characterized by the action of proteases and peptidases capable of metabolizing animal proteins of binders and substrates); cellulolytic bacteria, which often do not limit themselves to the depolymerization of cellulose [15] but also break down other wood and paper components such as lignin, gums, tannins, waxes, and fats. There are also amylolytic and lipolytic bacteria that act through amylases and lipases on paint layers [16]. Fungi represent a significant source of degradation for artistic objects on organic substrates as they are mostly saprophytes, highly metabolically versatile, and adaptable to extreme environmental parameters of light, temperature and humidity. For this reason, they are widespread on artifacts preserved in very different environments such as homes, museums and ecclesiastical structures, as well as on those exposed outdoor. For both categories of microorganisms, two types of degradation are observed: the first is of a chemical-physical nature, as the depolymerization processes of supports and binders and the emission of metabolites by pathogens lead to a deterioration of the constituent materials. The breaking of cellulose chains composing paper, wood, and textiles results in a considerable weakening of the support, quantifiable by the Degree of Polymerization (DP).
The same occurs for animal- and plant-based binders and adhesives made of collagen and starch, which lead to a lack of adhesion or cohesion in paint materials. When extracellular proteolytic enzymes hydrolyze the peptide bonds of proteins composing supports such as silk, leather and parchment, irreversible structural damage occurs. In addition to enzymatic depolymerization reactions, another damage can be caused by the interaction of original materials with organic acids secreted as metabolic products (oxalate, acetate, succinate, etc.) which promote the oxidation of polymeric chains, catalyzing depolymerization processes. Other types of pigmented metabolites can cause further aesthetic damage, making it more difficult to read the work [17, 18]. For each support, biological damage manifests different macroscopic morphological characteristics (Fig. 4), as described below.[image: ]
Fig.4Fungal Colonization on: A Wooden Furniture; B Paper book; C Canvas Painting (recto) D Leather book’s cover; E Linen book’s cover


Wood
Among the most common causes of biological damage on wood, there are three types of degradation known as brown rot, white rot, and soft rot, attributed to the action of fungi. In the first case, cellulose and hemicelluloses are primarily degraded, leaving the characteristic dark coloration of lignin; in the second case, the opposite phenomenon occurs, as fungi feed on lignin leaving the wood devoid of its dark pigmentation. Soft rot generally affects the most superficial layer of wood, causing a significant loss of material [19] Additionally, chromatic alterations caused by chromogenic fungi producing pigmented metabolites can be observed, such as reddening (typical in conifers and produced by many species of Basidiomycetes), bluing (frequent in pine species by Ascomycetes), and greying (found in beech, mainly the work of Ascomycetes) [16]. Bacteria cause a slower degradation compared to fungal action and are responsible for phenomena such as erosion, cavitation, and perforation; however, they are very active in submerged or impregnated woods. A parameter that plays a determining role in resistance to biological degradation is the chemical composition of the wood, specifically the amount of contained moisture and the percentage of lignin and trace substances such as resins, fats, and oils. The latter makes wood less "appetizing" to most organisms and insects, as demonstrated by the classification based on "durability" in the UNI EN 350–2 2016 standard. The classification refers to the "Natural durability of the main European wood species used in construction against different xylophagous organisms", distinguishing between sapwood (outer and lighter crown, less durable) and heartwood (darker inner area due to higher lignification, more durable) [20].

Paper
Paper derives from a manufacturing process that involved the use of wood pulp or textile fibers, although production processes and bleaching treatments have evolved considerably over time in terms of techniques and materials, up to the manufacturing of modern paper starting from the nineteenth century. Therefore, in addition to the presence of cellulose and lignin, there may also be glues based on animal gelatin or starch, mineral fillers, and bleaching agents [21]. One of the most widespread damages is “foxing” [22], a chromatic alteration presented as brown/reddish spots that coincide in most cases with the colonization of fungi from the families Aspergillus spp. and Penicillium spp. [23]. It results in the production of malic acid, glucose, cello-oligosaccharides, and γ-aminobutyric acid. It’s suggested [24] that this foxing process involves the formation of melanoidins through the Maillard reaction. Specifically, cello-oligosaccharides and γ-aminobutyric acid, along with other amino acids produced by specific fungi, contribute to the creation of these melanoidins. This phenomenon is accompanied by the depolymerization of the support [25]. Similar macroscopic degradation occurs in audiovisual materials [26] as in the case of audio-visual tapes and photographic media: both the supports (cellulose nitrates, diacetates and triacetates and polyethene) and the photosensitive emulsions (based on organic binders such as gelatine, albumen and collodion) can be easily targeted by fungi [22].

Audio-visual materials
Audio-visual materials are often associated with paper-based materials from a conservation perspective. However, the composition of these supports varies significantly based on the type of artifacts, their dating, and the composition of industrial components, as well-documented in the literature [27]. Audio-visual materials emerged in the early nineteenth century and can be categorized into three main types of artifacts: exclusively auditory materials (such as tape and vinyl recordings), primarily visual materials (such as photographs and slides), and a third category that reflects the evolution of both, as seen in cinematographic films. These materials are also susceptible to foxing and other chromatic alterations [28, 29]. In the presence of humidity, as for previously described supports, microorganisms produce various organic acids such as acetic, lactic, fumaric, or citric acid which are responsible for the acidification and depolymerization processes of the substrates. Moreover, they produce enzymes—such as gelatinase—that play a key role in breaking down the animal-based emulsion layers, rendering the system vulnerable to relative humidity changes [30].
Some microorganisms can also bioaccumulate and chemically transform silver ions present in the emulsion layer and, as a consequence, this process suppresses the antimicrobial effect of silver ions, leading to faster biodeterioration [27].

Fabrics and canvas paintings
Fabrics can be of animal origin (such as silk and wool) or of plant origin (cotton, linen, jute, and hemp). In the first case, the materials are proteinaceous, highlighting the presence of keratin for wool, fibroin and sericin for silk, with other trace lipid substances. The degree of crystallinity, hygroscopicity, and purity of the fabric are determinants in defining the durability to biological degradation of these materials\. Both fungal and bacterial colonization can lead to enzymatic hydrolysis, resulting in the disintegration of animal fibers, thus causing a loss of physical–mechanical resistance, fragility, and chromatic alteration [31, 32].
Even for fabrics of plant origin, purity in the content of cellulose and hemicelluloses is an important factor in assessing the biological risk. In the specific case of painted canvases, they are composite artifacts where the recto and verso of the work present two substrates with different compositional and morphological characteristics. It is commonly believed that the verso of a painting is more exposed to biological risk due to the presence of more easily degradable materials, which, in addition to the canvas, are represented by glues based on gelatin, casein, starch, and eggs. On the recto, the presence of inert fillers in paint layers such as gypsum and kaolin, and pigments based on minerals, salts, and metal oxides, act as inhibitors of colonization [16]. However, a recent study demonstrates that for a painting displayed on a wall in an environment potentially rich in fungal spores, gravity plays a fundamental role, as it favors the deposition and adhesion of microorganisms to the paint film rather than to the back of the canvas. In a contaminated environment, indeed, the verso of a painting may be less exposed to direct contact with microbes and spores, and the diversity of microorganisms present on the surface is considerably lower [33].

Leather and parchment
The susceptibility to biological attack of these types of artifacts varies depending on the type of treatments and additives applied during processing phases, from skinning to tanning and drying [34, 35]. It also varies depending on the type of animal from which it is derived and its growth conditions[36]. Tanning processes can be carried out using products of vegetable origin, which are more easily degradable compared to other substances such as chromium[37]. Treatments with sea salt, tannins, and chromium were intended to limit the action of biodeteriogens; however, some mechanisms have been identified whereby biological attacks have been favored [38]. This is the case, for example, of salting with sodium chloride, to whose crystals haloalkaliphilic microbes (belonging to archaea) that proliferate in saline environments adhere, paving the way for colonization by heterotrophic organisms. A chain reaction is then triggered in which the colonizers of the first phase promote the formation of new colonizations. These supports present macroscopic degradation in the form of red or purple stains and chromatic alterations[39]; in the case of manuscripts, the margins of the pages, in contact with the outside, are the first areas to show physico-chemical damage caused by the direct action of microorganisms but also by the corrosion of organic acids produced by them.

Plastics and synthetic polymers
A last and complex category of artistic supports is represented by polymeric artifacts of contemporary art, where there are objects of organic synthesis based on plastics with different formulations that have rapidly changed over the course of the industrial development of the last century. Today, these materials constitute not only the material of the artworks but also the material for restoration and intervention, as is the case with adhesives, consolidants, resins, foams, and polymer-based paints such as acrylics, vinyls, styrenes, urethanes, amides, propylenics, etc. Among vinyl polymers, common uses include polyethylene, polyethylene glycols (PEG), polyvinyl chloride (PVC), polypropylene (PP), polyvinyl acetate (PVA), and polystyrene, which can be subject to biodeterioration by fungi and bacteria such as Aspergillus spp., Mucor spp., and Pseudomonas spp. [40, 41]. The degradation of polymers occurs in two phases, in the first, the bonds with the lateral groups are cleaved, and subsequently the C–C polymer chain bonds are broken. Regarding petroleum-based polymers (PET, PE, etc.), they are generally more resistant due to the presence of aromatic hydrocarbons [42]. Similarly, other non-vinyl polymers such as polyurethanes, polyamides, and polystyrenes, and cellulose derivatives such as acetates, nitrates, and cellulose ethers, can be subject to degradation. Damages are often recognizable macroscopically in the form of discoloration, cracking, detachment, but also at the microscopic level as demonstrated by images from scanning electron microscopy (SEM) in some case studies. Although many restoration product formulations include preservatives, many of them, especially those water-based, tend to modify the bio-receptivity of the substrate [43].


Incidence of micro-organisms genera
Analyzing the information contained in the collection of articles assembled for this study, it was possible to identify the species of microorganisms, specifically fungi and bacteria, most frequently isolated from organic substrates and consequently most tested for the mentioned biocidal protocols.
Based on consulted literature, it is evident that the most commonly used fungal genera in experimental settings belong to Aspergillus spp. and Penicillium ssp. (references cited in the table) (Table 2). Specifically, the Aspergillus spp. genus is tested for eco-sustainable biocidal treatments in 30.47% of publications from 2000 to the present, while Penicillium ssp. is present in 18.90% of cases. Regarding bacteria, species belonging to the Bacillus spp. genus were tested in 28.12% of publications, while Staphylococcus spp. were tested in 15.62% of cases. Fungal species belonging to Aspergillus spp. are by far the most commonly isolated: they are considered a family of environmental pathogens, highly adaptable to different climatic conditions, and also very resistant in extreme conditions (heat, cold, drought). Both operators and artworks are constantly exposed to contact with the spores of these environmental microorganisms, so it is worth investigating what factors activate colonization mechanisms. Firstly, Aspergillus spp. can produce different types of extracellular enzymes such as cellulase, amylase, protease, ligninase, chitinase, pectinase: these are able to hydrolyze (or catalyze the process) most artistic substrates of organic origin. These processes are generally favored by the presence of high humidity [44].Table 2Occurrence of micro-organisms per genus isolated on different organic-media artistic supports


	Support typology
	Fungi genera
	Occ
	Bacteria genera
	Occ
	References

	Wood
	Aspergillus spp.
	10
	Bacillus spp.
	4
	 
	Penicillium spp.
	5
	Streptococcus spp.
	1
	[49–59]

	Trichoderma spp.
	2
	Arthrobacter spp.
	1

	Lecanicillium spp.
	1
	Staphylococcus spp.
	1

	Schyzophillum spp.
	1
	Sphingomonas spp.
	1

	Coprinellus spp.
	1
	 	 
	Cladosporium spp.
	1
	 	 
	Chaetomium spp.
	2
	 	 
	Purpureocillium spp.
	1
	 	 
	Fusarium spp.
	1
	 	 
	Mucor spp.
	1
	 	 
	Alternaria spp.
	1
	 	 
	Rhizopus spp.
	2
	 	 
	Streptomyces spp.
	1
	 	 
	Trametes spp.
	1
	 	 	 
	Pycnoporus
	1
	 	 	 
	Paper
	Aspergillus spp.
	13
	Bacillus spp.
	2
	[60–73]

	Penicillium spp.
	11
	Staphylococcus spp.
	2

	Cladosporium spp.
	9
	Myxotrichum spp.
	1

	Chaetomium spp.
	4
	Escherichia spp.
	1

	Fusarium spp.
	4
	Kocuria spp.
	1

	Alternaria spp.
	4
	Salmonella spp.
	1

	Botrytis spp.
	1
	Proteus spp.
	1

	Chromelosporium spp.
	1
	Pseudomonas spp.
	1

	Epicoccum spp.
	1
	Microbacterium spp.
	1

	Phlebiopsys spp.
	1
	 	 
	Toxicocladosporium spp.
	1
	 	 
	Stachybotrys spp.
	1
	 	 
	Athelia spp.
	1
	 	 
	Aureobasidium spp.
	1
	 	 
	Byssochlamys spp.
	1
	 	 
	Talaromyces spp.
	1
	 	 
	Rhodotorula spp.
	1
	 	 
	Staphylococcus spp.
	1
	 	 
	Myxotrichum spp.
	1
	 	 
	Scopulariopsis spp.
	1
	 	 
	Trichoderma spp.
	2
	 	 
	Acremonium spp.
	1
	 	 
	Trichosporon spp.
	1
	 	 
	Plant-based textiles
	Aspergillus spp.
	2
	Bacillus spp.
	1
	[74–76]

	Penicillium spp.
	1
	Arthrobacter spp.
	1

	Animal-based support
	Aspergillus spp.
	4
	Georgenia spp.
	1
	[63, 71, 76–81]

	Penicillium spp.
	3
	Bacillus spp.
	1

	Trichoderma spp.
	1
	Staphylococcus spp.
	1

	Paecilomyces spp.
	1
	Ornthinibacillus spp.
	1

	Streptomyces spp.
	1
	 	 
	Epiconum spp.
	1
	 	 
	Pictorial layer
	Aspergillus spp.
	2
	Escherichia coli spp.
	1
	[50, 82–86]

	Cladosporium spp.
	1
	Salmonella spp.
	1

	Neocamarosporium spp.
	1
	Eterococcus spp.
	1

	Rizophus spp.
	1
	Pseudomonas spp.
	1

	Candida spp.
	1
	Azotobacter spp.
	1

	 	 	Serratia mar spp.
	1

	 	 	Staphylococcus spp.
	1

	 	 	Streptomyces spp.
	1

	 	 	Bacillus spp.
	1




It should also be noted that Aspergillus spp., including the very common A. fumigatus, A. niger, and A. terreus often isolated from artworks, can potentially cause infections in humans as they are carriers of aspergillosis. While it is impossible to completely avoid contact with these species due to their environmental prevalence, working in areas where these pathogens are actively colonizing increases the risk of infection [45, 46]. It is therefore a genus towards which there is great interest and it is also the most isolated from painting layers in other literature reviews [47, 48].
From an ecological point of view, it is interesting to note that, while for fungi the isolation of some phyla compared to others is selectively determined by the type of substrate from which they are isolated, in the case of bacteria, the incidence seems to be more closely linked to climatic patterns, and therefore determined not by the substrate in question but by environmental factors [87]. In fact, it is evident that for fungi, mostly saprophytic organisms, are associated with the presence of Basidiomycetes, Agaricomycetes, Eurotiomycetes, and Sordariomycetes. In the case of bacteria, however, the distribution of the microbiome ignores the functional aspect but is rather determined by geo-climatic factors.

Safety and ecotoxicity of current commercial biocides
The available options on the market to counteract the biodegradation of artistic artifacts are not numerous, as already emphasized in previous studies [46, 88], and among these, even fewer are the formulations and active compounds designed for the treatment of organic supports: generally, these are mixtures based on quaternary ammonium salts (QACs), isothiazolinones and carbamates (CBs) (Table 3).Table 3Main commercial products for biocidal treatment on organic supports


	Commercial name
	Active compounds
	Solubility
	Action spectrum

	Rocima 103®
	Concentrated octylisothiazolone in a mixture of quaternary ammonium compounds
	Water and polar organic solvents
	Fungi, algae

	Rocima 110®
	Quaternary ammonium compound and tributyltin naphthenate
	Water and polar organic solvents
	Fungi, algae

	DES-NOVO®
	10% solution of benzalkonium chloride
	Water
	Molds, yeasts

	Preventol RI50®
	Based on dodecyl-dimethyl -dichlorobenzyl -ammonium chloride
	Alcohols, ketones, chlorinated hydrocarbons, water
	Fungi, algae, bacteria

	Preventol RI80®
	Based on alkyl dimethyl benzyl ammonium chloride
	alcohols, ketones, chlorinated hydrocarbons, water
	Bacteria, molds, algae, lichens

	Biotin R®
	Mixture based on dioctylisothiazolone, carbamate, and terbutrine
	Apolar organic solvents
	Bacteria, fungi, algae

	Biotin T®
	Mixture based on octylisothiazolone and quaternary ammonium salt
	Water, esters, alcohols, and aromatic hydrocarbons
	Bacteria, lichens, fungi, algae

	SINOCTAN PS®
	Based on 4,5-dichloro-2-octyl-isothiazolone and 3-iodo-2-propynyl N-butylcarbamate
	Apolar hydrocarbons
	Algae, mosses, lichens, yeasts, fungi, molds, bacteria




Quaternary ammonium salts have become commonly used due to their affordability and ease of dilution in water, allowing them to be employed not only as biocides but also as preservatives in adhesives and other preparations for art restoration. They are sold in mixtures or in purity at different concentrations, such as in the case of benzalkonium chloride (BAC). QACs are cationic surfactants, and their effectiveness is linked to their micellar structure which enables them to act on the cell membrane of microorganisms by affinity with phospholipids, altering their osmoregulatory and physiological functions [89]. The literature presents conflicting results regarding the safety of such products, which vary depending on the methods of use, frequency, and concentrations employed. However, risks to respiratory pathways have been highlighted due to the volatility of ammonia, as well as potential irritations and allergies from direct contact with skin and mucous membranes [90]. As previously mentioned, the extensive use of these substances in various industrial, domestic, agricultural, food-related sectors, etc., is laying the groundwork for the generation of biotic resistance, leading to an increase in antibiotic tolerance by many microorganisms. Lastly, considerations must be made regarding reports of eco-toxicity: while increasing the length of the alkyl chain enhances the antimicrobial efficacy of such cationic surfactants, it decreases their biodegradability and increases the risks associated with eco-toxicity [91–93].
Regarding products based on isothiazolinones, which have the molecular formula (CH)2SN(H)CO, mainly two types of compounds are recognized: octylisothiazolone (OIT) and dichlorocthylisothiazolinone (DCOIT). These compounds act on the cell membrane for bacteria and on the cell wall for fungi, thanks to the action of the S and N atoms present in the heterocyclic structures of the molecule, which interfere with the enzymatic activities of the cells. In this case as well, recent reports have emerged regarding the safety of these substances, derived from both inhalation and direct contact with the skin [94].
Finally, carbamates are often present in the mentioned mixtures: these are organic compounds consisting of an amino group linked to an ester group, with molecular formula -NH(CO)O-, and they are generally used as pesticides for their insecticidal properties. The mechanism of action of such compounds lies in the inhibition of acetylcholinesterase (AChE), the enzyme responsible for breaking down acetylcholine (ACh), a neurotransmitter in the central nervous system of insects, rodents, and even humans. According to this principle, there is a high risk for humans exposed to these substances both through skin contact and inhalation [95, 96].
These products are generally used for direct application on the surfaces to be treated, either by spraying or brushing, and caution is required by the operator who must be equipped with personal protective equipment (PPE). However, it should be remembered that these substances remain within the treated supports, and are intended to be reapplied periodically as a preventive maintenance treatment. This aspect emphasizes the frequent and intensive use of these products, which may lead to an accumulation of potentially toxic substances for the operators that have to be in contact with the substrates of treated artworks.
Moreover, from the cited literature, it is evident that the eco-toxicity risk associated with the use of such products may significantly affect marine and terrestrial ecosystems, although there is less available data for the latter. The mentioned compounds readily biodegrade aerobically, but their dispersion in the environment does not follow the same pattern; instead, they gradually sediment over time [82]. This phenomenon can occur, for instance, with outdoor-treated artworks or with treatments’ discharge residues into wastewater.

Green biocides
Plant extracts
Trials using plant-derived extracts are among the most conducted for the search of green alternatives for the biocidal treatment of artistic objects. Scientific papers mainly focus on the use of essential oils, whose biocidal efficacy has already been extensively documented in in vitro studies [97–100]. Among these, the properties of oils extracted from plants belonging to Lamiaceae family stand out, since they result being particularly rich in bio-active aromatic compounds. Even in applied studies for cultural heritage conservation treatments, oils derived from Lamiaceae are the most tested, such as lavender, mint, basil, oregano, marjoram, rosemary, thyme, and sage species [49–52, 60–62, 74, 75, 77, 78, 82, 101–112].
Specifically, the anti-fungal and anti-bacterial properties depend on the concentration and type of secondary metabolites present in the extracts belonging to compound classes such as terpenes, fatty acids, aromatic organic acids, phenols, and alkaloids. These substances are produced as a defense mechanism against insects, fungi, and bacteria and for this reason, the same mechanisms of action can be triggered by extracting essential oils rich in bio-actives and using them on active biological colonization. They may act on multiple levels: the lipophilic components interact with the cytoplasmic membrane of microorganisms, causing morphological and physiological alterations of the cells, and also interrupt the function of the proton pump, causing a modification of the intracellular pH [113]. These processes result in the inhibition of the metabolic activity of microorganisms and can lead to their death [98]. In general, the fungicidal mechanisms of the mentioned compounds can act either on the membrane/cell wall or within them. In the first case, the interaction of the biocidal agent targets a sterol, the ergosterol, present in the cell wall of fungi and ensuring its integrity. Its neutralization, or inhibition of the sterol biosynthesis process, causes osmotic and metabolic instability of the cell, ultimately compromising its activity [114]. The same occurs if there is a blockade in the production of β-glucans, thus inhibiting the formation of the cell wall. In the second case, for processes acting within the cell, multiple mechanisms can occur. Some oils disrupt the mitochondrial electron transport chain, thereby altering the membrane potential, or inhibit the proton pump, consequently reducing ATP production and the cell's respiratory process, leading to its death [98]. Interaction with essential oils can also promote the production of reactive oxygen species (ROS), responsible for oxidative damage within the cell. An extracellular mechanism interferes with cell-to-cell communication (quorum sensing), the ability to interact with exogenous factors and exchange information: when compromised, biofilm formation can be inhibited [115].
The results of the cited studies show inconsistent responses from individual essential oils towards the same bio-deteriogen genera, attributable to the different concentration of bio-active substances and the relative sensitivity of microorganisms to each of them.
For example, phenolic compounds such as carvacrol, eugenol, or thymol are active against both Gram-positive and Gram-negative bacteria due to the presence of hydroxyl groups that cause protein denaturation. A factor that enhances the antibacterial action of terpenoids is instead the presence of carbonyl groups. The antibacterial effectiveness depends not only on the presence of reactive functional groups -OH and C = O but also on the stereochemical features of the molecules [116].
For antifungal properties as well, there are some more functional classes of molecules, as in the case of phenols, which demonstrate greater effectiveness in the presence of alkyl groups in the benzene ring of the phenol due to increased steric hindrance [117]. In general, the classes of molecules demonstrate effectiveness in inhibiting growth in the following order: phenols, cinnamic aldehydes, alcohols, aldehydes, ketones, ethers, and finally hydrocarbons [118].
The bactericidal/bacteriostatic, fungicidal/fungistatic activity significantly varies for each substance towards individual families and species of bio-deteriogens, resulting in a highly variable efficacy range depending on the type of biological colonization. Due to the selective effectiveness of each oil, research indicates that blends of essential oils have a greater biocidal power compared to the individual oils that compose them [119]: it should be considered that biological degradation results from a combined and synergistic action of multiple pathogenic microorganisms, thus requiring a diversified action of multiple bio-active substances to eradicate them. Furthermore, in most of the cases consulted biocidal effectiveness appears to have a dose-dependent trend.
However, a critical aspect not properly addressed in the cited literature is connected to essential oil extraction, since brings with it some sustainability-related challenges both in terms of yield quantity and extraction processes. Regarding the former aspect, the low extraction yields typically associated with these substances is significant. Also, the chemical and physical processes employed for extraction often still involve the use of organic solvents, making the process environmentally unfriendly.
The application protocol for essential oils and pure bioactive compounds requires careful consideration, especially when it comes to direct application on artistic media. To obtain a homogeneous mixture to be applied by spray or brush on the entire surface it may be necessary to emulsify the compounds which, however, requires the use of surfactants or organic solvents. In both cases complications may arise from interactions with the materials of the artwork (as in the case of ground layers and pictorial films). Not to mention the strong fragrance that could remain on the surface of the object even after the end of the restoration process. The most suitable method of application for the restoration of cultural heritage would suggest instead the use of such substances by fumigation with no direct contact: exposing the surface to volatile components has been a successful intervention in many of the mentioned studies [50, 63, 64, 77, 82, 103, 107]. Must be considered, however, the aspects related to timings of restoration works, which may not coincide with an extended treatment in a modified atmosphere chamber.
Last, it is worth noting that other types of plant extracts are unfortunately underexplored in the field of cultural heritage. Indeed, the literature suggests numerous alternatives of extracts derived from medicinal plants or agri-food waste with potentially significant antimicrobial activity [120–123], which should be considered in a circular economy perspective for the valorization and reuse of waste materials.

Nano-materials
The use of nano-structured biocides is widely spread for the application to cultural heritage. The nature of such formulations can vary considerably and the category encompasses various types of nanoparticles and/or encapsulations with different core materials and matrices depending on the required characteristics for the application. Two macro-categories can be distinguished based on the nature of the active ingredients: organic or inorganic. In the former case, there are some formulations based on essential oils and bioactive molecules of plant origin already mentioned in the literature [63, 64, 124–126]. The substances used are structured in the form of nano-emulsions or encapsulated in polymeric matrices. Overall studies dedicated to this type of nanomaterials that involve the use of pure molecules such as carvacrol, thymol, eugenol, or essential oils present the same issues previously mentioned regarding the chemical instability of these compounds and also variable antimicrobial performance. Last, it has been highlighted that organic-based biocide are less efficient and their effects tend to be less enduring over time than the inorganic ones [127].
When the active ingredients are inorganic, they are generally represented by metallic oxides such as TiO2, ZnO, MgO, and metals like Ag, Cu (MNPs). The applications of such products have been extensively studied for artifacts of inorganic origin, particularly for stone restoration for sites and monuments [127]. However, experiments also include paper materials [65, 66, 83, 128–131], wooden supports [65, 130, 132–135], painting layers [124], textiles [136] and archeological manufacts [76, 79, 137].
The use of MNPs is generally multifunctional, as their targets often include not only the inhibition or disinfection of microorganisms but also the de-acidification of the substrate, as well as the consolidation and improvement of the physical and mechanical properties of the treated supports [138]. Based on the different synthesis methodology, can vary significantly in size within a range of approximately 4 nm-400 nm; and based on this aspect, the antimicrobial efficacy can also vary.
In general, the action mechanisms of metallic nanoparticles are manifold and yet not fully understood: indeed, as highlighted in previous studies [139], they can interact at the membrane potential level, creating an electrostatic interaction between the positively charged MNPs and negatively charged cell membranes. This interaction has the potential to trigger conformational alterations in membrane phospholipases stimulating phospholipid hydrolysis, the generation of reactive oxygen species (ROS), and lipid peroxidation, ultimately resulting in pore formation [139].
Titanium dioxide (TiO2) is one of the most widely used nanomolecules among those mentioned, and its principle of operation is linked to photocatalytic action: a semiconductor material generates reactive oxygen species (ROS) when exposed to UV light or solar radiation. ROS originate from molecules found in the atmosphere (O2 and H2O), encompassing superoxide anion radicals (O2), hydroxide radicals (OH), and hydrogen peroxide (H2O2). These species possess the ability to eliminate microorganisms through oxidative damage to their cell membranes [140]. This nanoparticle has been employed alone or conjugated with other molecules, not only as a biocidal solution [141] but also suspended in hydrogels [128], added to an antimicrobial consolidant [134] or coatings [79]. Although experiments report different MICs (Minimum Inhibitory Concentrations) depending on the microorganisms tested due to the characteristic species-specific behavior, TiO2 shows pronounced activity starting from about 0.1 mg/ml [127].
Zinc oxide has the same mechanism of action and cost-effectiveness as titanium dioxide, offering similar antifungal and antibacterial efficacy. Additionally, zinc oxide exhibits antimicrobial activity even in the absence of light. In this case, many studies report the use of nanoparticles as additives within coatings [83, 130, 142], adhesives [130] and consolidants [134].
Magnesium oxide proves to be a multifunctional nanoparticle as it not only acts on an antimicrobial level (active concentrations starting from 1 mg/mL) but also serves as an acid-neutralizing agent for cellulose-based textiles and paper [131]. Studies report the antibacterial efficacy due to the induction of oxidative stress and intracellular content leakage caused by cell membrane disruption [129].
Regarding Ag NPs, they are also among the most widely used for application in cultural heritage with high effectiveness (starting from the range of 0.04–0.06 mg/mL). In terms of their mode of operation, research indicates that silver nanoparticles (Ag NPs) tend to gather on both the cell wall and membrane, resulting in cytoplasmic shrinkage and membrane disruption. Moreover, Ag NPs have the capability to attach to membrane proteins, consequently impacting membrane permeability, the respiratory chain, and ion transport. Under specific circumstances, Ag NPs may penetrate the cell, where they interact with DNA and/or intracellular proteins, thereby disrupting processes such as transcription, translation, and sugar metabolism [64, 132, 133, 143, 144].
Generally, nanomaterials have attracted significant interest, especially due to the potential utilization of commercially accessible MNPs, which likely contributed to the upsurge of experimental trials. It should be noted that the processes of biosynthesis of nano-metals are also increasingly sought after. This allows not only to obtain an antimicrobial solution without risks related to eco-toxicity and human safety, but also eco-compatible from the perspective of its production [79, 145].


Future perspectives: other chemical approaches
A small portion of the literature is dedicated to other biocidal treatments with chemical action, which represent a minority especially when considering their sole application to artifacts on organic support, yet they represent a promising perspective. Among these, the use of Ionic Liquids (ILs) certainly stands out, which are liquid-state salts composed of an organic cation paired with an organic or inorganic anion.
The potential of ILs stems from the ability to customize mixtures based on the application and desired characteristics: the 1018 possible combinations of salts indeed offer a wide range of usage and effectiveness that should be further investigated.
Studies on the use of ILs as biocides are not extensive, but there are some applied studies on paper artifacts that show positive results on antifungal and antibacterial activity. The biocidal mechanism of action of Ionic Liquids lies in the interaction with the cell membrane: specifically, the hydrophobic and lipophilic nature of the alkyl chains increases affinity with the phospholipid layer of the cell membrane, penetrating it and inhibiting the growth of microorganisms. According to the literature [146–148] it emerges that increasing the length of the alkyl chain and the apolar nature of the mixture enhances its antimicrobial properties. Research indicates that the cations found in ILs have the ability to permeate the plasma membrane, resulting in increased uptake within the intracellular matrix, thereby influencing organelle function. Furthermore, these charged cations have the potential to bind to receptors on the plasma membrane, disrupting the normal transport of ions and molecules necessary for cellular processes [149].
An innovative and still unexplored method is represented by treatment using supercritical CO2, where the critical state threshold of carbon dioxide is exploited to decontaminate a paper substrate subject of the case study [150]. However, this treatment requires sophisticated and not easily accessible equipment, and above all presents logistical difficulties for execution, considering that in the mentioned research the case study was sectioned to be inserted into the extraction chamber, leading to the destruction of the substrate. The inhibition mechanisms involved in the process are not well understood, but sudden pressure changes and expansion of CO2 within the cell membrane, as well as significant pH variations, are suggested as determining factors.
New studies are also focusing on the use of Deep Eutectic Solvents (DES) for biocidal treatment as well as surface cleaning [4]. In this case as well, the few existing studies refer to their application on stone artifacts [151] achieving good antimicrobial performance. The tested mixtures are based on choline chloride, in combination with oxalic acid, malonic acid, glycerol and urea which, when mixed in aqueous solution, reach rather low pH values to be safely used on surfaces of artistic artifacts (pH 2.8–7.2). To consider the possibility of applying DES to organic support materials the pH criticality should be addressed as well as practical application aspects due to their viscosity.
Among the options mentioned in this section, ionic liquids represent the most promising option in terms of antimicrobial performance as well as practical feasibility since they can be easily applied by spray or brush on the surface to be treated.

Physical treatments
Plasma
Plasma stands out as a promising preservation treatment to counteract bio-degradation. This technique involves the use of plasma, a partially ionized gas but electrically neutral in which its electron temperature ranges in the thousands of Kelvin, while the temperature of neutral species and ions remains close to environmental values. Plasma, as a state of matter, is induced in a gas by creating an electromagnetic field between two electrodes, but there are many types of plasma that differ based on the gas pressure, its temperature, the power source, and the degree of ionization.
Non-thermal plasma, also known as cold plasma, garners particular attention being suitable for treating heat-sensitive materials: in the use of low-temperature plasma, a distinction is made between low-pressure or vacuum plasma, and atmospheric pressure plasma, which allows for treatment in open spaces. Plasma presents a wide array of applications on organic-media heritage: cleaning and removal of non-original layers, de-acidification of supports and polymerization of cellulosic substrates thanks to the cross-linking processes [152–154]. This type of treatment has been primarily tested on paper substrates, demonstrating a 100% biocidal action with plasma exposure ranging from 5 to 15 min [155]. The inhibitory and biocidal behavior shows species-specific trend and a direct proportional correlation between exposure time and antimicrobial effectiveness [67–69, 156]. In fact, not all studies demonstrate fungicidal activity, but rather an inhibitory activity [157], with some significant pre/post-treatment modifications regarding surface pH and color [67]; overall, there is always an improvement in the mechanical properties of paper supports [125, 126] while no difference in mechanical resistance has been detected for cellulose-based fabrics [53].
Depending on the chosen ionized gas (O2, He, Ar, Ne, Xe), different action mechanisms may be involved for micro-organism inactivation: oxidative damage, DNA deterioration, cell wall disruption or cell membrane permeabilization.
Overall, the technique shows promising results, but the majority of research has been concentrated only in the last 10 years. Therefore, it would be necessary to further investigate the logistical aspects of the treatment and evaluate its application to different types of supports.

Gamma radiation
Gamma radiation is an electromagnetic radiation emitted by an unstable nucleus of an atom during radioactive decay and it has been used as a safe sterilization method in the medical and food sectors for decades.
The use of gamma radiation for the decontamination of cultural heritage has been experimentally spreading since the 80 s, as evidenced by experiences documented in the literature [54, 158–160]. The enduring interest demonstrated over decades, which still attracts research attention, proves the potential of such treatment: the high effectiveness of this technique is due to the action that radiation has on the DNA of microorganisms, generating free radicals that interfere with the bonds within the double helix. Despite this, there are reports in the literature of some cases of radio-resistance. The primary factor determining an organism's resistance to gamma radiation is its ability to mend single strand breaks as a result of the activity of its DNA repair enzymes, as consequence strains that lack this skill are far more radio-sensitive than the rest. For instance, yeasts withstand radiation better than molds; and greater resistance in Gram-positive compared to Gram-negative bacteria highlights the relevance of peptidoglycan in bacterial resistance against the deleterious effects of gamma rays [161].
Free radicals, characterized by their extremely unstable and energetic nature with a short lifespan of 10–3 s, also contribute to long-term post-irradiation effects. These effects primarily occur through the indirect action of radiation-induced free radicals, with oxygen present in the air during irradiation playing a crucial role in oxidative degradation. Since this degradation process is closely linked to the diffusion rate of oxygen within the material, it becomes apparent that, for the same absorbed dose, the longer the exposure time at a low dose rate, the more significant the resulting damages. However, given that the production of free radicals is directly proportional to the radiation dose, it is feasible to minimize oxygen degradation by operating at the highest possible dose rate (while still compatible with the treated material) [158].
The radiation dose to be applied for treatment varies depending on the characteristics of the support’s typology; however, in established protocols, it is suggested not to exceed 10 kGy to preserve the chemical and physical features of the support structurally and colorimetrically [159]. In the case studies reported in the literature, however, different ranges of radiation doses have been applied. For example, pictorial films on panel and canvas supports have been treated with higher ranges (25–33 kGy) without reporting alterations in the substrate of the artwork [162–164]. Similarly, complex polymeric objects, such as in the case of ethnographic collections, artifacts have been treated with radiation doses up to 200 kGy [165, 166]. Paper and photographic artifacts are the most tested, and a radiation value lower than 10 kGy is recommended for effective and non-invasive treatment [70, 71, 80, 167–176]. In literature, the correlation between increasing radiation doses and their effect on the physico-chemical properties of paper has also been investigated, demonstrating that doses above 15 kGy decrease the degree of polymerization of cellulose (DP) and alter the colorimetric response of the substrate. However, for fungi recognized in the literature as more tenacious, a range of at least 15–25 kGy is recommended [70, 71]. As well as per plant- and animal-based tissues, recommended values range between 10–20 kGy [81, 167, 177, 178].
As for wooden supports, the doses experimented within literature are significantly higher, ranging between 20 and 200 kGy [55, 56, 179, 180]. These experiments demonstrate conflicting results regarding the effects of high doses of radiation on the physical–mechanical properties of wood, which are negatively influenced by irradiation, highlighting especially the risk of re-colonization over time.
Overall, the use of gamma radiation compared to other physical techniques such as plasma or UV radiations appears to be more established experimentally and better understood for the effects that the treatment has on various types of substrates. However, physical treatments remain to date an experimental niche as they require highly specific equipment and resources that are unlikely to fit into the working practices of conservators.


Conclusions
From the brief analysis of the commercial options available on the market, it emerges that the literature on QACs, carbamates, and isothiazolinones –based products has been focusing for years on the impact of these substances on marine ecosystems and soils, as well as on the development of bio-resistance by target microorganisms and their toxicity profile for humans. The cited literature clearly indicates the motivation behind the increasing research trends over the past twenty years, which have shifted toward finding alternative solutions that are safe for humans, bio-based, or have limited environmental impact.
The two reported macro-categories of intervention, respectively with a chemical and a physical approach, are imbalanced in bibliometric terms. This discrepancy can be attributed to the greater ease of reproduction and availability of materials used for the first typology. The physical approach, in fact, requires sophisticated instrumentation and highly specialized personnel, as is the case with gamma ray or plasma treatment. Additionally, it is impractical to experimentally reproduce physical treatments within restoration laboratories, especially in private or museum settings. Furthermore, these techniques currently have logistical limitations related to the size of the treated surface, as they are mostly suitable for two-dimensional small-sized objects. Consequently, physical treatments have primarily been applied to paper-based substrates, while data regarding other types of three-dimensional supports are lacking.
Chemical treatments, on the other hand, do not present the same difficulties related to the type of substrate and the size of the surface to treat, and they are generally more accessible in terms of feasibility and costs. This applies to natural extracts and organic/inorganic nano-structured materials, widely used on a variety of different artifacts. Despite the high-performing results, it’s worth noting two aspects: first, the experimental protocols for assessing the antimicrobial properties are not standardized, making it difficult to compare the effectiveness of bioactive substances investigated in different studies. Some papers refer to the Minimum Inhibitory Concentration (MIC), while others focus on inhibitory concentrations (IC50, IC90) or on the biocidal action, resulting in different and not easily comparable outputs. The second critical aspect, which applies to all the techniques described in this study, is the lack of data regarding the treatment of contemporary art manufacts.
Contemporary art objects are problematic due to the heterogeneity of their constituent materials and the complexity of identifying all the synthetic polymers involved. These formulations can vary significantly and are sometimes protected by patents. The rheological studies on the interactions between bioactive substances and such materials present a complex challenge that the scientific community must address. Last, innovative proposals involving Deep Eutectic Solvents (DES) and Ionic Liquids (ILs) have recently been explored in the field of green chemistry for various industrial applications due to their sustainability and potentially high selectivity. However, these options remain relatively unexplored for their biocidal activity on artworks, necessitating further research to develop tailored mixtures specifically designed for this application.

Acknowledgements
Not applicable.

Authors contribution
B.P. data collection and writing; M.C.S. revision; S.P. conceptualization of the paper and revision. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations
Competing interests
The authors declare no competing interests.


References
	1.
Caneva G, Nugari M, Salvadori O. La Biologia Vegetale per i Beni Culturali Vol. I. Firenze: Nardini Editore. 2007.


	2.
Gambetta A. Funghi e insetti nel legno: diagnosi, prevenzione, controllo. 2010.


	3.
Liao M, Wei S, Zhao J, Wang J, Fan G. Risks of benzalkonium chlorides as emerging contaminants in the environment and possible control strategies from the perspective of ecopharmacovigilance. Ecotoxicol Environ Saf. 2023;266: 115613. https://​doi.​org/​10.​1016/​j.​ecoenv.​2023.​115613.PubMed


	4.
Cirone M, Figoli A, Galiano F, La Russa MF, Macchia A, Mancuso R, et al. Innovative methodologies for the conservation of cultural heritage against biodeterioration: a review. Coatings. 2023;13(12):1986. https://​doi.​org/​10.​3390/​coatings13121986​.


	5.
Cappitelli F, Cattò C, Villa F. The control of cultural heritage microbial deterioration. Microorganisms. 2020;8(10):1542. https://​doi.​org/​10.​3390/​microorganisms81​01542.PubMedPubMedCentral


	6.
Fidanza MR, Caneva G. Natural biocides for the conservation of stone cultural heritage: a review. J Cult Herit. 2019;38:271–86.


	7.
Gadd GM, Fomina M, Pinzari F. Fungal biodeterioration and preservation of cultural heritage, artwork, and historical artifacts: extremophily and adaptation. Microbiol Mol Biol Rev. 2024;88(1):e00200-e222. https://​doi.​org/​10.​1128/​mmbr.​00200-22.PubMed


	8.
Szczepanowska H. Biodeterioration of cultural heritage: dynamic interfaces between fungi, fungal pigments and paper: MDPI; 2023.


	9.
Pournou A. Biodeterioration of wooden cultural heritage: organisms and decay mechanisms in aquatic and terrestrial ecosystems. Cham: Springer Nature; 2020.


	10.
Sterflinger K. Fungi: Their role in deterioration of cultural heritage. Fungal Biol Rev. 2010;24(1–2):47–55. https://​doi.​org/​10.​1016/​j.​fbr.​2010.​03.​003.


	11.
Tiano P. Biodegradation of cultural heritage: decay mechanisms and control methods. Ariadne 9 Work Hist mater their diagnostics. 2009. p. 2.


	12.
Negi A, Sarethy IP. Microbial biodeterioration of cultural heritage: events, colonization, and analyses. Microb Ecol. 2019;78(4):1014–29. https://​doi.​org/​10.​1007/​s00248-019-01366-y.PubMed


	13.
Ciferri O. Microbial degradation of paintings. Appl Environ Microbiol. 1999;65(3):879–85. https://​doi.​org/​10.​1128/​AEM.​65.​3.​879-885.​1999.PubMedPubMedCentral


	14.
Bock E, Sand W, Meincke M, Wolters B, Ahlers B, Meyer C, et al. Biologically induced corrosion of natural stones—strong contamination of monuments with nitrifying organisms. Biodeterioration. 1988;7:436–40.


	15.
Coughlan MP. Mechanisms of cellulose degradation by fungi and bacteria. Anim Feed Sci Technol. 1991;32(1–3):77–100. https://​doi.​org/​10.​1016/​0377-8401(91)90012-H.


	16.
Caneva G, Nugari MP, Salvadori O. La biologia vegetale per i beni culturali: Nardini; 2005.


	17.
Sakr AA, Ghaly MF, Edwards H, Ali MF, Abdel-Haliem ME. Involvement of Streptomyces in the deterioration of cultural heritage materials through biomineralization and bio-pigment production pathways: a review. Geomicrobiol J. 2020;37(7):653–62. https://​doi.​org/​10.​1080/​01490451.​2020.​1754533.


	18.
Di Carlo E, Barresi G, Palla F. Biodeterioration. In: Palla F, Barresi G, editors. Biotechnology and conservation of cultural heritage. Cham: Springer; 2022. p. 1–30.


	19.
Schilling M, Farine S, Péros J-P, Bertsch C, Gelhaye E. Wood degradation in grapevine diseases. Adv Bot Res. 2021;99:175–207.


	20.
Tonini F. La scultura lignea, tecniche e restauro. A4anuale perallievi restauratori, Il Prato, Italia. 2015.


	21.
Sterflinger K, Pinzari F. The revenge of time: fungal deterioration of cultural heritage with particular reference to books, paper and parchment. Environ Microbiol. 2012;14(3):559–66. https://​doi.​org/​10.​1111/​j.​1462-2920.​2011.​02584.​x.PubMed


	22.
Branysova T, Demnerova K, Durovic M, Stiborova H. Microbial biodeterioration of cultural heritage and identification of the active agents over the last two decades. J Cult Herit. 2022;55:245–60. https://​doi.​org/​10.​1016/​j.​culher.​2022.​03.​013.


	23.
Melo D, Sequeira SO, Lopes JA, Macedo MF. Stains versus colourants produced by fungi colonising paper cultural heritage: a review. J Cult Herit. 2019;35:161–82. https://​doi.​org/​10.​1016/​j.​culher.​2018.​05.​013.


	24.
Arai H. Foxing caused by fungi: twenty-five years of study. Int Biodeter Biodegr. 2000;46(3):181–8. https://​doi.​org/​10.​1016/​S0964-8305(00)00063-9.


	25.
El-Nagareabi SAF, Elshafie AE, Al-Hinai UA. The mycobiota associated with paper archives and their potential control. Nusantara Biosci. 2014. https://​doi.​org/​10.​13057/​nusbiosci/​n060104.


	26.
Lourenço MJ, Sampaio JP. Microbial deterioration of gelatin emulsion photographs: differences of susceptibility between black and white and colour materials. Int Biodeterior Biodegr. 2009;63(4):496–502. https://​doi.​org/​10.​1016/​j.​ibiod.​2008.​10.​011.


	27.
Tepla B, Demnerova K, Stiborova H. History and microbial biodeterioration of audiovisual materials. J Cult Herit. 2020;44:218–28. https://​doi.​org/​10.​1016/​j.​culher.​2019.​12.​009.


	28.
Sclocchi MC, Kraková L, Pinzari F, Colaizzi P, Bicchieri M, Šaková N, et al. Microbial life and death in a foxing stain: a suggested mechanism of photographic prints defacement. Microb Ecol. 2017;73:815–26. https://​doi.​org/​10.​1007/​s00248-016-0913-7.PubMed


	29.
Borrego S, Guiamet P, de Saravia SG, Batistini P, Garcia M, Lavin P, et al. The quality of air at archives and the biodeterioration of photographs. Int Biodeter Biodegr. 2010;64(2):139–45. https://​doi.​org/​10.​1016/​j.​ibiod.​2009.​12.​005.


	30.
Abrusci C, Marquina D, Del Amo A, Catalina F. Biodegradation of cinematographic gelatin emulsion by bacteria and filamentous fungi using indirect impedance technique. Int Biodeter biodegr. 2007;60(3):137–43. https://​doi.​org/​10.​1016/​j.​ibiod.​2007.​01.​005.


	31.
Poyatos F, Morales F, Nicholson AW, Giordano A. Physiology of biodeterioration on canvas paintings. J Cell Physiol. 2018;233(4):2741–51.PubMed


	32.
Seves A, Romanò M, Maifreni T, Sora S, Ciferri O. The microbial degradation of silk: a laboratory investigation. Int Biodeterior Biodegr. 1998;42(4):203–11. https://​doi.​org/​10.​1016/​S0964-8305(98)00050-X.


	33.
López-Miras M, Piñar G, Romero-Noguera J, Bolívar-Galiano FC, Ettenauer J, Sterflinger K, et al. Microbial communities adhering to the obverse and reverse sides of an oil painting on canvas: identification and evaluation of their biodegradative potential. Aerobiologia. 2013;29(2):301–14. https://​doi.​org/​10.​1007/​s10453-012-9281-z.PubMed


	34.
Tiano P. Biodegradation of cultural heritage: decay mechanisms and control methods. Seminar article, new university of Lisbon, Department of Conservation and Restoration; 2002.


	35.
Orlita A. Biodeterioration of leather materials especially book-leather bindings and parchments. 1993.


	36.
Zhang M, Hu Y, Liu J, Pei Y, Tang K, Lei Y. Biodeterioration of collagen-based cultural relics: a review. Fungal Biol Rev. 2022;39:46–59. https://​doi.​org/​10.​1016/​j.​fbr.​2021.​12.​005.


	37.
Orlita A. Microbial biodeterioration of leather and its control: a review. Int Biodeterior Biodegr. 2004;53(3):157–63. https://​doi.​org/​10.​1016/​S0964-8305(03)00089-1.


	38.
Perini N, Mercuri F, Thaller MC, Orlanducci S, Castiello D, Talarico V, et al. The stain of the original salt: red heats on chrome tanned leathers and purple spots on ancient parchments are two sides of the same ecological coin. Front Microbiol. 2019;10:2459. https://​doi.​org/​10.​3389/​fmicb.​2019.​02459.PubMedPubMedCentral


	39.
Cicero C, Pinzari F, Mercuri F. 18th Century knowledge on microbial attacks on parchment: analytical and historical evidence. Int Biodeter Biodegr. 2018;134:76–82. https://​doi.​org/​10.​1016/​j.​ibiod.​2018.​08.​007.


	40.
Zmeu CN, Bosch-Roig P. Risk analysis of biodeterioration in contemporary art collections: the poly-material challenge. J Cult Herit. 2022;58:33–48. https://​doi.​org/​10.​1016/​j.​culher.​2022.​09.​014.


	41.
Cappitelli F, Villa F, Sanmartín P. Interactions of microorganisms and synthetic polymers in cultural heritage conservation. Int Biodeterior Biodegr. 2021;163: 105282. https://​doi.​org/​10.​1016/​j.​ibiod.​2021.​105282.


	42.
Mohanan N, Montazer Z, Sharma PK, Levin DB. Microbial and enzymatic degradation of synthetic plastics. Front Microbiol. 2020;11: 580709. https://​doi.​org/​10.​3389/​fmicb.​2020.​580709.PubMedPubMedCentral


	43.
Russo A, Macchia A, Hansen A, Urzì C, Giangiulio E, De Leo F, et al. Il degrado del poliuretano espanso: casi studio della fondazione plart. 2014.


	44.
Romero SM, Giudicessi SL, Vitale RG. Is the fungus Aspergillus a threat to cultural heritage? J Cult Herit. 2021;51:107–24. https://​doi.​org/​10.​1016/​j.​culher.​2021.​08.​002.


	45.
Denham ST, Wambaugh MA, Brown JC. How environmental fungi cause a range of clinical outcomes in susceptible hosts. J Mol Biol. 2019;431(16):2982–3009. https://​doi.​org/​10.​1016/​j.​jmb.​2019.​05.​003.PubMedPubMedCentral


	46.
Casorri L, Masciarelli E, Ficociello B, Ietto F, Incoronato F, Luigi MD, et al. Natural substances as biocides in the fungi treatment on artistic products to protect the environment and health of restoration workers. Italian J Mycol. 2023;52:89–111. https://​doi.​org/​10.​6092/​issn.​2531-7342/​15988.


	47.
Sabatini L, Sisti M, Campana R. Evaluation of fungal community involved in the bioderioration process of wooden artworks and canvases in Montefeltro area (Marche, Italy). Microbiol Res. 2018;207:203–10. https://​doi.​org/​10.​1016/​j.​micres.​2017.​12.​003.PubMed


	48.
Londhe S, Patil S, Krishnadas K, Sawant AM, Yelchuri RK, Chada VG. Fungal diversity on decorative paints of India. Progr Org Coat. 2019;135:1–6. https://​doi.​org/​10.​1016/​j.​porgcoat.​2019.​05.​020.


	49.
Sparacello S, Gallo G, Faddetta T, Megna B, Nicotra G, Bruno B, et al. Thymus vulgaris essential oil and hydro-alcoholic solutions to counteract wooden artwork microbial colonization. Appl Sci. 2021;11(18):8704. https://​doi.​org/​10.​3390/​app11188704.


	50.
Palla F, Bruno M, Mercurio F, Tantillo A, Rotolo V. Essential oils as natural biocides in conservation of cultural heritage. Molecules. 2020;25(3):730. https://​doi.​org/​10.​3390/​molecules2503073​0.PubMedPubMedCentral


	51.
Abdel-Haliem M. The efficacy of specific essential oils on yeasts isolated from the royal tomb paintings at tanis, Egypt. Int J Conserv Sci. 2012;3:87–92.


	52.
Geweely N, Afifi H, Ibrahim D, Mahmoud M. Efficacy of essential oils on fungi isolated from archaeological objects in Saqqara excavation, Egypt. Geomicrobiology. 2019;36:1–21. https://​doi.​org/​10.​1080/​01490451.​2018.​1520938.


	53.
Sakr AA, El-Shaer MA, Ghaly MF, Abdel-Haliem MEF. Efficacy of dielectric barrier discharge (DBD) plasma in decontaminating Streptomyces colonizing specific coptic icons. J Cult Herit. 2015;16(6):848–55. https://​doi.​org/​10.​1016/​j.​culher.​2015.​02.​003.


	54.
Katušin-Ražem B, Ražem D, Braun M. Irradiation treatment for the protection and conservation of cultural heritage artefacts in Croatia. Radiat Phys Chem. 2009;78(7):729–31. https://​doi.​org/​10.​1016/​j.​radphyschem.​2009.​03.​048.


	55.
Choi J-i, Yoon M, Kim D. Gamma irradiation of cultural artifacts for disinfection using Monte Carlo simulations. Appl Rad Isotopes. 2012;70(11):2564–8. https://​doi.​org/​10.​1016/​j.​apradiso.​2012.​07.​004.


	56.
Severiano LC, Lahr FAR, Bardi MAG, Santos AC, Machado LDB. Influence of gamma radiation on properties of common Brazilian wood species used in artwork. Prog Nucl Energy. 2010;52(8):730–4. https://​doi.​org/​10.​1016/​j.​pnucene.​2010.​04.​008.


	57.
Paolino B, Sorrentino MC, Troisi J, Delli Carri M, Kiselev P, Raimondo R, et al. Lavandula angustifolia mill. for a suitable non-invasive treatment against fungal colonization on organic-media cultural heritage. Herit Sci. 2024;12(1):53. https://​doi.​org/​10.​1186/​s40494-024-01166-9.


	58.
Pop D, Timar M, Beldean E, Varodi A. Combined testing approach to evaluate the antifungal efficiency of clove (Eugenia caryophyllata) essential oil for potential application in wood conservation. BioResources. 2020;15:9474–89. https://​doi.​org/​10.​15376/​biores.​15.​4.​9474-9489.


	59.
Vovchuk CS, González Garello T, Careaga VP, Fazio AT. Promising antifungal activity of Cedrela fissilis wood extractives as natural biocides against Xylophagous fungi for wood artwork of cultural heritage. Coatings. 2024;14(2):237. https://​doi.​org/​10.​3390/​coatings14020237​.


	60.
Valdés O, Vivar I, Lavin P, Patricia G, Battistoni P, Saravia S, et al. Essential oils of plants as biocides against microorganisms isolated from cuban and argentine documentary heritage. ISRN Microbiol. 2012;2012: 826786. https://​doi.​org/​10.​5402/​2012/​826786.PubMedPubMedCentral


	61.
Ventorino V, La Storia A, Robertiello A, Corsi S, Romano I, Sannino L, et al. Fungal biodeterioration and preservation of miniature artworks. J Fungi. 2023;9(11):1054. https://​doi.​org/​10.​3390/​jof9111054.


	62.
Boniek D, Batista dos Santos AF, de Resende Stoianoff MA. Detection of Cladosporium spinulosum on an engraving by Rembrandt and susceptibility profile to eco-friendly antifungal treatments. J Basic Microbiol. 2023;63(10):1085–94. https://​doi.​org/​10.​1002/​jobm.​202300317.PubMed


	63.
Saada NS, Abdel-Maksoud G, Abd El-Aziz MS, Youssef AM. Evaluation and utilization of lemongrass oil nanoemulsion for disinfection of documentary heritage based on parchment. Biocatal Agric Biotechnol. 2020;29: 101839. https://​doi.​org/​10.​1016/​j.​bcab.​2020.​101839.


	64.
Pietrzak K, Otlewska A, Danielewicz D, Dybka K, Pangallo D, Kraková L, et al. Disinfection of archival documents using thyme essential oil, silver nanoparticles misting and low temperature plasma. J Cult Herit. 2017;24:69–77. https://​doi.​org/​10.​1016/​j.​culher.​2016.​10.​011.


	65.
Castillo I, García Guillén E, Fuente J, Silva F, Mitchell S. Preventing fungal growth on heritage paper with antifungal and cellulase inhibiting magnesium oxide nanoparticles. J Mater Chem B. 2019. https://​doi.​org/​10.​1039/​C9TB00992B.


	66.
Fouda A, Abdel-Maksoud G, Abdel-Rahman MA, Eid AM, Barghoth MG, El-Sadany MA. Monitoring the effect of biosynthesized nanoparticles against biodeterioration of cellulose-based materials by Aspergillus niger. Cellulose. 2019;26(11):6583–97. https://​doi.​org/​10.​1007/​s10570-019-02574-y.


	67.
Rusu DE, Stratulat L, Ioanid GE, Vlad AM. Cold high-frequency plasma versus afterglow plasma in the preservation of mobile cultural heritage on paper substrate. IEEE Trans Plasma Sci. 2020;48(2):410–3. https://​doi.​org/​10.​1109/​TPS.​2020.​2970227.


	68.
Vizárová K, Kaliňáková B, Tiňo R, Vajová I, Čížová K. Microbial decontamination of lignocellulosic materials with low-temperature atmospheric plasma. J Cult Herit. 2021;47:28–33. https://​doi.​org/​10.​1016/​j.​culher.​2020.​09.​016.


	69.
Vacar C, Ciorîță A, Tudoran C, Podar D, Carpa R, Leostean C, et al. Compact cold atmospheric pressure plasma cleaner suited for inhibiting bacterial biodeteriogens from paper archives. J Cult Herit. 2023;62:198–205. https://​doi.​org/​10.​1016/​j.​culher.​2023.​05.​027.


	70.
da Silva M, Moraes A, Nishikawa M, Gatti M, de Alencar MV, Brandão L, et al. Inactivation of fungi from deteriorated paper materials by radiation. Int Biodeter Biodegr. 2006;57(3):163–7. https://​doi.​org/​10.​1016/​j.​ibiod.​2006.​02.​003.


	71.
Park H-J, Oh J. Gamma and electron beam irradiation use in the control of a radiation-resistant fungus (Epicoccum nigrum) for preservation of contaminated organic artefacts of traditional heritage. Radiat Phys Chem. 2023;205: 110723. https://​doi.​org/​10.​1016/​j.​radphyschem.​2022.​110723.


	72.
Geweely NS, Soliman MM, Ali RA, Hassaneen HM, Abdelhamid IA. Novel eco-friendly [1,2,4]triazolo[3,4-a]isoquinoline chalcone derivatives efficiency against fungal deterioration of ancient Egyptian mummy cartonnage, Egypt. Arch Microbiol. 2023;205(2):57. https://​doi.​org/​10.​1007/​s00203-022-03395-7.PubMedPubMedCentral


	73.
Saada H, Othman M, Attia N, Salah M, Mohalhal H, Matsuda Y, et al. A safely green treatment of bio-deteriorated painted archaeological papyri by Wasabi. J Archaeol Sci. 2024;163: 105936. https://​doi.​org/​10.​1016/​j.​jas.​2024.​105936.


	74.
Wendt J, Indrie L, Dejeu P, Albu A, Ilies D, Costea M, et al. Natural sources in preventive conservation of naturally aged textiles. Fibres Text East Eur. 2021;29:80–5. https://​doi.​org/​10.​5604/​01.​3001.​0014.​9309.


	75.
Ilieș DC, Hodor N, Indrie L, Dejeu P, Ilieș A, Albu A, et al. Investigations of the surface of heritage objects and green bioremediation: case study of artefacts from Maramureş, Romania. Appl Sci. 2021;11(14):6643. https://​doi.​org/​10.​3390/​app11146643.


	76.
Pietrzak K, Puchalski M, Otlewska A, Wrzosek H, Guiamet P, Piotrowska M, et al. Microbial diversity of pre-Columbian archaeological textiles and the effect of silver nanoparticles misting disinfection. J Cult Herit. 2017;23:138–47. https://​doi.​org/​10.​1016/​j.​culher.​2016.​07.​007.


	77.
Sanchis CM, Bosch-Roig P, Moliner BC, Miller AZ. Antifungal properties of oregano and clove volatile essential oils tested on biodeteriorated archaeological mummified skin. J Cult Herit. 2023;61:40–7. https://​doi.​org/​10.​1016/​j.​culher.​2023.​02.​006.


	78.
Savković Ž, Stupar M, Grbić M, Vukojevic J. Comparison of anti-Aspergillus activity of Origanum vulgare L. essential oil and commercial biocide based on silver ions and hydrogen peroxide. Acta Bot Croatica. 2016;75:121–8. https://​doi.​org/​10.​1515/​botcro-2016-0011.


	79.
Fouda A, Abdel-Nasser M, Eid AM, Hassan SE-D, Abdel-Nasser A, Alharbi NK, et al. An eco-friendly approach utilizing green synthesized titanium dioxide nanoparticles for leather conservation against a fungal strain, Penicillium expansum AL1, involved in the biodeterioration of a historical manuscript. Biology. 2023;12(7):1025. https://​doi.​org/​10.​3390/​biology12071025.PubMedPubMedCentral


	80.
Lungu IB, Miu L, Cutrubinis M, Stanculescu I. Physical chemical investigation of gamma-irradiated parchment for preservation of cultural heritage. Polymers. 2023;15(4):1034. https://​doi.​org/​10.​3390/​polym15041034.PubMedPubMedCentral


	81.
Geba M, Lisa G, Ursescu CM, Olaru A, Spiridon I, Leon AL, et al. Gamma irradiation of protein-based textiles for historical collections decontamination. J Therm Anal Calorim. 2014;118(2):977–85. https://​doi.​org/​10.​1007/​s10973-014-3988-8.


	82.
Gatti L, Troiano F, Vacchini V, Cappitelli F, Balloi A. An in vitro evaluation of the biocidal effect of oregano and cloves’ volatile compounds against microorganisms colonizing an oil painting—a pioneer study. Appl Sci. 2020;11(1):78. https://​doi.​org/​10.​3390/​app11010078.


	83.
El-Feky OM, Hassan EA, Fadel SM, Hassan ML. Use of ZnO nanoparticles for protecting oil paintings on paper support against dirt, fungal attack, and UV aging. J Cult Herit. 2014;15(2):165–72. https://​doi.​org/​10.​1016/​j.​culher.​2013.​01.​012.


	84.
Elsayed Y, Shabana Y, Elmitwalli H, Rashad Y, Sreenivasaprasad P, Mabrouk N. Analytical assessment of some essential oils against common fungi isolated from Egyptian heritage part I: textiles and oil paintings. Sci Cult. 2023;9:113–25. https://​doi.​org/​10.​5281/​zenodo.​8244949.


	85.
Elsayed Y, Shabana Y. The effect of some essential oils on Aspergillus niger and Alternaria alternata infestation in archaeological oil paintings. Mediter Archaeol Archaeom. 2018;18:71–87. https://​doi.​org/​10.​5281/​zenodo.​1461616.


	86.
Elsayed Y, El-Kadi S, El-Rian M, Mabrouk N. The efficiency of microbial culture extracts as green antimicrobial products against some microorganisms colonizing the historic oil paintings. 2023. Sci Cult. https://​doi.​org/​10.​5281/​zenodo.​8283084.


	87.
Yu Y, Zhang J, Chen R, Coleine C, Liu W, Delgado-Baquerizo M, et al. Unearthing the global patterns of cultural heritage microbiome for conservation. Int Biodeterior Biodegr. 2024;190: 105784. https://​doi.​org/​10.​1016/​j.​ibiod.​2024.​105784.


	88.
Kakakhel M, Wu F, Gu J-D, Feng H, Shah K, Wang W. Controlling biodeterioration of cultural heritage objects with biocides: a review. Int Biodeterior Biodegr. 2019;143: 104721. https://​doi.​org/​10.​1016/​j.​ibiod.​2019.​104721.


	89.
Kwaśniewska D, Chen Y-L, Wieczorek D. Biological activity of quaternary ammonium salts and their derivatives. Pathogens. 2020;9(6):459. https://​doi.​org/​10.​3390/​pathogens9060459​.PubMedPubMedCentral


	90.
Merchel Piovesan Pereira B, Tagkopoulos I. Benzalkonium chlorides: uses, regulatory status, and microbial resistance. Appl Environ Microbiol. 2019;85(13):e00377-19. https://​doi.​org/​10.​1128/​AEM.​00377-19.PubMedPubMedCentral


	91.
van Ginkel CG, Kolvenbach M. Relations between the structure of quaternary alkyl ammonium salts and their biodegradability. Chemosphere. 1991;23(3):281–9. https://​doi.​org/​10.​1016/​0045-6535(91)90184-F.


	92.
Arnold WA, Blum A, Branyan J, Bruton TA, Carignan CC, Cortopassi G, et al. Quaternary ammonium compounds: a chemical class of emerging concern. Environ Sci Technol. 2023;57(20):7645–65. https://​doi.​org/​10.​1021/​acs.​est.​2c08244.PubMedPubMedCentral


	93.
Zhang C, Cui F, Zeng GM, Jiang M, Yang ZZ, Yu ZG, et al. Quaternary ammonium compounds (QACs): a review on occurrence, fate and toxicity in the environment. Sci Total Environ. 2015;518–519:352–62. https://​doi.​org/​10.​1016/​j.​scitotenv.​2015.​03.​007.PubMed


	94.
Silva V, Silva C, Soares P, Garrido EM, Borges F, Garrido J. Isothiazolinone biocides: chemistry, biological, and toxicity profiles. Molecules. 2020;25(4):991. https://​doi.​org/​10.​3390/​molecules2504099​1.PubMedPubMedCentral


	95.
Nasrabadi M, Nazarian M, Darroudi M, Marouzi S, Harifi-Mood MS, Samarghandian S, et al. Carbamate compounds induced toxic effects by affecting Nrf2 signaling pathways. Toxicol Rep. 2024;12:148–57. https://​doi.​org/​10.​1016/​j.​toxrep.​2023.​12.​004.PubMedPubMedCentral


	96.
Silberman J, Taylor A. Carbamate toxicity, StatPearls. Treasure Island: StatPearls Publishing; 2024.


	97.
Dhifi W, Bellili S, Jazi S, Bahloul N, Mnif W. Essential oils’ chemical characterization and investigation of some biological activities: a critical review. Medicines. 2016;3(4):25. https://​doi.​org/​10.​3390/​medicines3040025​.PubMedPubMedCentral


	98.
Nazzaro F, Fratianni F, Coppola R, De Feo V. Essential oils and antifungal activity. Pharmaceuticals. 2017;10(4):86. https://​doi.​org/​10.​3390/​ph10040086.PubMedPubMedCentral


	99.
Saad NY, Muller CD, Lobstein A. Major bioactivities and mechanism of action of essential oils and their components. Flavour Fragr J. 2013;28(5):269–79. https://​doi.​org/​10.​1002/​ffj.​3165.


	100.
Sezen S, Can MG, Alayla B. Essential oils and antimicrobial effects. 4th International Conference on Advances in Natural and Applied Sciences; 2019.


	101.
Stupar M, Grbić ML, Džamić A, Unković N, Ristić M, Jelikić A, et al. Antifungal activity of selected essential oils and biocide benzalkonium chloride against the fungi isolated from cultural heritage objects. South Afr J Bot. 2014;93:118–24. https://​doi.​org/​10.​1016/​j.​sajb.​2014.​03.​016.


	102.
Bahmani M, Schmidt O. Plant essential oils for environment-friendly protection of wood objects against fungi. Maderas Cienc Tecnol. 2018. https://​doi.​org/​10.​4067/​S0718-221X201800500330​1.


	103.
Rakotonirainy MS, Lavédrine B. Screening for antifungal activity of essential oils and related compounds to control the biocontamination in libraries and archives storage areas. Int Biodeterior Biodegr. 2005;55(2):141–7. https://​doi.​org/​10.​1016/​j.​ibiod.​2004.​10.​002.


	104.
Lavin P, Saravia S, Patricia G. Scopulariopsis sp. and Fusarium sp. in the documentary heritage: evaluation of their biodeterioration ability and antifungal effect of two essential oils. Microb Ecol. 2016. https://​doi.​org/​10.​1007/​s00248-015-0688-2.PubMed


	105.
Fierascu I, Ion R-M, Radu M, Dima Ş-O, Suica-Bunghez I-R, Avramescu S, et al. Comparative study of antifungal effect of natural extracts and essential oils of Ocimum basilicum on selected artefacts. Rev Roum Chim. 2014;59:207–11.


	106.
Menicucci F, Palagano E, Michelozzi M, Ienco A. Essential oils for the conservation of paper items. Molecules. 2023;28(13):5003. https://​doi.​org/​10.​3390/​molecules2813500​3.PubMedPubMedCentral


	107.
Tomić A, Šovljanski O, Nikolić V, Pezo L, Aćimović M, Cvetković M, et al. Screening of antifungal activity of essential oils in controlling biocontamination of historical papers in archives. Antibiotics. 2023;12(1):103. https://​doi.​org/​10.​3390/​antibiotics12010​103.PubMedPubMedCentral


	108.
Díaz-Alonso J, Bernardos A, Regidor-Ros J, Martínez-Máñez R, Bosch-Roig P. Innovative use of essential oil cold diffusion system for improving air quality on indoor cultural heritage spaces. Int Biodeterior Biodegr. 2021;162: 105251. https://​doi.​org/​10.​1016/​j.​ibiod.​2021.​105251.


	109.
Corbu VM, Gheorghe-Barbu I, Marinas IC, Avramescu SM, Pecete I, Geanǎ EI, et al. Eco-friendly solution based on Rosmarinus officinalis hydro-alcoholic extract to prevent biodeterioration of cultural heritage objects and buildings. Int J Mol Sci. 2022;23(19):11463. https://​doi.​org/​10.​3390/​ijms231911463.PubMedPubMedCentral


	110.
Bosco F, Mollea C, Demichela M, Fissore D. Application of essential oils to control the biodeteriogenic microorganisms in archives and libraries. Heritage. 2022;5(3):2181–95. https://​doi.​org/​10.​3390/​heritage5030114.


	111.
Vettraino AM, Zikeli F, Humar M, Biscontri M, Bergamasco S, Romagnoli M. Essential oils from Thymus spp. as natural biocide against common brown- and white-rot fungi in degradation of wood products: antifungal activity evaluation by in vitro and FTIR analysis. Eur J Wood Prod. 2023;81(3):747–63. https://​doi.​org/​10.​1007/​s00107-022-01914-3.


	112.
Antonelli F, Bartolini M, Plissonnier M-L, Esposito A, Galotta G, Ricci S, et al. Essential oils as alternative biocides for the preservation of waterlogged archaeological wood. Microorganisms. 2020;8(12):2015. https://​doi.​org/​10.​3390/​microorganisms81​22015.PubMedPubMedCentral


	113.
Zhan J, He F, Cai H, Wu M, Xiao Y, Xiang F, et al. Composition and antifungal mechanism of essential oil from Chrysanthemum morifolium cv. Fubaiju. J Funct Foods. 2021;87:104746. https://​doi.​org/​10.​1016/​j.​jff.​2021.​104746.


	114.
Yuan T, Hua Y, Zhang D, Yang C, Lai Y, Li M, et al. Efficacy and antifungal mechanism of rosemary essential oil against Colletotrichum gloeosporioides. Forests. 2024;15(2):377. https://​doi.​org/​10.​3390/​f15020377.


	115.
Tian J, Ban X, Zeng H, He J, Chen Y, Wang Y. The mechanism of antifungal action of essential oil from dill (Anethum graveolens L.) on Aspergillus flavus. PloS one. 2012;7(1): e30147. https://​doi.​org/​10.​1371/​journal.​pone.​0030147.PubMedPubMedCentral


	116.
Nieto G. Biological activities of three essential oils of the Lamiaceae family. Medicines. 2017;4(3):63. https://​doi.​org/​10.​3390/​medicines4030063​.PubMedPubMedCentral


	117.
Pelczar MJ, Chan ECS, Krieg NR. Microbiology: concepts and applications. New York: McGraw-Hill; 1993. p. 1.


	118.
Danuta K, Kunicka-Styczyńska A. Antibacterial and antifungal properties of essential oils. Curr Med Chem. 2003;10:813–29. https://​doi.​org/​10.​2174/​0929867033457719​.


	119.
Macchia A, Aureli H, Prestileo F, Ortenzi F, Sellathurai S, Docci A, et al. In-situ comparative study of eucalyptus, basil, cloves, thyme, pine tree, and tea tree essential oil biocide efficacy. Methods Prot. 2022;5(3):37. https://​doi.​org/​10.​3390/​mps5030037.


	120.
Benedetta Paolino LB, Antonia L, Maria Fernanda FM, Oliviero M, Maria CS, Ernesto L, Severina P. Water-based natural extracts for the treatment of fungal colonization on artworks. 2023.


	121.
Barbero-López A, Monzó-Beltrán J, Virjamo V, Akkanen J, Haapala A. Revalorization of coffee silverskin as a potential feedstock for antifungal chemicals in wood preservation. Int Biodeter Biodegr. 2020;152:105011. https://​doi.​org/​10.​1016/​j.​ibiod.​2020.​105011.


	122.
Wuthi-udomlert M, Kupittayanant P, Gritsanapan W. In vitro evaluation of antifungal activity of anthraquinone derivatives of Senna alata. J Health Res. 2010;24(3):117–22.


	123.
Mattos AP, Povh FP, Rissato BB, Schwan VV, Schwan-Estrada KR. In vitro antifungal activity of plant extracts, hydrolates and essential oils of some medicinal plants and control of cucumber anthracnose. Eur J Med Plants. 2019;28(4):1–9. https://​doi.​org/​10.​9734/​ejmp/​2019/​v28i430139.


	124.
Revuelta MV, Bogdan S, Gámez-Espinosa E, Deyá MC, Romagnoli R. Green antifungal waterborne coating based on essential oil microcapsules. Prog Org Coat. 2021;151: 106101. https://​doi.​org/​10.​1016/​j.​porgcoat.​2020.​106101.


	125.
Campanella L, Angeloni R, Cibin F, Dell’Aglio E, Grimaldi F, Reale R, et al. Capsulated essential oil in gel spheres for the protection of cellulosic cultural heritage. Nat Prod Res. 2021;35(1):116–23. https://​doi.​org/​10.​1080/​14786419.​2019.​1616726.PubMed


	126.
Menicucci F, Palagano E, Michelozzi M, Cencetti G, Raio A, Bacchi A, et al. Effects of trapped-into-solids volatile organic compounds on paper biodeteriogens. Int Biodeterior Biodegr. 2022;174: 105469. https://​doi.​org/​10.​1016/​j.​ibiod.​2022.​105469.


	127.
Franco-Castillo I, Hierro L, de la Fuente JM, Seral-Ascaso A, Mitchell SG. Perspectives for antimicrobial nanomaterials in cultural heritage conservation. Chem. 2021;7(3):629–69. https://​doi.​org/​10.​1016/​j.​chempr.​2021.​01.​006.


	128.
De Filpo G, Palermo AM, Munno R, Molinaro L, Formoso P, Nicoletta FP. Gellan gum/titanium dioxide nanoparticle hybrid hydrogels for the cleaning and disinfection of parchment. Int Biodeterior Biodegr. 2015;103:51–8. https://​doi.​org/​10.​1016/​j.​ibiod.​2015.​04.​012.


	129.
Castillo IF, De Matteis L, Marquina C, Guillén EG, Martínez de la Fuente J, Mitchell SG. Protection of 18th century paper using antimicrobial nano-magnesium oxide. Int Biodeter Biodegr. 2019;141:79–86. https://​doi.​org/​10.​1016/​j.​ibiod.​2018.​04.​004.


	130.
Luo Z, Dong K, Guo M, Lian Z, Zhang B, Wei W. Preparation of zinc oxide nanoparticles-based starch paste and its antifungal performance as a paper adhesive. Starch - Stärke. 2018;70(7–8):1700211. https://​doi.​org/​10.​1002/​star.​201700211.


	131.
Giorgi R, Bozzi C, Dei L, Gabbiani C, Ninham BW, Baglioni P. Nanoparticles of Mg(OH)2: synthesis and application to paper conservation. Langmuir. 2005;21(18):8495–501. https://​doi.​org/​10.​1021/​la050564m.PubMed


	132.
Gutarowska B, Rembisz D, Zduniak K, Skóra J, Szynkowska M, Gliścińska E, et al. Optimization and application of the misting method with silver nanoparticles for disinfection of the historical objects. Int Biodeterior Biodegr. 2012;75:167–75. https://​doi.​org/​10.​1016/​j.​ibiod.​2012.​10.​002.


	133.
Corbu VM, Dumbravă AŞ, Marinescu L, Motelica L, Chircov C, Surdu AV, et al. Alternative mitigating solutions based on inorganic nanoparticles for the preservation of cultural heritage. Front Mater. 2023;10:1272869. https://​doi.​org/​10.​3389/​fmats.​2023.​1272869.


	134.
Harandi D, Ahmadi H, Mohammadi AM. Comparison of TiO2 and ZnO nanoparticles for the improvement of consolidated wood with polyvinyl butyral against white rot. Int Biodeterior Biodegr. 2016;108:142–8. https://​doi.​org/​10.​1016/​j.​ibiod.​2015.​12.​017.


	135.
Oliva R, Salvini A, Di Giulio G, Capozzoli L, Fioravanti M, Giordano C, et al. TiO2-Oligoaldaramide nanocomposites as efficient core-shell systems for wood preservation. J Appl Polym Sci. 2015. https://​doi.​org/​10.​1002/​app.​42047.


	136.
Eskani IN, Astuti W, Farida, Haerudin A, Setiawan J, Lestari DW, et al. Antibacterial activities of synthesised Zno nanoparticles applied on reactive dyed batik fabrics. J Text Inst. 2022;113(3):430–9. https://​doi.​org/​10.​1080/​00405000.​2021.​1883907.


	137.
Abdel-Maksoud G, Gaballah S, Youssef AM, Eid AM, Sultan MH, Fouda A. Eco-friendly approach for control of fungal deterioration of archaeological skeleton dated back to the Greco-Roman period. J Cult Herit. 2023;59:38–48. https://​doi.​org/​10.​1016/​j.​culher.​2022.​11.​005.


	138.
Kanth AP, Soni AK. Application of nanocomposites for conservation of materials of cultural heritage. J Cult Herit. 2023;59:120–30. https://​doi.​org/​10.​1016/​j.​culher.​2022.​11.​010.


	139.
Carrapiço A, Martins MR, Caldeira AT, Mirão J, Dias L. Biosynthesis of metal and metal oxide nanoparticles using microbial cultures: mechanisms, antimicrobial activity and applications to cultural heritage. Microorganisms. 2023;11(2):378. https://​doi.​org/​10.​3390/​microorganisms11​020378.PubMedPubMedCentral


	140.
Amiri MR, Alavi M, Taran M, Kahrizi D. Antibacterial, antifungal, antiviral, and photocatalytic activities of TiO2 nanoparticles, nanocomposites, and bio-nanocomposites: recent advances and challenges. J Public Health Res. 2022. https://​doi.​org/​10.​1177/​2279903622110415​1.


	141.
De Filpo G, Palermo AM, Rachiele F, Nicoletta FP. Preventing fungal growth in wood by titanium dioxide nanoparticles. Int Biodeterior Biodegr. 2013;85:217–22. https://​doi.​org/​10.​1016/​j.​ibiod.​2013.​07.​007.


	142.
Afsharpour M, Imani S. Preventive protection of paper works by using nanocomposite coating of zinc oxide. J Cult Herit. 2017;25:142–8. https://​doi.​org/​10.​1016/​j.​culher.​2016.​12.​007.


	143.
Gutarowska B, Skora J, Zduniak K, Rembisz D. Analysis of the sensitivity of microorganisms contaminating museums and archives to silver nanoparticles. Int Biodeterior Biodegr. 2012;68:7–17. https://​doi.​org/​10.​1016/​j.​ibiod.​2011.​12.​002.


	144.
Gutarowska B, Pietrzak K, Machnowski W, Danielewicz D, Szynkowska-Jóźwik M, Konca P, et al. Application of silver nanoparticles for disinfection of materials to protect historical objects. Curr Nanosci. 2014. https://​doi.​org/​10.​2174/​1573413711309666​0121.


	145.
Fouda A, Abdel-Maksoud G, Abdel-Rahman MA, Salem SS, Hassan SE-D, El-Sadany MA-H. Eco-friendly approach utilizing green synthesized nanoparticles for paper conservation against microbes involved in biodeterioration of archaeological manuscript. Int Biodeter Biodegr. 2019;142:160–9. https://​doi.​org/​10.​1016/​j.​ibiod.​2019.​05.​012.


	146.
Dimitrić N, Spremo N, Vraneš M, Belić S, Karaman M, Kovačević S, et al. New protic ionic liquids for fungi and bacteria removal from paper heritage artefacts. RSC Adv. 2019;9(31):17905–12. https://​doi.​org/​10.​1039/​C9RA03067K.PubMedPubMedCentral


	147.
Anna K, Agnieszka WR, Anna K, Agnieszka WR. Application of ionic liquids in paper properties and preservation. Progress and developments in ionic liquids. London: IntechOpen; 2017.


	148.
Schmitz K, Wagner S, Reppke M, Maier CL, Windeisen-Holzhauser E, Benz JP. Preserving cultural heritage: analyzing the antifungal potential of ionic liquids tested in paper restoration. PLoS ONE. 2019;14(9): e0219650. https://​doi.​org/​10.​1371/​journal.​pone.​0219650.PubMedPubMedCentral


	149.
Kaur N, Mithu VS, Kumar S. A review on (eco)toxicity of ionic liquids and their interaction with phospholipid membranes. J Mol Liq. 2024;397: 124095. https://​doi.​org/​10.​1016/​j.​molliq.​2024.​124095.


	150.
Teixeira FS, dos Reis TA, Sgubin L, Thomé LE, Bei IW, Clemencio RE, et al. Disinfection of ancient paper contaminated with fungi using supercritical carbon dioxide. J Cult Herit. 2018;30:110–6. https://​doi.​org/​10.​1016/​j.​culher.​2017.​09.​009.


	151.
Macchia A, Strangis R, De Angelis S, Cersosimo M, Docci A, Ricca M, et al. editors. Deep Eutectic Solvents (DESs): first results obtained from their application as biocides in the field of Cultural Heritage. In: 2022 IMEKO TC4 International Conference on Metrology for Archaeology and Cultural Heritage; 2023 2023. Consenza: IMEKO.


	152.
Ioanid EG, Ioanid A, Rusu DE, Popescu CM, Stoica I. Surface changes upon high-frequency plasma treatment of heritage photographs. J Cult Herit. 2011;12(4):399–407. https://​doi.​org/​10.​1016/​j.​culher.​2011.​04.​002.


	153.
Li Q, Xi S, Zhang X. Deacidification of paper relics by plasma technology. J Cult Herit. 2014;15(2):159–64. https://​doi.​org/​10.​1016/​j.​culher.​2013.​03.​004.


	154.
Jiao R, Sun F, Zeng S, Li J. Application of low-temperature plasma for the conservation of cultural heritage: a brief review. J Cult Herit. 2023;63:240–8. https://​doi.​org/​10.​1016/​j.​culher.​2023.​08.​009.


	155.
Vohrer U, Trick I, Bernhardt J, Oehr C, Brunner H. Plasma treatment — an increasing technology for paper restoration? Surf Coat Technol. 2001;142–144:1069–73. https://​doi.​org/​10.​1016/​S0257-8972(01)01280-4.


	156.
Laguardia L, Vassallo E, Cappitelli F, Mesto E, Cremona A, Sorlini C, et al. Investigation of the effects of plasma treatments on biodeteriorated ancient paper. Appl Surf Sci. 2005;252(4):1159–66. https://​doi.​org/​10.​1016/​j.​apsusc.​2005.​02.​045.


	157.
Krstulović N, Bielen A, Mudronja D, Babić I, Krstulovic N. The PlasmaArt project—application of atmospheric-pressure plasma jets in conservation-restoration of wooden objects. Portal. 2019. https://​doi.​org/​10.​17018/​portal.​2018.​10.


	158.
Baccaro S, Cemmi A. Radiation activities and application of ionizing radiation on cultural heritage at ENEA Calliope gamma facility (Casaccia R.C., Rome, Italy). Nukleonika. 2017;62(4):261–7. https://​doi.​org/​10.​1515/​nuka-2017-0038.


	159.
Moise IV, Ene M, Negut CD, Cutrubinis M, Manea MM. Radiation processing for cultural heritage preservation – Romanian experience. Nukleonika. 2017;62(4):253–60. https://​doi.​org/​10.​1515/​nuka-2017-0037.


	160.
Cortella L, Albino C, Tran Q-K, Froment K. 50 years of French experience in using gamma rays as a tool for cultural heritage remedial conservation. Radiat Phys Chem. 2020;171:108726. https://​doi.​org/​10.​1016/​j.​radphyschem.​2020.​108726.


	161.
Harrell CR, Djonov V, Fellabaum C, Volarevic V. Risks of using sterilization by gamma radiation: the other side of the coin. Int J Med Sci. 2018;15(3):274–9. https://​doi.​org/​10.​7150/​ijms.​22644.PubMedPubMedCentral


	162.
Manea MM, Negut CD, Stanculescu IR, Ponta CC. Irradiation effects on canvas oil painting: spectroscopic observations. Radiat Phys Chem. 2012;81(10):1595–9. https://​doi.​org/​10.​1016/​j.​radphyschem.​2012.​04.​008.


	163.
Rizzo M, Machado L, Borrely S, Sampa M, Rela P, Farah JPS, et al. Effects of gamma rays on a restored painting from the XVIIth century. Radiat Phys Chem. 2002;63(3–6):259–62.


	164.
Negut C-D, Bercu V, Duliu O-G. Defects induced by gamma irradiation in historical pigments. J Cult Herit. 2012;13(4):397–403. https://​doi.​org/​10.​1016/​j.​culher.​2012.​01.​002.


	165.
Lima LMPR, Kodama Y, Baitello JB, Otubo L, de Souza SP, Vasquez PAS. Effects of ionizing radiation decontamination on botanical collections in herbaria. Radiat Phys Chem. 2023;202: 110561. https://​doi.​org/​10.​1016/​j.​radphyschem.​2022.​110561.


	166.
Vieira ACD, Kodama Y, Otubo L, de Souza Santos P, Salvador PAV. Effect of ionizing radiation on the color of featherwork. Braz J Radiat Sci. 2021. https://​doi.​org/​10.​15392/​bjrs.​v9i1A.​1367.


	167.
Drábková K, Ďurovič M, Kučerová I. Influence of gamma radiation on properties of paper and textile fibres during disinfection. Radiat Phys Chem. 2018;152:75–80. https://​doi.​org/​10.​1016/​j.​radphyschem.​2018.​07.​023.


	168.
Nagai MLE, de Souza SP, Otubo L, Oliveira MJA, Vasquez PAS. Gamma and electron beam irradiation effects for conservation treatment of cellulose triacetate photographic and cinematographic films. Radiat Phys Chem. 2021;182: 109395. https://​doi.​org/​10.​1016/​j.​radphyschem.​2021.​109395.


	169.
Moise IV, Manea MM, Vasilca S, Pintilie C, Virgolici M, Cutrubinis M, et al. The crosslinking behaviour of cellulose in gamma irradiated paper. Polym Degrad Stab. 2019;160:53–9. https://​doi.​org/​10.​1016/​j.​polymdegradstab.​2018.​12.​005.


	170.
Moise IV, Virgolici M, Negut CD, Manea M, Alexandru M, Trandafir L, et al. Establishing the irradiation dose for paper decontamination. Radiat Phys Chem. 2012;81(8):1045–50.


	171.
Moise IV, Stanculescu I, Meltzer V. Thermogravimetric and calorimetric study of cellulose paper at low doses of gamma irradiation. J Therm Anal Calorim. 2014;115(2):1417–25. https://​doi.​org/​10.​1007/​s10973-013-3476-6.


	172.
Cemmi A, Di Sarcina I, D’Orsi B. Gamma radiation-induced effects on paper irradiated at absorbed doses common for cultural heritage preservation. Radiat Phys Chem. 2023;202: 110452. https://​doi.​org/​10.​1016/​j.​radphyschem.​2022.​110452.


	173.
Marušić K, Mlinarić NM, Mihaljević B. Radiation treatment of cultural heritage objects made of leather treated with common preservatives. Radiat Phys Chem. 2022;197: 110126. https://​doi.​org/​10.​1016/​j.​radphyschem.​2022.​110126.


	174.
Marušić K, Klarić MŠ, Sinčić L, Pucić I, Mihaljević B. Combined effects of gamma-irradiation, dose rate and mycobiota activity on cultural heritage–Study on model paper. Radiat Phys Chem. 2020;170: 108641.


	175.
Bicchieri M, Monti M, Piantanida G, Sodo A. Effects of gamma irradiation on deteriorated paper. Radiat Phys Chem. 2016;125:21–6. https://​doi.​org/​10.​1016/​j.​radphyschem.​2016.​03.​005.


	176.
Magaudda G. The recovery of biodeteriorated books and archive documents through gamma radiation: some considerations on the results achieved. J Cult Herit. 2004;5(1):113–8. https://​doi.​org/​10.​1016/​j.​culher.​2003.​07.​003.


	177.
Kavkler K, Pucić I, Zalar P, Demšar A, Mihaljević B. Is it safe to irradiate historic silk textile against fungi? Radiat Phys Chem. 2018;150:101–10. https://​doi.​org/​10.​1016/​j.​radphyschem.​2018.​04.​030.


	178.
Vujcic I, Masic S, Medic M, Milicevic B, Dramicanin M. The influence of gamma irradiation on the color change of wool, linen, silk, and cotton fabrics used in cultural heritage artifacts. Radiat Phys Chem. 2019;156:307–13. https://​doi.​org/​10.​1016/​j.​radphyschem.​2018.​12.​001.


	179.
Severiano L, Rocco Lahr F, Bardi M, Machado L. Evaluation of the effects of gamma radiation on thermal properties of wood species used in Brazilian artistic and cultural heritage. J Therm Anal Calorim. 2011;106:783–6. https://​doi.​org/​10.​1007/​s10973-011-1840-y.


	180.
Mazzuca C, Carbone M, Cancelliere R, Prati S, Sciutto G, Mazzeo R, et al. A new analytical approach to characterize the effect of γ-ray sterilization on wood. Microchem J. 2018;143:493–502. https://​doi.​org/​10.​1016/​j.​microc.​2018.​08.​001.




Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Greener solutions for biodeterioration of organic-media cultural heritage: where are we?


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40494_2024_1442_Fig2_HTML.png
biocide treatment

Natural Extract

Nanomaterial

Plasma

Tonic Liquids

Gamma Radiation

Other

O Paper & Parchment
OPhotographic Material
OWooden Materials
OCanvas Painting

O Archeological Manufacts
DOTextile

OOther manufact

10 20 30 40 50

number of publications





OEBPS/images/40494_2024_1442_Fig3_HTML.png
treatment

Natural Extract

Nanomaterial

Plasma

Ionic Liquids

Gamma Radiation

OTheorical
Binvitro
OCase Study

0 10 20 30

number of publications





OEBPS/images/40494_2024_1442_Figb_HTML.gif





OEBPS/images/40494_2024_1442_Figc_HTML.gif





OEBPS/images/40494_2024_1442_Fig4_HTML.jpg





OEBPS/css/envelope.png





OEBPS/images/40494_2024_1442_Fig1_HTML.png
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

ONatural Extract
ONanomaterial
OPlasma

oOlonic Liquids

O Gamma Radiation

10

15

20 25
publications per year

30

2011 /

2012

2013

2014






OEBPS/css/sidebar.gif





OEBPS/images/40494_2024_1442_Figa_HTML.gif





