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Abstract

:

In this work, the effect of X-ray irradiation as a disinfection treatment in original ancient parchment samples, belonging to a discarded book cover of a 16th-century archival register, has been evaluated. Specifically, the bacterial and fungal species isolated from the book cover have been characterized and then irradiated with increasing doses of X-rays with the aim to evaluate the effectiveness of the antimicrobial protocol on the isolated microorganisms. The deterioration effects induced by the X-ray treatment as well as the natural aging on the collagen matrix of the parchment sample have been tested by employing several techniques, namely, Light Transmission Analysis, Fiber Optic Reflectance Spectroscopy, Attenuated Total Reflectance-Fourier Transformed Infrared spectroscopy, UV Resonant Raman spectroscopy and Atomic Force Microscopy. The results reveal that the irradiation treatment applied to our ancient parchment samples deteriorated by biological attack and other naturally occurring phenomena, possibly associated with inappropriate conservation conditions, does not seem to induce further damage factors even when large doses of irradiation are employed. The X-rays-based disinfection treatment effects are limited on the collagen support and this confirms the potential of this method in mass disinfection of library and archival materials.
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1. Introduction


Since Late Antiquity and until the diffusion of paper, parchment has been the most frequently used writing support for codices and documents and also used for the manufacture of at least part of bookbindings [1]. A complex manufacturing process turns the animal skin into a resistant material able to be stored for centuries if preserved in adequate environmental conditions [2,3]. Nevertheless, as all collagen-based materials, parchment constitutes a culture medium exposed to microorganism growth, such as bacteria or fungi, that can colonize the substrate when preserved in inadequate conditions of temperature and humidity [4,5]. In order to preserve parchment based-artifacts, such as manuscripts or ancient archival documents [6,7,8,9], from bio-deterioration, when in progress, the infection must be halted [10,11].



At present, several disinfection methods have been proposed in the literature, all of them showing some kind of drawbacks which has made them non adequate for extensive application in collagen-based artifacts. Though the use of ethylene oxide is still permitted in Europe, it is strongly discouraged because of its toxic nature for the environment, the operator and even for some of the library and archival substrates [12]. Some attempts have been made to use UV or gamma irradiation [13,14,15,16,17], with encouraging results. Recently, the use of essential oils [18,19] or plant extracts [20] has also been proposed, in the frame of a green strategy able to reduce the environmental impact of the restoration/conservation treatments [21], the disinfection ones in the specific case.



In the last few years, with the aim to find innovative approaches to disinfect parchment artifacts, a new method based on X-ray irradiation has been tested and its capacity to inhibit the microorganism’s growth on parchment, without inducing alterations in the collagen molecules, was assessed [22,23]. In particular, the irradiation process induces the transfer of the energy of the radiation to the target material. When the objective is an artistic artifact, the main effect of this transfer is the modification of the chemical components that occur in living organisms: irradiation produces biological effects [24,25,26,27] of the DNA macromolecules and the structural change that prevents the replication leads to cell death [28]. The developed disinfection protocol has been applied on modern parchment samples, demonstrating to be effective for its purpose at irradiation doses insufficient to induce alterations in the fibrillary structure of the collagen (gelatinization, hydrolysis and depolymerization). Indeed, different analytical and microscopic techniques confirmed the safety of the proposed method, since no induced alteration on the samples following X-ray exposure doses sufficient to cure the biological attack (~350 Gy) [29]. Moreover, in modern parchment, the cumulative effects of artificial aging on top of previously induced irradiation damage in X-ray irradiated samples was studied. It was found that, when the irradiation was performed in samples of originally undamaged modern parchment, the ageing induced damage added up on top of that, caused by the irradiation pretty much independent of the irradiation dose [30].



Based on the results of the above-mentioned studies, the irradiation-based method of disinfection seems to be a valid candidate as a mass disinfection method for library and archival material. Nevertheless, a certain number of aspects still need to be thoroughly tested and, in particular, the impact of irradiation on naturally aged and bio-deteriorated parchment. In this work, a preliminary analysis of the irradiation effects produced on historical bio-deteriorated parchment was carried out. The samples derive from a discarded book cover belonging to an archival registry originating from around the 16th century, from a private collection (Figure 1). The samples used in this work were retrieved from an area highly damaged by biodeteriogens’ attack. The involved bacterial and fungal species were isolated and then characterized, with the aim of evaluating the effectiveness of the antimicrobial protocol on the isolated microorganisms. Indeed, parchment biodeterioration causes undesirable and irreversible changes in the aesthetical, physicochemical and mechanical properties of historical documents [31]. In particular, parchment is made up of collagen which is rich in nitrogen and therefore easily degradable by microorganisms. The major biodeteriogens of parchment produce collagenases, weak acids and pigments, causing localized collagen damage. Specifically, Actinobacteria are responsible for parchment discoloration and degradation and subsequent purple spots formation [32].



In order to evaluate the potential harmful effects of the X-rays on the fibrillar structure of the collagen in the parchment, several experiments were carried out. Different samples were irradiated with increasing X-rays doses (350, 500, 1000, 2000 and 4000 Gy) by means of the REX irradiation facility available in the laboratories of the ENEA research center of Frascati.



Several techniques were employed to evaluate and characterize the detrioration effects associated both with the natural ageing and to the X-ray irradiation. Based on the results of previous investigations carried out in samples of modern parchment which had been iraddiated and artificially aged [33], it turned out that only Light Transmission Analysis (LTA) [34] proved sensitive enough to detect not only the changes induced in the parchment collagen stability by the artificial ageing treatments but also those associated with the different degree of irradiation damage, while the other employed techniques (Attenuated Total Reflectance-Fourier Transformed Infrared (ATR-FTIR) spectroscopy and Reflectance Spectroscopy) were only able to account for the ageing effects. So, in this work, the effects of the various irradiation doses on the naturally aged parchment were analyzed primarily by LTA, which also enabled to detect the ageing effects. The other techniques, listed in the following, were used to investigate mainly the deterioration effects associated with ageing. Fiber Optic Reflectance Spectroscopy (FORS) was used to evaluate macroscopic alteration in the reflectance properties of the sample surface induced by the deterioration processes [35,36]. ATR-FTIR spectroscopy was used to characterize the changes induced on the collagen protein [37,38]. The UV Resonant Raman (UVRR) spectroscopy at an excitation wavelength of 213 nm was used in order to evaluate the effect of the natural aging on the collagen protein [39]. Finally, the Atomic Force Microscopy (AFM) mechanical analysis was applied to evaluate the changes induced in the elastic properties of the parchment, in its stiffness [29].




2. Materials and Methods


2.1. Bacterial and Fungal Strains Identification


The parchment samples were macroscopically examined and 1 × 1 cm2 pieces were retrieved directly from the original document using sterile scalpels, following a selection of heavily biodegraded areas (Figure 2A,B).



To isolate bacterial and fungal biodeteriogens from the parchment, samples were placed in sterile tubes containing 2 mL of Nutrient Broth (NB) and then vortexed for 2 min. Aliquots with serial dilutions were then seeded on NB agar plates and incubated at 30 °C for 10 days. Morphologically different colonies were then isolated and stocked at -80 °C in 30% glycerol solution. Bacterial DNA was extracted by scraping up a colony and pipette up and down in 20 μL of 20 mM sodium hydroxide to disperse the colony in the liquid. After 10 min at 95 °C, an aliquot of DNA extract was taken for PCR amplification. As described in Ref. [40], a region of about 1400 bp from the 16S rRNA gene was amplified using the primers F8 (5′-AGAGTTTGATCCTGGCTCAG-3′) and R1492 (5′-GGTTACCTTGTTACGACTT-3′).



Fungal DNA was extracted according to Ref. [41] with some modifications. Fungal mycelia were taken in a 1.5 mL micro-centrifuge tube to which glass beads and 500 μL of lysis buffer (1% SDS, 40 mM Tris HCl, 20 mM sodium acetate, 1 mM EDTA) were added. The tube was vortexed for 5 cycles (2 min vortex and 5 min ice). Then, 165 μL NaCl 5M were added and the mixture was vortexed and then centrifuged at 13,000 rpm for 20 min at 4 °C. Next, 500 μL of Phenol-Chlorophorm-Isoamyl alcohol (PCI) in the ratio of 25:24:1 were added to the supernatant, centrifuged at 10,000 rpm for 15 min at 4 °C. Then, 400 μL of isopropanol were added to the supernatant and incubated at room temperature for 30 min, then centrifuged at 13,000 rpm for 15 min. The sediment containing DNA was washed twice with ethanol (4 °C/200 μL) at 6000 rpm for 2 min and dried at 68 °C for 5 min. The DNA was treated with RNAse, re-suspended in 30 μL of Tris–EDTA buffer and stored at −20 °C for further processing.



An aliquot of DNA was used for PCR amplification: a region of about 600 bp from the 18S rRNA gene was amplified using the primers ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) and ITS5 (5′-GGAAGTAAAAGTCGAACAAGG-3′). The PCR reaction was performed utilizing the Taq DNA polymerase from Accuzyme DNA Polymerase (Bioline). The amplified region was sequenced BMR Genomics (Padova, Italy) and the obtained sequences were analyzed with BLAST database.




2.2. The Disinfection by Irradiation


For in vitro irradiation treatments, 1 × 1 cm2 portions of NB agar plates used for biodeteriogens’ isolation and thus covered with bacterial and fungal colonies were cut and placed in 3.5 cm Petri plates (Figure 2B).



The disinfection method by X-ray irradiation employs a source based on an electron accelerator. The treatment proposed and tested on artistic and cultural heritage collagen-based items is a specific application of a machine that accelerates electrons to produce radiation devoted to clinical applications. This type of electron accelerator is equipped with radiation conversion heads adequate for the generation of X-rays commonly used in hospitals for the radiotherapy of cancer. At the ENEA Frascati research center, the REX facility is a machine built as part of a program related to applications of nuclear methods to medical practice, then used also in activities inherent to the conservation of cultural heritage and, specifically, to the removal of bioagents inducing degradation in archival assets in a non-invasive way. The REX facility thus constitutes an irradiation system able to deliver both electrons and/or X-rays depending on the experimental needs. The machine generates high-performance, highly customizable, high-quality pulsed beams involved in research studies for radiation processing and for the evaluation and the characterization of radiation-induced effects in materials. Its operational mode allows to provide access and safety procedures at a significantly lower cost and less complex than other ionizing radiation facilities, which could possibly be used in the context of the sanification of bio-deteriorated cultural heritage items (i.e., machines that deliver directly with accelerated particles or the radioactive sources such as gamma rays) and also allows to actively modulate the processing speeds according to requirements. The technical characteristics of the REX machine and of its operations are detailed in the references [22,42]. The radiation monitoring applied during the biodegradation removal campaigns with the REX machine is carried out with an on-line system consisting of an ionization chamber with high spatial resolution and radiochromic films used for the dose distribution evaluation.



In the reported experimental campaigns, the treatments were performed in air, at ambient temperature and pressure conditions. The selected samples were exposed, stationary, a few centimeters in front of the X-ray source, to ensure the homogenous coverage of the entire samples area. In general, this procedure can be simplified by changing the beam diaphragm, thus investing a larger irradiated area. If need arises, the object itself can also be translated and rotated in front of the radiation beam. Given the density of the parchment, the photon beam completely traverses the samples, delivering the dose in the entire volume. In the processing facility, the linear movement system of the object holder allows treatments to be performed on series of assets in a completely safe, automated and remote controlled way [42].



After irradiation, agar samples were put in a sterile tube containing 2 mL of liquid NB and vortexed for 2 min. Then, aliquots of serial dilutions were then plated on NB agar plates and incubated at 30 °C for 10 days and colonies obtained were counted by the colony forming units (CFU) method, measuring the capacity of a single viable cell to form a colony. The experiment was performed in triplicate and repeated three times. Data are presented as mean ± SD. The statistical significance was determined by one-way ANOVA analysis coupled with a Bonferroni post-test (GraphPad Prism 5.0 software, GraphPad Software Inc., La Jolla, CA, USA), and defined as * p < 0.05, ** p < 0.01 and *** p < 0.001.




2.3. LTA


LTA is a technique able to characterize the hydrothermal stability of collagen proteins in animal skin derived substrates, such as parchment, leather and alum tawed skin, through the determination of their respective denaturation temperature Td. During the analysis, a suspension of fibers in water, obtained by pulping by a blade in a 1 mm2 area of the parchment sample in the condition of saturated hydration, was then placed in a 0.1 mm thick quartz cell and finally inserted in an oven where it was heated with a constant temperature rate of about 1 °C/min. During the temperature scan, from room temperature up to 90 °C, the light produced by an He-Ne laser beam passed through the sample so as to probe the occurring hydrothermal denaturation of the fibers, following which, the parchment fibers reduced their capability to scatter light. This lead to the increase of the transmitted unscattered fraction of the light beam which was collected by a lens and focused onto a photodiode. During the sample heating, the signal was recorded to determine Td, which is defined as the temperature at which the maximum denaturation activity and therefore change of the transmitted light occurs. This corresponds to the temperature where the derivative of the transmission data with respect to temperature displays a maximum in a peaked feature. The Td value is related to the hydrothermal stability of the sample under investigation: the higher the denaturation temperature, the better the chemical integrity of the collagen fibers and, therefore, of the sample preservation condition [34]. In this work, the reported Td values were obtained as an average of three different measurements.




2.4. FORS


Fiber optics reflectance spectroscopy (FORS) is a non-destructive technique that makes it possible to perform in situ inspection of artworks. It provides scientists and conservators with useful data for the identification of pigments and for the spectral analysis of color and its variation.



In this work, the reflectance spectra were obtained by averaging the data from 5 measurements recorded with StellarNet GREEN-Wave spectrometers equipped with a D65 illuminant in the range of 400–1100 nm. The instrument is optically coupled by means of fiber to a cube with an internal integrating sphere able to probe an area with a diameter of approximately 1 cm2 (StellarNet FORS Systems, 2021). The calibration of the system was performed using a reference target with a >97% certificated reflectance to the light from 300–1700 nm. In this work, the FORS investigations were conducted on the parchment samples to characterize its chromatism and brightness with the aim of possibly detecting any eventual optical effect induced by the disinfection procedure [36,40]. As explained further on, given the substantially observed invariability of the spectra obtained on the samples after the irradiation, it was decided not to present and discuss the results in terms of colorimetric coordinates due to the obtained color differences being extremely small.




2.5. ATR-FTIR spectroscopy


FTIR absorption spectra were acquired with the Thermo-Scientific instrument (model Is50) (Thermo Scientific Inc., Madison, WI, USA) in ATR mode using a single reflection diamond cell. Spectra were recorded from 4000 to 750 cm−1, averaging over 32 scans with a resolution of 2 cm−1. All experiments were performed in triplicate, yielding consistent and reproducible results. Deconvolution was performed in the 1360−1800 cm−1 region on normalized absorbance ATR-FTIR spectra by means of Voigt bands of full width at half maximum (FWHM) of 25 cm−1 maximum, using OMNIC software. In detail, ATR-FTIR investigations were carried out to detect possible deterioration effects, borne by collagen molecules in parchments, induced by natural aging and X-rays exposure. Indeed, ATR-FTIR spectroscopy allows monitoring changes in the proteins’ secondary structures, in a non-destructive way, through the analysis of Amide I and II bands, which are most commonly used in conformational protein studies (i.e., monitoring protein denaturation and/or aggregation processes) [43,44]. For clarity, the Amide I band is found between 1700 and 1600 cm−1, it is mainly associated with the C = O stretching vibration belonging to the polypeptide chain and is sensitive to local order and different secondary structures producing Amide I bands centered at different frequencies and in turn, to water bound to the macromolecule. The Amide II band occurs between 1570 and 1500 cm−1 and originates mainly from NH in-plane bending and CN stretching. By exploiting the study of the intensity ratio of these vibrational bands (IAmideI/IAmideII), it is possible to evaluate the degree of hydrolysis of the sample under examination. An increase in the value of this ratio indicates an increase in the degree of hydrolysis that took place in the sample, in fact in this case, there will be a contribution to the intensity of the Amide I band attributable to the higher percentage of water molecules contained [45]. This parameter is essential to trace the state of conservation of the parchment.




2.6. UV Resonant Raman Spectroscopy


UVRR measurements were performed at the IUVS beamline, in the Elettra Synchrotron radiation facility (Trieste, Italy). A full description of the Raman experimental apparatus is reported in Ref. [46]. Briefly, Raman spectra were collected in backscattering configuration employing a 213 nm laser as excitation source, focalized on the sample surface with a spot size of approximately 100 μm and a beampower of 200 μW. During the measurements, samples were kept oscillating for 5 mm at a frequency of 1 Hz to avoid photodegradation. The diffused Raman signal was collected and analyzed by means of a single stage Czerny–Turner spectrometer (Princeton Instruments), with a 750 mm of focal length, equipped with an 1800 lines/mm holographic reflection grating, 250 nm ruled and a Peltier-cooled back thinned CCD (Princeton Instruments) as a detector. To remove the elastic contribution, an HV (horizontal-vertical) geometrical configuration was adopted, i.e., it was selectively collected only the diffused radiation with polarization perpendicular (horizontal with respect to the optical plane) to the incident one (vertical with respect to the optical plane) [47]. The spectral bandwidth was approximately 20 cm−1. The final spectra were obtained averaging 4 spectra of 15 min, taken at different sample positions, for a cumulative data acquisition time of 60 min per sample.




2.7. Atomic Force Microscopy Nano-Indentation Measurements


Measurements were carried out under ambient conditions using an MFP-3D (Asylum Research/Oxford Instruments) in contact mode with standard silicon cantilevers (NSC36A, nominal stiffness 0.6 N/m, nominal radius of curvature <10 nm). We acquired force–distance curves in at least three 2 × 2 μm2 areas per sample in a 4 × 4 grid (16 curves per area). Cantilever stiffness and optical lever sensitivity were measured through the Sader method and linear fitting of the lever deflection tested on a glass substrate, respectively. After calibration, the force–distance curves (at least 40 curves per sample) were analyzed using MFP-3D software on an Igor platform and values of Young’s modulus extracted by Hertz model (fixed parameters: Poisson ratio = 0.5, radius of the tip = 100 nm). The high roughness and inhomogeneity of the parchments caused an almost immediate dulling of the tip shape, from 10 nm to roughly 100 nm.





3. Results


3.1. Identification of Bacterial and Fungal Colonies and Cell Viability Test


Morphologically different bacterial and fungal colonies were isolated from parchment and identified at the molecular level by the amplification of bacterial 16S rDNA or fungal ITS sequences. Comparison between FASTA sequences obtained from sequencing and those held in the BLAST database allowed to identify Arthrobacter echini, Micrococcus yunnanensis, Brevibacterium frigotolerans, Psychrobacillus psychrodurans and the Gram-negative Achromobacter xylosoxidans. Isolated fungal colonies belonged to Penicillium chrysogenum, Cladosporium cladosporioides and Aspergillus versicolor species.



Cell viability tests after irradiation of agar colonized specimens showed a high rate of mortality: Already with a dose of 350 Gy, the substantial total inhibition of cell survival was observed (Figure 3). Notably, when irradiation doses increased to values of 1000 Gy and 2000 Gy, the mortality rate reached the complete inhibition of cell survival.



Among the different species isolated, some of them have already been reported to be involved in parchment biodeterioration, as described in in the literature [31,32,48].



In agreement with our data, the most frequent fungi genera isolated from parchment were Cladosporium, Penicillium and Aspergillus [49].




3.2. Characterization of the Parchment Deterioration


3.2.1. LTA


LTA was performed on each sample to evaluate possible deterioration induced changes in Td and, therefore, in their thermal stability. The obtained results are reported in the graph of Figure 4. It shows that all the Td values of the samples before irradiation are smaller than 52.2 °C, revealing a rather poor thermal stability characterizing all the investigated samples [33]; bearing in mind that, for example, in new modern parchment, Td can be as large as 59–60 °C. It can be also observed that the Td values of the unirradiated samples are spread over a range of about 2 °C. This indicates that the deterioration of the different samples is significantly inhomogeneous, in spite of the samples having been retrieved from areas close to each other. For this reason, in this work, the LTA characterization of the irradiation induced effects cannot be based on the comparison of the absolute values of Td obtained in the differently irradiated samples, but, on the contrary, by analyzing the relative change induced in each irradiated sample before and after the considered irradiation dose. In this respect, it is worthwhile pointing out that, even though LTA is a destructive technique, it involves such a small sample area (1 mm2) that, by performing the measurements before and after the irradiation on neighbouring areas of the sample, the results can be considered obtained on the same area before and after irradiation.



The graph in Figure 4 also shows the Td values (red empty square) obtained after irradiating five of the studied samples with different X-rays doses (350, 500, 1000, 2000 and 4000 Gy). Comparing each Td value with that obtained on the same sample before the irradiation treatment, no significant change is observed, even at the largest dose. It seems therefore that no additional damage by the X-ray treatments can be detected in these historical parchments. In this regard, it is worth noting that in a previous study carried out on undamaged modern parchment, it was shown that irradiation doses above 500 Gy produce significant damage in the structure of the parchment [29,30]. The lack of irradiation effects observed in this work on historical samples can be explained by considering that in the investigated ancient parchment, the deterioration of the most fragile elements of the collagen microstructure, which irradiation might also cause, has already been produced by environmental interaction processes, including hygrothermal aging and biodeterioration, which occurred during the history of the parchment.




3.2.2. FORS


The samples were also studied by FORS in order to evaluate alteration in the macroscopic reflectance properties of the parchment induced by the irradiation. The mesurements were performed on each sample before and after the corresponding irradiation dose. Figure 5 shows the reflectance spectra obtained on samples irradiated with 350 Gy, 1000 Gy and 4000 Gy dose (black curves) and the corresponding spectra before the irradiation treatment (red curves). Similarly to the results obtained by LTA, no significant changes associated with the X-ray treatments can be detected even in the reflectance spectra, witnessing that no substantial changes in the opacification and yellowing of the samples has occurred.




3.2.3. ATR-FTIR Spectroscopy Results


A previously reported analysis indicated that no deterioration effects (i.e., conformational changes due to gelatinization), due to X-rays exposure, occurred. Therefore, it is reasonable to assume that every change in FTIR spectra is attributable to heterogeneity of parchments, rather than X-ray treatments. Data reported in Table 1 indicate that the variation of values of the intensity ratio of the Amide I and Amide II bands does not follow the irradiation dose trend, thus confirming our hypothesis.



The values of such a ratio, which generally characterize the degree of hydrolysis of the samples, indicate that the degree of deterioration in the analyzed parchments caused by the ageing is very heterogeneous, as also observed by the previously shown LTA results and also somehow predictable for an ancient material subjected not only to the natural effect of time but, in this specific case, also to a microbiological attack [45,50].



Figure 6 presents the spectra related to the samples untreated (0 Gy) and treated with X-rays doses of 1000 Gy and 4000 Gy. From the spectra, it is gathered that the value of the relative distance between Amide I and Amide II bands remains unchanged (~93 cm−1) in spite of the irradiation doses being considerably larger than that sufficient to induce the curing of the infection. This indicates that the degree of gelatinization in the samples [51] is not affected by the irradiation process and it is substantially related to the deterioration associated with the ageing. The extent of degradation of the parchment, due to aging alone, is better highlighted when compared to that of a modern parchment in good condition. Indeed, as can be seen from Table 1, a naturally aged parchment, not irradiated (0 Gy), shows a value of the ratio between the intensities of the Amide I and Amide II bands of 3.0 ± 0.1, while in the case of modern parchment, this value is 1.2 ± 0.1. Furthermore, the relative distance between the bands of Amides I and II is about 93 cm−1 and 89 cm−1, for ancient and modern parchment, respectively. These results clearly indicate that natural aging has a marked effect on the material, producing its hydrolysis and denaturation and/or gelatinization.




3.2.4. UV Resonant Raman Spectroscopy


To verify the presence of the aforementioned natural aging, we also employed UV Resonant Raman spectroscopy with an excitation wavelength of 213 nm. At this excitation wavelength, it is possible to match the resonance with the protein’s amide component, and at the same time, to avoid the presence of a fluorescence background affecting the spectra [52,53]. By this way, it is possible to selectively follow the spectral behavior of the collagen inside the parchment. Attempts made to collect spectra employing excitation wavelengths of 266 nm, 532 nm and 633 nm resulted in spectral profiles dominated by a very large fluorescence background.



The mesurements were carried out only in the samples after the irradiation treatment to highlight possible phenomena of hydrolysis and/or denaturation associated with the aging, since irradiation was previously shown not to cause significant additional deterioration. Figure 7 reports the UVRR spectra, in the wavenumber range of 900–1900 cm−1, relating to ancient and modern parchment samples. The latter sample was prepared following the traditional artisan recipe and it constitutes a good reference of a well-preserved parchment sample to be compared with the ancient ones. The comparison of the results shown in Figure 7 is useful to evaluate the very significant variation occurring in the protein structure to which the aged parchment samples have undergone.



The peaks' positions agree with the presence of collagen on the sample surface [54]. Specifically, we can identify the Amide I and Amide III spectral features located respectively at 1660 cm−1 and 1270 cm−1 [55,56]. Further important spectral features at the peak at 1450 cm−1 and 1380 cm−1 can be assigned to CH2-def and Cα-H vibrations derived from the amide contribution. Moreover, in the spectral range between 1550 and 1650 cm−1, the spectrum contains some peaks which can be specifically assigned to aromatic amino acids vibrations [35], namely the rings stretching vibrational bands related to aromatic of tryptophan at 1612, 1581 and 1552, and in addition, the tyrosine and phenylalanine ones overlapped at 1601 cm−1 [57,58] (see details in Figure 7). Moreover, in Figure 7, it is possible to appreciate a decrease of the Amide I, Amide III and CH2-def spectral bands in the ancient sample with respect to the modern one that clearly indicates a strong degradation of collagen.




3.2.5. Atomic Force Microscopy Mechanical Analysis


We also tested the mechanical response of the irradiated and non-irradiated samples, as explained in our recent paper [29]. The mesurements were carried out only in the samples after the irradiation treatment to highlight possible phenomena of hydrolysis and/or denaturation associated with the aging, since irradiation was previously shown not to cause significant additional deterioration. In Figure 8, we report the Young’s modulus distribution extrapolated from the analysis of force–distance curves, as detailed in the Materials and Methods section, for the non-irradiated (0 Gy) and irradiated samples (350, 500, 1000, 3000 Gy). All values of Young’s modulus fall in the range of tens of MPa, in agreement with previous reports. We cannot observe a clear correlation between dose and Young’s modulus and thus, a significant effect which can be directly associated with the irradiation treatment on the collagen matrix and to consequent effects on its mechanical properties. Even the results of the present analysis reveal a non systematic change with the increasing irradiation dose. In fact, a mild stiffening effect with respect to the non-irradiated sample is observed for the 350 Gy and 500 Gy irradiated samples, non-significant changes for those irradiated with 1000 Gy and a stiffness increase for those irradiated with 2000 Gy and 4000 Gy.






4. Discussion


Parchment is a handcrafted complex and non-homogeneous material with quality strictly related to the time and the method it was produced during the centuries as well as the preservation conditions. Its intrinsic inhomogeneity is mainly due to its nature (different parts of the animal skin have different physical and mechanical properties) and also to the peculiar manufacturing process that seldom leads to obtaining similar quality samples even when originating from the same animal skin. These intrinsic inhomogeneities are amplified by the effect of the bacterial and fungi infections that can make the samples extremely uneven, like in the case of the presented study. Nevertheless, in order to evaluate the applicability of the proposed disinfection treatment by means of X-ray irradiation, some considerations can be deduced by comparing the results obtained by the different analytical techniques employed in this study.



At first, based on our results, we can certainly conclude that the irradiation method is efficient to inhibit in vitro the microbial growth of the species of the fungi and bacteria isolated from the selected samples. As a matter of fact, the microbiological analysis of the cell viability test performed after the irradiation treatment has shown that even with a dose as low as 350 Gy, it is possible to obtain a complete mortality rate. The X-rays dose of the REX machine, 350 Gy, that achieves the inhibition of microorganisms’ survival is lower than the threshold identified in other studies in which ionizing radiation is applied as a bio-sanitation treatment on mixed microorganisms (bacteria and fungi) [59,60].



Regarding the effect of the irradiation protocol on the collagen molecules of the historical parchment samples analyzed in this work, LTA revealed no significant alteration in the parchment microstructural integrity induced by the irradiation treatments, regardless of their significant uneven initial state of deterioration, and suggested that, in all the analyzed cases, the natural deterioration associated with hygrothermal and bioagents agents effects overshadowed the damage related to the X-ray irradiation process. In fact, the different samples showed intrinsic deterioration inhomogeneity despite having been retrieved from neighboring areas, no correlation being found between the absolute Td values and the applied X-rays dose, and no change could be found in the Td values obtained on each sample before and after the respective irradiation treatment, even at the largest employed dose. So, no additional damage produced by the X-ray treatment could be detected in such historical naturally aged parchment.



The FTIR analysis confirmed the inhomogeneity of the initial naturally induced deterioration and showed that it was associated with hydrolysis and gelatinization of the collagen molecules. In fact, the values of the intensity ratio of the Amide I/Amide II bands are different for the different irradiation doses but no correlation with the increasing irradiation dose appears, revealing the differences to be related only to the natural ageing effects. The distance between the two previously mentioned bands appears on the contrary, to remain pretty much constant in the different samples, highlighting a homogeneous gelatinization degree of the samples.



The strong natural deterioration of the investigated parchment was confirmed by the UVRR results that show a decrease in the spectral bands of the Amide I, Amide III and Ch2 def in the ancient sample with respect to the ones recordable on a modern one.



Furthermore, even the AFM mechanical analysis does not find a direct relation between the value of the Young’s modulus of the investigated sample and the irradiation treatment of the samples. The recorded increase in the stiffness of some samples (350, 500 and 4000 Gy) does not follow the dose trend, suggesting the possibility that, also in this case, the recorded deterioration cannot be directly related to the treatment. Finally, similarly to the results obtained with the other analysis techniques, no significant changes also in the reflectance spectra are produced by the X-ray treatments. In fact, for all the samples, the reflectance profiles recorded before the irradiation were maintained after the treatment.



It can thus be stated that the results obtained by all the techniques suggest that the deterioration effects highlighted by the employed analyses can only be associated with the natural aging effects on the samples, worsened by the biodeterioration processes. The results show the possibility that, for significantly deteriorated samples like the present naturally aged and biodeteriorated ones, even high doses of irradiation do not lead to detectable alteration of the stability of the already partially deteriorated collagen molecule of the parchment. When the parchment is not originally heavily deteriorated, the minimum dose sufficient to sterilize the sample without introducing additional damage (i.e., ≈350 Gy) would be advisable. Based on these results, the irradiation-based method of disinfection seems to be a valid candidate as a mass disinfection method for library and archival material, at least for heavy contaminated and deteriorated assets.



One of the strong points of the use of X-rays for the sanitization of the archival-library assets is the possibility to directly act on the artifacts to be preserved without first identifying the infesting biodeteriogen. In particular, this constitutes an advantage with respect to other treatments for which it is necessary to know the infesting agent both for the specific treatment actions (in order to find the more effective one) and to avoid any contamination of the environment in which the process takes place (such us the radiation systems based on radionuclides). The proposed sterilization treatment is non-polluting and seems to be effectively working with the doses used in the experiments presented in this paper. In fact, it must be reminded that not all common disinfectant processes are adequate to clean and preserve cultural heritage items. The conventionally used sanitization procedures cannot be considered unambiguously applicable in the same way to any asset or environment. The current common procedures and rules of intervention and behavior, aimed at guaranteeing the safety of the operators, the public and the protection of archival and library assets, are generally different and often not applicable if the deterioration degree is high. In that case, treatments with disinfectant and bactericidal products become more complex, involving a large number of operators, extended times and also high costs. Furthermore, in some cases, the conservation of library and archival heritage can be exposed to danger by unpredictable events, such as flooding. Even in this eventuality, when urgent and more complex interventions are required, the application of radiation is a strong advantage for the remediation of assets thanks to the faster and more practical use compared to other physical, biological and chemical interventions.



Moreover, unlike the radionuclide sources, which emit nearly monoenergetic photons, the proposed process creates a broad energy spectrum of X-rays and, the maximum energy limit of 5 MeV set by the REX machine prevents, with a very high level of confidence, any radioactivity induction in the irradiated products through photonuclear reactions.



Finally, an additional advantage of the applications of this X-ray source is that the objects to be treated can be irradiated as they are without any specific preparation (i.e., preliminary dry cleaning) or environmental conditions control since the treatments are carried out in the air, under normal temperature and pressure conditions. This system can also offer costs and operating advantages compared to gamma sources thanks to their easy radiation control, convenience of easy-on and easy-off electrical equipment that can also operate actively according to the treatments requirements. Some plants delivering high power and high energy already offer the opportunity to produce and use X-rays for different industrial applications [61,62,63,64,65,66,67,68].



It must be finally remarked that additional research is required, finalized at promoting X-ray irradiation as a possible standard disinfectant remedy against bio-infections for library and documentary assets. In fact, it remains to be established what are the possible damaging effects of the radiation on the materials, other than parchment, of which books are constituted and also the possible damaging effects on parchment, which is initially not as heavily degraded as the one considered in this work. To date, as stated earlier on, only investigations on undamaged modern parchment have been carried out, and experiments on parchment with a progressively increasing initial degree of degradation are underway.




5. Conclusions and Perspectives


In this work, a method based on X-ray irradiation was proposed as a disinfection treatment of microorganisms involved in the biodeterioration of parchment. In particular, some ancient parchment samples, belonging to a 16th century book cover, were treated and then analyzed by different diagnostics techniques, namely LTA, FORS, ATR-FTIR spectroscopy, UVRR spectroscopy and AFM analysis.



Our results demonstrated the high curing efficiency of the proposed irradiation method in vitro tests, highlighting the potential of this method in mass disinfection of library and archival materials without no introduction of addittional damage in the treated parchment samples. It is worth noting that biodeteriogens should be studied directly on the original samples and in their natural environment. This is not always possible due to the scarcity of material from original ancient documents. Therefore, preliminary tests are needed to fine-tune protocols without wasting material belonging to important documents. On this basis, further research is underway to evaluate the differences between in vitro and in vivo results, given the sensitivity of the microorganisms to the treatments under different growth conditions.



Finally, it should be remarked that the ability to treat library materials without first having to identifying the biodeteriogen, together with the effectiveness of the treatment with the safe doses used in this work, make this disinfection method a valuable alternative to those commonly applied. Indeed, the use of X-ray radiation can be a valuable tool for the disinfection of library materials, even in emergency situations, because of its rapidity of application, which makes it cost-effective compared to other physical, biological and chemical interventions. All these aspects encourage the application of the X-ray irradiation method for disinfection of these kinds of materials. Since the proposed procedure does not require the use of high-risk substances, this bioremediation treatment can be considered as a "green" method compared to conventional disinfection techniques and to other techniques using different sources of nuclear radiation.
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Figure 1. Portion of the discarded book cover of an archival registry from around the 16th century from which the samples were cut. 
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Figure 2. (A) About 1 × 1 cm2 specimens used for microorganisms’ isolation and irradiation. (A) Parchment specimens before immersion in NB broth and vortexed, to isolate biodeteriogens. (B) Agar 1 × 1 cm2 parchment specimens derived from NB plates after 10 days of growth at 30 °C and composed by bacterial and fungal colonies. Agar portions were then cut and used for irradiation. 
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Figure 3. Effect of irradiation on agar specimens. Bacterial and fungal colonies grown on 1 × 1 cm2 agar pieces were treated or not (UT: untreated) with different irradiation doses. Microorganisms survival was evaluated by CFU counting analysis. Statistical significance was performed through a one-way ANOVA analysis with the Bonferroni post-test (*** p < 0.001 with respect to UT). 
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Figure 4. Td recorded by LTA for each sample before (black symbol) and after (red symbol) the irradiation treatment. 
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Figure 5. FORS spectra for the parchment samples irradiated with a dose of 350 Gy, 1000 Gy and 4000 Gy with respect to the spectra of the non-irradiated samples (0 Gy). 
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Figure 6. ATR-FTIR spectra in the Amide I and Amide II region of non-irradiated sample 0Gy (dotted line), of parchment irradiated with a dose of 1000 Gy (full line) and with a dose of 4000 Gy (dashed line). 
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Figure 7. UVRR spectra of ancient (yellow) and modern (blue) parchment samples in the wavenumber range of 900–1900 cm−1. The difference spectrum (black is also reported for comparison). 
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Figure 8. Young’s modulus of parchment samples at different irradiation doses. 
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Table 1. FTIR data of the ratio between the intensities of the Amide I and Amide II bands as a function of X-rays dose.
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	X-rays Dose (Gy)
	IAmideI/IAmideII





	Non-irradiated (0 Gy)
	3.0 ± 0.1



	350
	2.8 ± 0.4



	500
	2.1 ± 0.3



	1000
	1.0 ± 0.2



	2000
	1.9 ± 0.4



	4000
	1.8 ± 0.3
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