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Microorganisms often cause significant damage on historical objects. The archive or library materials as well as textile or leather artifacts suffer serious attacks that need appropriate care treatments. Several biocide processes have been implemented but often their application does not preserve the material of the good. The objective of this work is the disinfection through ionizing radiation of leather wallpaper from the museum building Palazzo Chigi in Ariccia (Rome, Italy). The controlled sterilization treatments were carried out using X-ray beams to eliminate the microorganisms present on the leather and maintaining unchanged the properties of the constituent material. Some fragments of decorated leather wallpaper, dating back to the 1700s, were irradiated with X-rays up to 5,000 Gy. The amount of microorganisms was evaluated by microbiological analysis before and after X-ray irradiation treatments to identify the dose that inhibits the bacterial load. It will be shown how the results obtained by the application of different chemical-physical techniques (Scanning Electron Microscopy, Fourier Transform Infrared spectroscopy and Light Transmission Analysis) have helped in the evaluation of the impact of the X-rays on leather chemical and physical integrity.
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INTRODUCTION

The Palazzo Chigi of Ariccia (Rome) is an ancient residence of princes having the rooms enriched and decorated with precious seventeenth-century leather products: worked and printed leather with decorative motifs used in the form of panels for furnishing. The wallpapers in impressed leather are commonly called “cordovani,” from the manufacturing arts imported to Cordoba, Spain, from the east. These wallpapers still cover the walls of many rooms of the building and are a unique case in this genre (Petrucci, 2014). The whole covered rooms of the Palazzo Chigi and the numerous fragmented and incomplete wallpapers preserved in their archives could constitute a real “leather museum” (with pieces that can also be traced back to different types of use: table covers, for “dresser beds,” chair covers, valances, hat covers, etc.).

The realization of leather wallpapers dates back to ancient times and had a slow decline during the eighteenth century (replaced by fabrics and then printed papers): at the end of the century it seems that laboratories were active only in Barcelona, Mechelen, Venice, and Amsterdam (Contadini, 1989).

As most of the collagen-based artifacts, leather is frequently involved in bio-deterioration caused by microorganisms (Strzelczyk et al., 1989). The non-adequate environmental conditions of artifacts conservation constitute a crucial factor in the promotion and development of the bio-deterioration favored, in particular, by altered values of temperature and/or relative humidity (Strzelczyk et al., 1987, 1997; Montanari et al., 2012). The bio-deteriorating agents can cause structural and chromatic alterations inducing hydrolysis of the collagen fibers, modifying the leather's inorganic components, producing pigments, and organic acids causing chromatic alteration or discolouration of the support (Pinzari et al., 2012; Piñar et al., 2015a,b; Cicero et al., 2018; Mercuri et al., 2018). In some cases, they induce the crack and the partial detachments of the surface layers (Migliore et al., 2017, 2019).

High energy irradiation is a powerful tool for disinfection: archived and retained artifacts can be attacked and destroyed by microorganisms but they can be successfully treated in irradiation facilities, conventionally made with Co-60 gamma-ray sources (Adamo et al., 1998, 2001; Magaudda, 2004; da Silva et al., 2006; D'Almeida et al., 2009; Nunes et al., 2012; Sendrea et al., 2015, 2017).

Recently, the possibility to employ the X-rays to inhibit the microbial growth on bio-deteriorated parchment artifacts has been presented (Vadrucci et al., 2019a). The encouraging results obtained on this kind of collagenous material are due to the possibility to operate with a minimal intervention, the non-contact method and to reach the inside of 3-dimension items, by the high penetration power of the beams. All that suggests the possibility that X-ray irradiation treatment could be employed as a sterilization method more efficacious in terms of germicidal power, lowering of exposition time, better preservation of the substrate and less interference of the environment (powder, humiditiy) also in the case of the historical leather coming from the Palazzo Chigi of Ariccia.

Within the ADAMO project (developed thanks to the Excellence's Center of the Technological District for Culture (DTC) of Regione Lazio), it has been possible to perform biodeteriogens removal campaigns by the use of X-ray irradiation as efficacious, non-toxic and non-invasive system to inhibit bio-degradation and, at the same time, to make the characterization of the chromatic richness (Fantoni et al., 2019; Iorio et al., 2019; Vadrucci et al., 2019b).

The developed analytical methodology will be presented and discussed. The use of the nuclear technique for the bacterial growth inhibition on historical artcraft employing low dose levels, the use of microbiology procedures to control biodeteriogens and the use of surface and bulk physical analysis for material monitoring and characterization will be described in order to test the applicability of the irradiation treatment on these historical leathers.

Fragments of leather wall coverings were subjected to X-ray irradiation that inhibits bacterial growth at doses lower than 1 kGy which did not affect the characteristics of the substrate, as shown by the physical analysis carried out for the material monitoring.



MATERIALS AND METHODS


Artifacts Description

The leather wallpapers in the Palazzo Chigi have been designed to furnish the home. They have been made with “green and gold,” “red and gold,” “red, green,” and “gold and silver” decorations, showing patterns from the Renaissance tradition in the Venetian manner, or embossed in the Dutch manner.

Many fragments of the leather panels are widespread on the antiquarian market and others are preserved in the warehouse halls where restoration laboratories were set up. Some of the pieces not worked by the restorers were made available for this work. They were all placed together in shelves not exposed to the sun but certainly not in optimal storage conditions.

The dimensions of the fragments that were the object of our research were a few tens of cm2.



Isolation and Characterization of Bacterial Strains

Bacteria from the leather samples were collected using sterile cotton swabs and then placed in sterile tube containing 2 mL of Nutrient Broth (NB) and finally incubated in laboratory at 30°C for 24 h. The collected samples were then plated on NB agar plates and, after further incubation at 30°C for 24 h, morphologically different colonies were purified.

DNA was extracted and amplified according to Bergkessel and Guthrie (2013). A region of about 1,400 bp from the 16S rRNA gene was amplified using the primers F8 (5′-AGAGTTTGATCCTGGCTCAG-3′) and R1492 (5′-GGTTACCTTGTTACGACTT-3′). The PCR reaction was performed utilizing the Taq DNA polymerase from Accuzyme DNA Polymerase (Bioline). BMR Genomics (Padova, Italy) sequenced the amplified region and the obtained sequences were analyzed with BLAST database. Bacterial strains isolated from the leather wallpapers and used in this study were the Gram-positive Bacillus cereus (Accession number: MN173590) and the Gram-negative Massilia timonae (Accession number: MN173589). They were grown in 2 mL of NB at 30°C overnight.

Antibiotic susceptibility tests were performed according to Schifano et al. (2019). One hundred microliters of overnight cultures of B. cereus or M. timonae were spread onto NB agar plates, in which the antibiotic discs were placed. The plates were then incubated for 24 h at 30°C. The zones of inhibition were measured from the center of the disc and recorded.

The biofilm formation was evaluated according to Zanni et al. (2017) with some differences: each well was filled with 200 μL of NB broth and B. cereus or M. timonae (1 × 107 cells/mL) in triplicate. Wells without bacteria were utilized as controls. Next, plates were incubated at 30°C for 24 h and Crystal Violet assay was performed. Absorbance at 600 nm was then measured by using a multiplate reader (Promega, GloMax multi+detection system). The experiment was repeated three times in triplicates.

Preparation of bio-deteriorated leather samples for irradiation treatments is performed cutting 1 × 1 cm2 pieces from the original leather fragment, than UV sterilized in both sides and stored in 3.5 cm Petri dishes at room-temperature until the load of bacteria for the irradiation tests (Figure 1A).
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FIGURE 1. Leather specimens coming from Chigi Palace, Ariccia (Italy) and REX Irradiation System. (A) Fragment of ancient Spanish leather; (B) scheme of the REX facility and the irradiation geometrical layout set for experimental campaigns of leather treatment; (C) View of the irradiation layout inside the treatment chamber of the REX Source.




Irradiation Treatment

The irradiation care treatments were performed using the new REX source capable of emitting MeV energy X-ray beams (Vadrucci et al., 2019c). The REX setup consists of a linear electron accelerator, an irradiation chamber and a removable X-rays/electrons conversion system (Figures 1B,C).

The accelerator conditions used for the irradiation treatment were: 3 μs pulse length, 20 Hz repetition rate, and 120 mA output peak current. The X-rays dose and the dose rate measurements were performed by a parallel plate ionization chamber (mod. PPC05 from IBA). The samples were irradiated with different doses as indicated.



Antimicrobial Tests

Microbiological analysis were used to compare the total microbial count of bacteria cells before (untreated control samples, Ctr) and after (treated samples, Tr) the irradiation treatment; each dose was tested on three leathers fragment replicates. Liquid cultures of bacterial cells were spotted on specimens at the concentration of 7 × 103 cells/mL. After the irradiation, the microbes were collected by dipping the leather samples in 2 mL of PBS 1X, shaked for 2 min and spread an aliquot on the NB solid media. Plating was performed in triplicate and the microbial colonies on the plates were counted after 24 h at 25 ± 2°C. The differences in the colonization rate (in percentage) between untreated control samples and treated samples were statistically investigated by one-way ANOVA analysis with the Bonferroni post-test (GraphPad Prism 4.0 software, *p < 0.05, **p < 0.01, and ***p < 0.001).



Physical Analysis for Material Monitoring
 
Scanning Electron Microscopy Analysis

Scanning Electron Microscopy (SEM) was employed in order to evaluate morphological changes in the collagen fibers networking.

The microscopic analysis has been performed using a Zeiss Auriga Field Emission SEM (FE-SEM). In order to prevent charging, before each imaging session samples were sputter coated with a 30 nm Cr layer. The images were acquired at an accelerating voltage of 3 keV, using 1 kX and 5 kX magnifications. In order to evaluate the effects of the irradiation treatment on leather, SEM investigations have been performed on both pristine and irradiated specimens (untreated, 750, 1,000, and 5,000 Gy).



Fourier Transform Infrared Spectroscopy Attenuated Total Reflectance

The Fourier Transformed Infrared spectroscopy in the Attenuated Total Reflectance mode (FTIR-ATR) was used as surface technique to monitor the variations in secondary structures of the collagen protein in order to determine the variations induced by the deterioration processes eventually occurring in the sample after being irradiated (Badea et al., 2012).

FTIR absorption spectra were acquired on a Thermo-Scientific (mod. Is50) instrument (Thermo Scientific Inc., Madison WI) in Attenuated Total Reflectance (ATR) mode using a one reflection diamond cell, on which the sample was located during the measurement. Spectra were recorded from 4,000 to 750 cm−1, mediating over 32 scans with a resolution of 2 cm−1.



Light Transmission Analysis

The irradiated samples have been investigated also by the Light Transmission Analysis (LTA) (Cicero et al., 2019), as additional bulk analysis of the damage induced by the irradiations on the leather substrate, in order to determine the denaturation temperature, a parameter related to the deterioration degree of the collagenous material (Vadrucci et al., 2019a).

LTA was employed to analyze the hydrothermal denaturation process of the collagen fibers before and after irradiation procedure. The employed experimental configuration allows to characterize the phenomenon both in a qualitative and in a quantitative way enabling the imaging evaluation of the variations induced in the sample during the hydrothermal denaturation and, simultaneously, the recording of the variations of the optical properties of the investigated sample (Mercuri et al., 2016).





RESULTS

In the following, the results obtained on the evaluation of the sterilization technique by X-ray irradiation as an alternative to the use of chemical biocides on historical leather artifacts are presented. The identification and characterization of the bacterial species together with their ability to form biofilms are reported. The data collected on the leather substrates subjected to increasing X-ray doses of the sterilization treatment are shown through the analysis carried out with the techniques presented in the previous paragraph.


Identification and Characterization of Bacterial Strains From Leather Samples

Different bacterial colonies were isolated from leather wallpaper of Palazzo Chigi in Ariccia and identified at the molecular level by the amplification of 16S rDNA. Among them, the comparison of the obtained sequences with those held in BLAST database allowed to identify the Gram-positive Bacillus cereus, and the Gram-negative Massilia timonae, which are involved in bio-deterioration, as reported in many works (Herrera and Videla, 2004; Jroundi et al., 2017). Antibiotic susceptibility test was performed using a panel of 20 antibiotics, including inhibitors of cell wall synthesis, protein synthesis, nucleic acid synthesis, and the results are reported in Table 1. The bacterial strains resulted resistant to different types of molecules, with M. timonae more resistant than B. cereus.


Table 1. Antibiotic susceptibility of B. cereus and M. timonae.
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Evaluation of Biofilm Formation

The biodegradation of cultural heritage is mainly caused by the ability of microorganisms to form biofilms (Rivera et al., 2018). Indeed, bacteria can aggregate and adhere to a surface, forming a group of cells producing an extracellular matrix composed of DNA, proteins and polysaccharides. In these biofilms, microorganisms resist to adverse abiotic conditions (Dakal and Cameotra, 2012) and their metabolic activity, such as production of organic and inorganic acids, contributes to decay of different substrates (Scheerer et al., 2009; Sterflinger and Piñar, 2013). The biofilm on plastic surface was quantified after 24 h by Crystal Violet method. The biofilm formation capacity of B. cereus is about 80% lower than M. timonae (Figure 2A).


[image: Figure 2]
FIGURE 2. Evaluation of biofilm formation and cell viability after irradiation. (A) Biofilm formation capacity of B. cereus and M. timonae after 24 h of incubation at 30°C. For statistical analysis one-way ANOVA method coupled with the Bonferroni post-test was used (***p < 0.001). (B) FE-SEM micrograph of M. timonae biofilm after 24 h at 30°C, biofilm matrix, (C) particular of M. timonae cells. (D,E) Indicate respectively B. cereus and M. timonae cells recovered after irradiation. Crt represent the recovery from unexposed samples, set to 100%. To evaluate statistical significance a one-way ANOVA analysis with the Bonferroni post-test was used (*p < 0.5. and ***p < 0.001 with respect to Crt).


Since M. timonae resulted to be a higher biofilm producer, its capacity of forming biofilm was also evaluated on Spanish leather samples, through SEM analysis. In Figures 2B,C, it is possible to observe, as an example, the leather specimen covered by M. timonae biofilm. In particular, FE-SEM analysis allowed the observation of M. timonae biofilm matrix and, at higher magnification, single cells adhered on the substrate (Figures 2B,C, respectively).



Microbiological Tests After Irradiation

After irradiation of leather samples, the percentage of survival microorganisms collected from treated specimens were compared to untreated control sample. When leathers spread with B. cereus were irradiated, a bacterial growth reduction of 8, 66, and 84% was observed with 250, 500, and 750 Gy, respectively, as compared to control. The antibacterial activity was highlighted when samples were covered with the Gram-negative M. timonae culture and then treated. As the irradiation dose increased, a reduction of the number of cell recovery was obtained: the bacterial growth decreased of 56 and 89% when 250 and 500 Gy treatments were performed. Moreover, the total absence of growth was observed with 750 Gy treatment (Figures 2D,E).



SEM Characterization of the Morphological Changes in the Fibers Networking

SEM was employed in order to evaluate morphological changes in the fibers networking. The investigation was performed on all the irradiated samples with the aim of correlating the preservation conditions of the hierarchical structure to the irradiation dose employed in the treatment.

SEM micrographs of the non-irradiated sample (Figure 3A and magnification Figure 3B) show an intact fibers networking of the collagen, regardless of the long history of the specimen. Long and ordered bundles of fibers can be recognized within the pristine sample revealing, after all, a good preservation condition of the artifact. Comparing the obtained images of the untreated sample with the ones recorded on the leather sample irradiated at 750 Gy (Figures 3C,D) and 1,000 Gy (Figures 3E,F) dose levels, it is possible to notice that the ordered surface morphology is maintained also in the irradiated samples. Only slight differences can be observed in the sample treated with a dose of 1,000 Gy where some fibers start to shows a disordered structure due to the effects of a partial unwinding, revealing the onset of a gelatinization process.
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FIGURE 3. Surface evaluation of the leather damage. SEM micrographs of the non-irradiated sample [(A) and its magnification (B)], of the leather irradiated with a dose of 750 Gy (C,D), with a dose of 1,000 Gy (E,F) and with the maximum dose of 5,000 Gy (G,H). Non-significant differences can be observed in the surface morphology of the sample irradiated with doses up to 1,000 Gy with respect to the non-irradiated one. A huge variation is instead visible in the fibers preservation condition of the sample irradiated with 5,000 Gy, where the surface shows wide areas of gelatinized materials [particularly visible in (G)] and the fibers bundles appear reduced in their dimension, frayed and fragmented (H).


Differently, the sample irradiated at the maximum dose of 5,000 Gy shows a completely different surface morphology with respect to the non-irradiated one. The image recorded at low magnification (Figure 3G) shows the total lack of the bundled organization of the fibers networking and the presence of areas of gelatinization with the typical melt-like appearance (Badea et al., 2008). At higher magnification (Figure 3H), the effect of the irradiation dose is clearly visible in the aspect of the remaining bundles where the ordered fibrillary structure is dramatically lost, the bundle dimension is heavily reduced and the remaining fibers appear frayed and fragmented.



FTIR-ATR Characterization of the Protein Induced Deterioration

FTIR-ATR is one of the most powerful, non-destructive techniques to monitor the changes in secondary structure (due to for example, denaturation) of proteins. The peptide groups are described in IR spectroscopy with nine characteristic bands named amide A, B, and I–VII in order of decreasing frequency (Haris and Chapman, 1995). Among them Amide I and amide II are the two major bands of the protein infrared spectrum; the amide I band falling in 1,680–1,610 cm−1 region, is mainly associated with the C=O stretching vibration related to the protein backbone and thus is sensitive to protein conformations and in turn, to water bound to the macromolecule. The amide II results essentially from the N–H bending vibration and from the C–N stretching vibration, and is in the 1,540–1,500 cm−1 region, depending on the conformation adopted by the peptide (Jackson and Mantsch, 1995; Tatulian, 2019). Due to the high sensitivity to conformation, an analysis on the relative intensities and shifts of these two bands furnishes information on the protein denaturation.

Data reported in the Table 2, indicates that the intensity of the Amide I band (IAmide I) decreases significantly after the irradiation treatment with respect to amide II band. This is ascribable to hydrolysis of the collagen present in the leather (Plavan et al., 2010; Vyskočilová et al., 2019). The slight difference between the position of the Amide I and Amide II main peaks, indicates that gelatinization does not occur even after high level treatment. Moreover, a slight increase of the band at about 1,720 cm−1, related to side chain oxided groups, is observed on increasing dose treatment (Figure 4A).


Table 2. Intensity ratio of Amide-I and Amide-II bands (IAmide−I/IAmide−II).
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FIGURE 4. Structural evaluation of the leather damage and bulk evaluation of the leather damage. (A) FTIR spectra in the Amide I and Amide II region of not irradiated sample (black curve), of the leather irradiated with a dose of 1,000 Gy (dashed curve) and with a dose of 5,000 Gy (dotted curve); (B) LTA curves of the not irradiated sample (black dots curve), of the leather irradiated with a dose of 1,000 Gy (white squares curve) and with a dose of 5,000 Gy (white dots curve). A slight difference can be observed in the Td of the sample irradiated with 1,000 Gy with respect to the non-irradiated one while a large decrease of the denaturation temperature characterizes the sample irradiated with 5,000 Gy, thus revealing a significant deterioration induced by such irradiation dose.




LTA Characterization of the Deterioration Degree of Irradiated Leather

As mentioned in the previous paragraphs, the LTA allows to characterize the artificially induced hydrothermal denaturation of collagen-based materials and to determine the so-called denaturation temperature, the temperature at which, heating a fully hydrated specimen, the collagen fibers accomplish their thermal unfolding. When heated under condition of full hydration the collagen fibers lose their hierarchical well-structured arrangement turning into an amorphous one with a gel-like appearance. In a partially deteriorated collagen based material the maximum rate of the denaturation activity is reached at lower temperatures with respect to non-deteriorated and well-structured samples because these partially degraded collagen molecules require lower energy with respect to the intact collagen, while undergoing the gelatinization process. With respect to other collagen based materials such as parchment, leather accomplishes its hydrothermal denaturation at higher temperature values. This capability is mainly due to its peculiar manufacturing process: the tanning step gives the collagen fibers a higher and more uniform stabilization with respect to those obtained by the parchment manufacturing process, making them more resistant to the effect of deterioration agents (Cucos et al., 2014).

The analysis has been performed maintaining the samples immersed in water while heating them in the temperature range 25–100°C. The denaturation temperature recorded for the non-irradiated sample can be considered as the reference for the original preservation state of the leather samples while the variation from this starting value in the recorded Td for the irradiated ones can be considered as indication of a possible effects of the irradiation dose.

In Figure 4B the curves of the variation rate of the LTA signal as a function of the sample temperature for all the analyzed leather samples are reported. The curves describe the rate at which the hydrothermal denaturation takes place. Unlike curves describing the denaturation process of parchment, in the case of leather only one well-defined symmetric peak can be recognized. This is mainly due to the presence, in this kind of collagen based artifact, of a unique stabilized collagen population with a general more uniform and higher hydrothermal stability (Cucos et al., 2014) recognizable by higher values of Td with respect to the ones recorded for parchment (Vadrucci et al., 2019a). As it is shown in the graph, only a slight difference can be observed between the temperature of the sample irradiated with a dose of 1,000 Gy (ΔTd = 0.3°C) and the non-irradiated one. Typical intrinsic inhomogeneity of the sample microstructure has to be considered and such a small variation cannot be ascribed to the effect of the irradiation dose with absolute confidence. Differently, the large Td variation observed between the sample irradiated with a dose of 5,000 Gy and the reference one (ΔTd = 2.9°C) reveals a substantial deteriorating effect of the irradiation dose on the collagen structural stability.

Therefore, these preliminary results show that, with respect to parchment the leather manifests to better tolerate irradiation doses till 1,000 Gy that do not seem to induce significant variations of the thermal stability.




DISCUSSION AND CONCLUSIONS

Bio-deterioration is one of the main problems encountered in the conservation of cultural heritage, in all types of historic and modern relics (Sterflinger et al., 2018). There are several methods to control this phenomenon such as physical, mechanical and biochemical.

However, commercial biocides show often their effect only for a limited time, since they can be utilized as a nutrient source by autochthonous microorganisms that develop resistance (Kakakhel et al., 2019).

In this work, an alternative method to chemical biocides has been evaluated in the case of ancient leathers. In order to get insight on the efficacy of the treatment, two different bacterial isolated from the leather samples were used to contaminate the surface. B. cereus and M. timonae were isolated for this analysis because of their ability to form biofilm on the surface, a bacterial aggregation resistant to many biocides and able to deteriorate manufactures (Stewart, 2002; Rivera et al., 2018). This was confirmed also in this case by the antibiotic susceptibility test, revealing several resistances for both strains. The bacterial cells were spotted on the specimens and irradiated by X-ray. A linear accelerator for the production of X-rays allows numerous advantages compared to the traditional gamma-ray radioactive sources traditionally employed in the treatment of collagen based artifacts (Nunes et al., 2012; Sendrea et al., 2015, 2017). In fact, radioactive sources such as the Co-60 require massive shielding, compliance with stringent regulations for use and management, obtaining authorization for use, costly procedures for controlled disposal of the source at end of life. As mentioned in the previous paragraphs, this facility was already employed on the COBRA project (COBRA, 2017) for the preservation treatment of cultural assets, with the case studies of processes biodegradation removal from fabric, wood and parchment writing supports (Borgognoni et al., 2017).

Concerning the evaluation of the effects of the irradiation dose on the structural stability of the collagen molecule it is possible to say that, although its locally-destructive nature, SEM analysis remains a reference technique in order to collect images of the surface morphology and preservation condition of collagenous materials. It allows the evaluation of the eventual disruption of the surface fibers networking and the appearance of areas of gelatinization of the collagen fibers (Della Gatta et al., 2005; Badea et al., 2008, 2012). This preliminary surface analysis puts in evidence that the variation in the fibers morphology and dimension can be slightly appreciated starting from the dose of 1,000 Gy highlighting this dose as the threshold one to be not exceeded in order to not induce further deterioration factors in the treated substrate.

The preliminary test of the potential damage induced by the irradiations on differently irradiated leather substrates performed by the LTA gives us the possibility to obtain an indication of the average damage induced over the entire leather sample by different irradiation doses. The slight variation in the denaturation temperature obtained for the sample treated with the dose of 1,000 Gy confirms the surface information obtained by the SEM investigation and still indicates this dose as the threshold one.

Further and decisive information has been obtained by the employment of the FTIR-ATR analysis on the deterioration processes induced by the different irradiation doses with respect to the ones obtained by the previous analysis. This technique provides further and specific information on the characteristic deterioration processes induced in the treated substrate by the different irradiation doses. Specifically, it confirms the results obtained by the previous presented techniques regarding the gelatinization processes occurring noticeably only at high doses of irradiation. Furthermore, it gives important information also on the hydrolysis of the collagen molecule already occurring at the lowest investigated dose of irradiation (1,000 Gy).

In conclusion our data point out the irradiation method to be exploited as alternative to biocides for historical leathers since it doesn't lead to unacceptable changes in their functional or decorative properties.

Further researches are still in progress in order to discriminate damages eventually induced in collagen within ancient and modern leather manufactured with different tanning processes.
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