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Abstract
A comprehensive evaluation of collagen-based historical artifacts is crucial for the preservation and inheritance of cultural relics, necessitating interdisciplinary approaches that integrate scientific knowledge with practical expertise to develop effective conservation strategies. The present work was focused on a piece of historical leather armor housed in Turpan Museum, Xinjiang, China. SEM–EDS, XRD, ATR-FTIR, and NMR were carried out on this historical leather armor from macro and micro perspectives, mainly including morphology observation, composition analysis, structural assessment, which could provide both quantitative and qualitative insights into the deterioration of the historical leather armor. Additionally, the non-destructive sampling methods and the third-generation sequencing technology (TGS) were employed to identify a total of 13 bacterial species and 8 fungal species, and their metabolic pathways were predicted, providing guidance for preventive conservation and restoration strategies. By the present work, necessary fundamental knowledge might be provided for the effective preservation and inheritance of collagen-based historical artifacts.
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Introduction
Leather artifacts have carried significant historical and cultural value throughout human history for all nations. However, their deterioration can be influenced by various environment factors, such as humidity, temperature, light, pollution, causing the changes in their appearance, structure and composition [1]. Unlike other cultural relics, such as ceramics and metals, leathers with the main component of collagen are more likely to be affected by environmental factors. Numerous collagen-based artifacts, including the thirteenth-century parchment document [2], shoe fragments discovered in House Page, Germany, and the leather bookbinding from the Qajar era [3], have unfortunately deteriorated by various factors, representing a significant loss. The scarcity and difficulty of preserving leather cultural relics are important issues that cannot be ignored.
In March 2003, a salvage excavation was conducted jointly by the Turpan Cultural Relics Bureau and the Xinjiang Institute of Cultural Relics and Archaeology at the Yanghai Cemetery (geographical coordinates: 42°48′ N, 89°39′ E) [4]. The preservation of leather artifacts in the Turpan Yanghai Cemetery is indeed remarkable due to the unique environmental conditions of the region. Turpan, located in the Xinjiang Uygur Autonomous Region of China, is known for its extremely dry and arid climate, with high temperatures and low humidity levels [5–7]. This geographical conditions are conducive to the preservation of organic materials such as leather, as they inhibit the growth of microorganisms and reduce the rate of decomposition. Yanghai Cemetery has yielded a wealth of archaeological finds, as well as various well-preserved leather artifacts, including leather clothing [8], hats, shoes (boots), leather quivers, boxes and bags, leather saddles, bridles, belts, straps, and etc. Most of the tombs exhibited cultural characteristics from the Bronze Age to Iron Age. Among these artifacts, the historical leather armor stands out as a significant discovery. It is noteworthy because it is the only piece of armor excavated from the cemetery, making it a rare and valuable find for researchers and historians. The discovery of the historical leather armor provides valuable insights into ancient military practices, craftsmanship, and the cultural context. The preservation of the historical leather armor in the Turpan Yanghai Cemetery highlights the importance of environmental factors in archaeological preservation, and underscores the significance of a comprehensive evaluation by interdisciplinary approaches. This provides theoretical guidance for preservation efforts.
The common deterioration phenomena of collagen-based cultural relic include decreased hardness, reduced flexibility, loss of structural integrity, accumulation of dust, erosion, and discoloration [9]. The degradation of collagen begins with the breakage of peptide bonds between amino acids, subsequently leading to the releases of varying sizes of peptides from the triple helical structure of collagen [10]. As early as 1988, Michael et. al. conducted an investigation on the potential of amino acid compositions and ratios, such as Asp/Pro ratio, and utilized infrared spectra to determine degraded bone [11]. Up to now, the evaluation of collagen-based artifacts is commonly conducted at macroscopic, microscopic, and molecular levels [9]. Parchment has been extensively investigated, serving as a prominent example in numerous studies on the deterioration of cultural relic. The researches focused on the microscopic observations [12], discoloration [13], thermal behavior [14–16], as well as the effects of pollutants [17], microbial attack [18, 19], and temperature-humidity [20]. The similarity in composition between parchment and leather suggests potential similarities in deterioration mechanisms. However, compared to parchment, leather is more complex in terms of process preparation and composition. Since this historical leather armor has not undergone a systematic assessment since its excavation yet, progress in preservation and restoration work has been limited. Therefore, there are still many gaps that need to be filled in the scientific deterioration evaluation.
This study conducted a comprehensive evaluation of a historical leather armor through morphology observation, composition analysis, structural assessment, and microbial identification and prediction, providing valuable insights into the historical and cultural significance of the collagen-based artifacts.

Material and methods
The historical leather armor
The tomb with the unearthed leather armor (number: IIM127:11–2) was in the western part of Cemetery II. A plan of Yanghai II cemetery with the precise excavation location of the historical leather armor is presented in Fig. S1 [4]. The tomb measured 1.65 m in length, 0.84 m in width, and 1.32 m in depth. The unearthed leather armor is relatively rare worldwide, and this piece is the only armor found among the thousands of tombs excavated in the Yanghai Cemetery. The full-view digital image and detailed images are shown in Fig. 1a–e. The entire leather armor was composed of over 5,000 leather pieces, crafted from two different shapes and sizes of high-quality cowhide. The short strip leather is a curved top rectangle measuring [image: $$2.5 * 1.5$$] cm, while the long strip leather is a rectangle measuring [image: $$7.8 * 1.6$$] cm. The connection between these strip leathers is shown in Fig. S2 [4].[image: ]
Fig. 1a The full-view, and b–e the detailed images of the historical leather armor



SEM analysis
The Quanta 250 scanning electron microscope (FEI Company) was utilized to acquire micrographs of the grain layer and cross-section of the historical leather armor. The imaging process was conducted at an accelerating voltage of 20 kV. Before observation via SEM, the samples were sprayed with a thin layer of gold to enhance their conductivity and imaging quality. EDS was conducted using Quantax 200 XFlash 6/60 (Bruker).

XRD analysis
The XRD analysis was conducted using an X-ray diffractometer (Rigaku Ultima IV, Rigaku Corporation, Tokyo, Japan) with a scanning range from 5° to 90° at a scanning rate of 10°/min. Three XRD analyses were conducted on the soil surrounding the historical leather armor excavated from the site. And the three samples were obtained from three different sampling locations, with two taken from around the burial site and one from the surface of the armor.

ATR-FTIR analysis
The Nicolet iS5 spectrometer (Thermo Fisher Scientific, Madison, WI, USA) with ATR accessories was employed to analyze the historical leather armor and new leather. Spectra were collected in the wavenumber range of 400–4000 cm−1, with 32 scans and a spectral resolution of 4 cm−1.

Solid state NMR
The solid-state 13C CP/MAS NMR measurement cross-polarization/magic angle spinning (CP/MAS) experiment was conducted by an Agilent 600 DD2 spectrometer (Agilent, USA) with the magnetic field strength of 14.1 T at Larmor frequency of 150.72 MHz for 13C. The experiment employed a 4 mm double-resonance 1H-X MAS probe operating at a MAS frequency of 8 kHz, with proton decoupling (TPPM) applied during acquisition. And a relaxation delay of 3 s was utilized, along with a CP contact time of 2 ms and an approximately 9090 during acquisitionμs). The data were acquired through 914 scans. The reference for the 13C chemical shift was established using the signals from Adamantane at 38.4 and 29.5 ppm.

Microbial identification
The third-generation sequencing technology (TGS) can achieve megabase-level long-read sequencing and non-amplification-based genome modification detection by DNA extraction, PCR and 16S rRNA/ITS gene amplicon sequencing. The sampling point for microbial analysis was circled in yellow in Fig. 1b. The rationality of the method and the accuracy of the data volume were confirmed in Table S1 and Fig. S3.

Metabolic pathways analysis
Microbial pathways analysis involves aligning known microbial genomic sequences to construct an evolutionary tree and infer ancestral gene functional profiles. Castor hidden state prediction algorithm was used to determine gene family copy numbers for feature sequences. Abundance data of metabolic pathways in each sample were obtained through Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) analysis and metabolic pathway analysis.


Results and discussion
Morphology observation
The scanning electron microscope (SEM) was used to observe the microstructure of the detached fragments of the grain layer (Fig. 2a) and cross-section (Fig. 2b) of the historical leather armor. In the SEM images, the collagen fibers in the historical leather armor are relatively long and thick, with diameters ranging from 3 to 30 μm. The fibers are twisted into bundles, and surface samples present typical structural characteristics of cowhide leather when compared with new leather’s microscopic features (Fig. S4). The fiber bundles’ surface has rough granules, and at higher magnifications, the scanning electron microscope images reveal a dense coating. And the typical periodic D-band structure of collagen cannot be observed.[image: ]
Fig. 2SEM images of a grain layer, and b cross-section of historical leather armor


Figure 3 iluustrates the SEM–EDS images of the grain layer and cross-section of the historical leather armor. Through EDS mapping results, it can be found that the distribution of the elements C, N, and O in the fibers is consistent with the fiber morphology. While the elements of Fe, Mn, Si, and Al are uniformly distributed on the sample’s surface, which might be attributed to its burial environment. Given that, the source of these unidentified contaminants were further confirmed by the following component analysis based on the XRD results.[image: ]
Fig. 3SEM–EDS images of a grain layer, and b cross-section of historical leather armor



Component analysis
The XRD analysis was used for the specific identification of the contaminants from soil. The results are shown in Fig. 4. The predominant minerals in the two soil samples taken surrounding the burial were quartz, albite, and coesite. The other soil sample collected from the historical leather armor indicated the presence of quartz, albite, magnetite, hedenbergite, and siderite. These minerals are widely distributed natural components found on the Earth’s surface, and fit well with the elements detected by the results of EDS and XRF (as illustrated in Table S2), thereby confirming our hypothesis.[image: ]
Fig. 4The XRD pattern of three samples taken from soil


Given that the elements of C, N, and O are the primary elements in EDS, we conducted an analysis of the organic components in the historical leather armor. The normalized ATR-FTIR spectra of the new leather and the historical leather armor were obtained, as shown in Fig. 5a. A broad peak was observed in the range of 3650 to 2950 cm−1, which was ascribed to the stretching vibrations of -OH and N–H groups. The amide I peaks of the new leather and the historical leather armor appeared at 1641 and 1645 cm−1, respectively, should be associated with the carbonyl stretching, with contributions from the C-N stretching and N–H bending. The amide II peaks of the new leather and the historical leather armor were observed at 1556 and 1549 cm−1, respectively, corresponding to the combination of bending vibrations of the peptide bond (C-N stretch) and in-plane bending vibrations of N–H. The Amide III band peaks of the new leather and the historical leather armor appeared at 1240 and 1242 cm−1, respectively, which should be related to the coupling between the C-N stretch and N–H bend, with contributions from the C=O in-plane bend and C–C stretch [21–24]. Additionally, the amino acid composition of collagen is illustrated in Fig. 5b. Glycine (Gly), proline (Pro), and hydroxyproline (Hyp), as the characteristic amino acids of collagen protein, collectively constitute over 40% of the total amino acid content. Therefore, the main component of this historical leather was identified as collagen based on the distinct characteristic peaks observed in FTIR and the presence of characteristic amino acid components.[image: ]
Fig. 5a The ATR-FTIR spectra of the new leather and the historical leather armor, and b the amino acide component analysis of the historical leather armor



Structure assessment
Information regarding the structure of collagen can also be obtained at the molecular level from the FTIR spectrum (Fig. 5a). Taking an example of the amide I band, the conformation-dependent changes of it are in close relative with intensity. This region corresponds to the vibration of amide carbonyls along the polypeptide backbone [25]. The complexity of the amide I band arises from the interplay between carbonyl stretching modes and the heterogeneity among the backbone carbonyl groups [26]. The new leather sample exhibits two distinct peaks at 1665 cm−1 and 1640 cm−1, respectively, whereas there are no prominent peaks between 1660 and 1670 cm−1 for the historical leather armor sample. The band at 1660 cm−1 is associated with the collagen native triple helix [25], indicating the damage in the internal triple helical structure of the historical leather armor. In addition, the ratio of the peak intensity of the amide III band to the peak at around 1450 cm−1 (PeakAmid III /Peak1450 cm−1) could reflect the integrity of the collagen triple helix structure [27–30]. The closer the ratio to 1, the more intact the triple helix structure of the collagen. Here, the ratio for new leather is 0.87, which is only 0.35 for the historical leather armor, confirming that the appearance of the deterioration in the historical leather armor.
The deterioration was confirmed using NMR analysis, according to Zhang’s report [31] related closely to the historical leather artifacts. Figure 6 presents the 13C CP/MAS spectrum of the historical leather armor. The 13C signal within 180–160 ppm are assigned to the carbohyl carbon. The signals corresponding to the aromatic carbons in Region I are not observed [32]. The 13C resonant lines in the range of 90–0 ppm in region II contain the peptide aliphatic carbon, which contributes to the amino acid carbon resonances. The peaks at 73.3, 44.6, and 30.4 ppm are attributed to C-4 of hydroxyproline (Hyp), C-2 of glycine (Gly), and C-3 of proline (Pro), respectively [33]. The intensities of Hyp, Gly, and Pro are used as indicators to identify the effects of collagen degradation because collagen has a triple helix structure dominated by the amino acid sequence of Gly-Pro-X or Gly-X-Hyp triplets [34]. Taking the carbonyl carbon peak at 175.9 ppm as a reference peak, the relative fraction of Hyp, Gly, and Pro were 26.3%, 39.1%, and 29.5%, respectively. The results by NMR are consistent to the results of the amino acid content in Fig. 6b. For the newly prepared leather, the relative fraction of Hyp, Gly, and Pro were reported approximately 38%, 35%, and 45% [31]. So the Hyp and Pro in the historical leather armor degraded significantly. The degree of degradation level of the historical leather armor is close to that reported for artifact No. N96 [31], also from Xinjiang, but from different cemeteries.[image: ]
Fig. 613C CP/MAS spectrum of the historical leather armor


Additionally, vegetable tanning and alum tanning are recognized as the most ancient methods of leather treatment. Considering the absence of a distribution pattern along the fiber morphology for Al (Fig. 4), and the lack of characteristic aromatic peaks of tannins in Fig. 6, it is plausible to suggest that the historical leather armor might be either untanned or that the tannins present in the leather have degraded due to deterioration or an absence of tannin treatment on this ancient leather armor.

Microbial identification and metabolic pathway analysis
Through gene identification and matching, a total of 13 bacterial and 3 fungal species were detected on the surface of the leather armor artifacts, as listed in Table 1. Among the bacterial species, one was identified at the phylum, class, and order levels, two at the family level (Bacillaceae and Planococcaceae), and six at the genus level (Bacillus, Oceanobacillus, Priestia, Pseudogracilibacillus, Siminovitchia, and Virgibacillus). Among them, Bacillus and Priestia were the dominant bacteria, constituting the main bacterial components of the microbial community on the artifacts’ surface. At the species level, 13 bacterial species were identified, including Bacillus sp. (in: firmicutes), Bacillus sp. 1002B12 12ECASO, Bacillus sp. 81C102Y12, Oceanobacillus caeni, Priestia endophytica, Priestia megaterium, Pseudogracilibacillus sp., Siminobitchia farraginis, Siminovvitchia fordii, Virgibacillus oceani, Virgibacillus sp. WSR35, Paenisporosarcina sp. BE572, and Sporosarcina koreensis. Among them, Bacillus sp. (in: firmicutes) and Priestia endophytica were identified as the dominant species. Regarding fungal composition, Ascomycota was identified at the phylum level, and Eurotiomycetes, Saccharomycetes, and Dothideomycetes were identified at the class level. At the order level, Eurotiales, Saccharomycetales, and Capnodiales were detected. At the family level, Aspergillaceae and Pichiaceae were identified. At the genus level, Aspergillus and Pichia were detected. Finally, at the species level, 3 fungal species were identified: Aspergillus piperis, Aspergillus subversicolor, and Pichia garciniae. Compared to the microbial species extracted from other artifacts [35–39], the historical leather armor unearthed from Turpan contains noticeably fewer microbial species, possibly due to the unique geographical environment of the region. Turpan has a mean annual precipitation of only 16.4 mm but experiences evaporation of 3000 mm, and the temperatures range from around − 9 °C in the coldest months and approximately 45.6 °C in the hottest months [5–7], which may not be conducive to microbial growth and metabolic activity.
Table 1Identification results of bacteria and fungi obtained from the historical leather armor


	Kingdom
	Phylum
	Class
	Order
	Family
	Genus
	Species
	Proportion (%)

	Bacteria
	Bacillota
	Bacilli
	Bacillales
	Bacillaceae
	Bacillus
	Bacillus sp. (in: firmicutes)
	25.12

	Bacillus sp. 1002B12 12ECASO
	0.19

	Bacillus sp. 281C102Y12
	0.08

	Oceanobacillus
	Oceanobacillus caeni
	0.03

	Priestia
	Priestia endophytica
	70.56

	Priestia megaterium
	0.12

	Pseudogracilibacillus
	Pseudogracilibacillus sp.
	1.11

	Siminovitchia
	Siminobitchia farraginis
	0.09

	Siminovvitchia fordii
	0.08

	Virgibacillus
	Virgibacillus oceani
	0.19

	Virgibacillus sp. WSR35
	2.35

	Planococcaceae
	Paenisporosarcina
	Paenisporosarcina sp. BE572
	0.08

	Sporosarcina
	Sporosarcina koreensis
	0.03

	Fungi
	Ascomycota
	Eurotiomycetes
	Eurotiales
	Aspergillaceae
	Aspergillus
	Aspergillus_piperis
	0.16

	Aspergillus_subversicolor
	5.37

	Saccharomycetes
	Saccharomycetales
	Pichiaceae
	Pichia
	Pichia_garciniae
	0.08




Figure 7 shows the abundance of MetaCyc secondary functional pathways for bacteria and fungi. These metabolic pathways are classified into 6 major categories, and each category of metabolic pathways is further divided into multiple levels. The biosynthesis of bacteria is mainly the biosynthesis of amino acid, while fungal biosynthesis is predominantly focused on fatty acid and lipid biosynthesis. In comparison to bacteria, fungi exhibit a superior capacity for carbohydrate synthesis, but demonstrate relatively weaker abilities in amino acid biosynthesis. The function of degradation, utilization, and assimilation are crucial in the context of organic carbon accumulation [40]. Among these functions, both bacteria and fungi possess amino acid degradation as well as C1 compound utilization and assimilation capabilities. However, fungi lack the ability to degrade aromatic compound, carboxylate, and secondary metabolite. In term of the generation of precursor metabolites and energy, fungi exhibit the capacity for chitin degradation to ethanol and methyl ketone biosynthesis, which is not observed in bacteria. Conversely, bacteria can perform formaldehyde oxidation and photosynthesis, which are not observed in fungi. Furthermore, compared to bacteria, fungi demonstrate significantly enhanced proficiency in glycan biosynthesis. The preservation environment for artifacts after excavation differs significantly from their burial environment. Therefore, understanding the types of microbes present on the surface of these artifacts and their metabolic pathways is crucial for their long-term preservation.[image: ]
Fig. 7The abundance of MetaCyc secondary functional pathways for a bacterial, and b fungi




Conclusion
In this work, a historical leather armor housed in Turpan Museum was evaluated through four aspects: morphology observation, composition analysis, structural assessment, and microbial identification and prediction. The uses of FTIR and NMR as effective tools in the assessment of deterioration has been demonstrated. And the main component and contamination were identified respectively, providing scientific foundation for the reasonable preservation and restoration of collagen-based historical artifacts.
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