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a b s t r a c t 

Evaluating the degradation degree of aged silk is a challenge but worthwhile to determine the structure 

change and stability of silk. To date, the characterizations of silk degradation are widely studied, however, 

it still remains a lack of systematic research on measuring and quantifying the degradation degree of silk 

with effective ageing indicators. In this research, ancient silk samples from two different ages and regions 

were investigated by means of X-ray diffraction, X-ray photoelectron spectroscopy, EPR spectroscopy and 
13 C CPMAS NMR in an attempt to provide numerical indicators for assessing their ageing degree. As a re- 

sult, the crystallinity, oxidation and carbonization degree, variation of amino acid content and content of 

random coil were proved to be the valuable indexes for interpreting the distinct deterioration and fragility 

level of aged silk. This work may shed light on studying the ageing status and stability of historical silk 

and further providing evidence for the conservation and preservation of silk cultural relics. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Silk which produced and excreted by silkworm is a natural ma- 

erial that has been used for over 50 0 0 years [ 1 , 2 ] to produce nu-

erous precious textiles and other artifacts [3] . Silk fibre is a poly- 

er composed of sericin and fibroin, which are two types of pro- 

eins consisting of C, H, O, N etc. [4] . Before weaving, raw silk is

ormally subjected to a degumming process in which the major- 

ty of silk sericin has been removed [ 4 , 5 ]. And the degummed silk

ontains mainly fibroin which composed of amino acids (mainly 

lanine, serine, glycine and tyrosine) that fold into antiparallel β- 

heets crystallites and an amorphous region [6] . Two subunits con- 

titute the amorphous region of silk fibroin are the heavy chain 

nd the light chain. The heavy chain was identified with twelve 

ydrophobic domains mainly contain (GAGAGS) n amino acid se- 

uences which ensures the heavy chain’s resistance to the degra- 

ation factors, such as moisture, heat, UV radiation, acidity or alka- 

inity etc. [ 7 , 8 , 9 ]. On the other hand, the light chain which linked

o the heavy chain by disulfide bonds is an independent sub-unit 

hat exhibits less stability and would degrade prior to the heavy 

hain [9] . The unique structure makes silk one of the most sensi- 

ive natural fibers that is easily influenced by common deteriora- 
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ion agents. As a result, only a small amount of silk-based cultural 

elics has survived after long-time burial and most of them are not 

ith their original appearance. It is of great importance to prevent 

hese precious treasures from further deterioration. Therefore, the 

undamental work is to investigate the degradation of ancient silk 

y assessing the degree of ageing and evaluating the stability. 

To date, the characterizations of silk degradation are widely 

tudied. The focus shifts from morphological level to molecu- 

ar level of silk by employing various methods, such as Fourier 

ransform infrared spectroscopy (FT-IR) [ 3 , 10–15 ], X-ray diffraction 

XRD) [16–19] , amino acid analysis [ 5 , 20 , 21 ] and electron param-

gnetic resonance (EPR) spectroscopy [4] . However, most of the re- 

orted works focused mainly on evaluating the property changes 

pon the variation of structure and composition of silk. There still 

emains a lack of systematic research on measuring and quantify- 

ng the degradation degree of silk with effective ageing indicators, 

n order to accurately determine and further compare the deterio- 

ation status of ancient silks. 

The crystallinity of silk protein is proved to be an important 

ndicator that reflects the ageing of silk [19] , where XRD offers a 

irect and accurate method to quantitatively study the crystallinity 

f silk. Besides, XPS is a powerful element analytical tool for char- 

cterizing the chemical bonding states of elements in near-surface 

egions of a solid compound up to the depths of about 10 nm [22] .

he elemental composition of silk surface along with the chemical 

tate which was obtained by employing XPS analysis can be an- 
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Fig. 1. ancient silk samples (a. BM; b. FM) and modern silk sample (c. MS). 

Fig. 2. SEM images of ancient silk samples BM (a,b) and FM (c,d), and modern silk sample MS (e,f);and SEM-EDS spectrogram of BM (g) and FM (h). 
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Fig. 3. Deconvolution of XRD pattern of MS, FM and BM (a-c, black solid curve represents original spectra; red solid curve represents simulated spectra from summed peaks; 

other solid curves represent decomposed components), and plots of crystallinity derived from deconvolution of XRD patterns (d). 
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ther indicator to characterize the deterioration of silk. EPR was 

pplied in determining the free radicals which is believed to take 

art in the degradation process of ancient silk fabrics [4] . On this 

asis, the index of carbonization of silk is proposed by measuring 

he accumulation of carbon radicals [23] . And the content of amino 

cid is confirmed to be another valuable indicator of ageing level 

f silk [5] . In addition to the commonly used amino acid analy- 

is, 13 C CPMAS NMR could be a better solution for estimating the 

ontent of amino acid and further revealing the intensity ratio of 

-sheet and random-coil peaks of silk. 

In this paper, the degradation behaviors of two ancient silk tex- 

iles from different regions with increasing burial time from the 

outhern Song Dynasty (1127–1279 A.D.) to the Warring States 

403–221 BC.) were investigated in comparison with the modern 

ilk. XRD, X-ray photoelectron spectroscopy (XPS), EPR and 

13 C 
d

Fig. 4. XPS survey spectra of BM

3 
ross Polarization Magic Angle Spinning Nuclear Magnetic Reso- 

ance ( 13 C CPMAS NMR) were employed to measure the crys- 

allinity, oxidation and carbonization degree, variation of amino 

cid content and content of random coil. The results and findings 

rovided numerical ageing indicators for interpreting the deterio- 

ation status of ancient silk. The research would be beneficial to 

etermine the structure change and stability of silk, and further 

rovide scientific evidence for the conservation of ancient silk. 

. Materials and methods 

.1. Historical and modern silk textiles 

The two ancient samples (see Fig s.1a and b) studied are the silk 

ebris unearthed from Baling Mountain, Jingzhou, Hubei Province 
 (a), FM (b) and MS (c). 
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Table 1 

Relative chemical composition and atomic ratio determined by XPS for the ancient samples and modern sample. 

Samples 

Chemical composition/% Relative area of different chemical bonds (%) Atomic ratio 

C1s O1s N1s C-C C-N/C-O C = O O/C N/C 

BM 53.33 38.36 8.31 27.51 16.19 9.63 0.72 0.16 

FM 62.36 27.03 10.61 34.34 16.31 11.71 0.43 0.17 

MS 63.95 21.6 14.46 30.98 18.33 14.64 0.34 0.23 

Fig. 5. EPR spectra of samples BM, FM and MS (amplification normalized). 
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Table 2 

° of carbonization of BM, FM and MS. 

Samples H 0 α0 Degree of carbonization 

BM 7171.8 300 4.27 

FM 6216.9 600 3.44 

MS 1192.1 300 2.48 
nd Fangmao Mountain, Changzhou, Jiangsu Province, denoted re- 

pectively by BM (Baling Mountain) and FM (Fangmao Mountain). 

M was traced back to the Warring States (403–221 BC.) while FM 

as dated to the Southern Song Dynasty (1127–1279 A.D.). Com- 

ercial silk fabric (denoted by MS, see Fig. 1 c) from Guanghua Silk 

o. Ltd. of Hefei City was purchased and used as control sample. 

One piece with approximately 20 mg was collected from the 

ncient samples and the fresh silk respectively. The ancient silk 

ieces were rinsed by using deionized water to remove possible 

ontamination and dried at room temperature. To avoid possible 

nterference of pollutants and deviation caused by uneven ageing 

f the fibers, the silk samples were further grinded into powder 

or XRD, XPS, EPR and 

13 C CPMAS NMR examinations. 

.2. Scanning electron microscopy (SEM) 

Silk samples were mounted onto a double-sided adhesive car- 

on tape set on aluminium stubs, which were spatter coated with 

old for electric conduction. SEM-EDS analysis was carried out 

ith a ZEISS GeminiSEM 500 scanning electron microscope to 

haracterize the morphology and determine the major elements. 

.3. Wide angle X-ray diffraction 

XRD measurements were performed on the modern and ancient 

amples using a D/max-TTRIII instrument with Cu Ka radiation ( λ= 

.1542 nm). The scanning speed was set at 8 °/min over a range 

f 5–35 °. The XRD pattern was obtained by using Grams/AI 9.2 

oftware. And the crystallinity of silk was determined by applying 

aussian band shapes. The degree of crystallinity was calculated by 

sing the following equation (eq. 1) [23] 

c = 

I c 

I + I 
× 100% 
c a 

4 
here Ic and Ia represents respectively the sum of the integrated 

ntensity of the Bragg peaks (200 and 210) and the integrated in- 

ensity of the amorphous halo. 

.4. X-ray photoelectron spectroscopy 

The chemical compositions of samples were determined by 

sing X-ray photoelectron spectroscopy (Thermo Escalab 250Xi, 

hermo Fisher Scientific, USA) with an Al Ka X-ray source 

hv = 1486.6 eV). The measurement started with a survey scan 

rom 0 to 1200 eV. X-ray beam spot was 300 μm × 700 μm. For 

btaining the relative atomic concentrations of C1s, O1s, N1s, a 

igh resolution analysis was then conducted. 

.5. EPR 

The EPR spectra were taken on a JEOL JES-FA200 EPR spec- 

rometer at room temperature with the following parameters: mi- 

rowave frequency of 9.06 GHz, microwave power of 0.998 mW 

nd modulation amplitude of 0.35 mT. 

The degree of carbonization (DC) was calculated by applying 

he following equation (eq. 2) [24] , 

C = ln 

(
30 H 0 

α0 m 0 

)

H 0 indicates the peak height, and α0 and m 0 represent respec- 

ively the magnification of EPR and applied sample size (samples 

f 10.0 mg were employed in the test). 

.6. 13 C CPMAS NMR 

The 13 C CPMAS NMR analyses were carried out using a Bruker 

VANCE NEO 600 spectrometer operating at 600.16 MHz on pro- 

on and 150.92 MHz on carbon, equipped with a 3.2 mm CPMAS 

robe. The samples were packed and spun at the magic angle spin- 

ing rate of 22 kHz. All the spectra were acquired at temperature 

f 293 K by using cross-polarization pulse sequence. The 90 ° pulse 

as 2.6 μs with a contact time of 3 ms. Cross-polarization spec- 

ra were recorded acquiring 2048 scans to obtain a good signal-to- 

oise ratio. 

. Results and discussion 

.1. Morphological comparison 

SEM is widely used to observe the fibre morphology in order to 

haracterize the degradation of ancient silk. As shown in Fig. 2 e- 

, the modern silk is well-preserved and presents shiny and flexi- 

le fibers. In comparison, samples BM and FM (in Fig. 2 a-d) were 
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Fig. 6. 13 C solid state NMR spectra and responding attributions of MS (a), FM (b) and BM (c). 
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everely damaged that exhibiting fibre fracture and mass contami- 

ations. Amongst them, the deterioration of BM seems much more 

erious since the surface of the fabric is predominated by longi- 

udinal cracks and fibrillation. SEM-EDS results (in Fig. 2 g-h) in- 

icated the particles spread over the surface of BM and FM con- 

ain mainly Al and Si. It is speculated that these inorganic pollu- 

ants should be the alumina and silica from the burial soil. There- 

ore, prior to any further examination, the aged silk samples went 

hrough a rinsing process to remove possible contamination. 

.2. Crystallinity 

The deconvolution XRD patterns of MS, FM and BM were shown 

n Fig. 3 a-c. There were five Bragg peaks for β-sheet crystallites 

nd a board amorphous halo presented in the XRD pattern of MS 

hat arise from the small size of the crystallites. The Bragg reflec- 

ion at (210), (200) and (002) indicate the crystallite size along � a 

inter-chain direction), � b (inter-sheet direction) and 

�
 c (fibre axis di- 

ection) axes. The band positions along with the crystal size of � a , � b , 

  direction is basically in accordance with the previous study [19] . 

he crystallinity of modern silk fabrics is calculated to be around 

5%. In comparison, three Bragg peaks for β-sheet crystallites and 
5 
 broad amorphous halo were identified in both the XRD pattern of 

M and BM, where the crystal planes (002) and (300) disappeared 

ue to the degradation of ancient silk. The crystallinity of FM in- 

reased to 50.4% while the crystallinity of BM jumped to 69.1% (di- 

gram presenting the variation of crystallinity is given in Fig. 3 d). 

.3. XPS analysis 

The distinct chemical compositions of aged silks and fresh 

ilk were measured by XPS. Based on chemical shifts caused by 

hanges in the binding energy of different inner electrons in the 

hemical environment of atoms, XPS can be applied to determine 

he oxidation state. Generally, oxidative degradation is the main 

ause of the degradation of polymer material. By measuring the 

tomic percentages of C, N and O elements as well as the O/C 

alue, the degree of oxidative degradation of silk can be inferred. 

he change of N/C value reflects the change of N-containing func- 

ional groups within the silk fibre structure. The binding mode and 

tate of C element determine the structure and properties of silk 

rotein in major ways. The high-resolution fine scanning of C1s 

as performed to acquire the valuable information in the study 

f the chemical composition of silk fibre. 
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Table 3 
13 C chemical shifts and corresponding attributions. 

Peaks no. as 

marked in Fig. 6 

Functional 

groups 

Corresponding 

amino acids 

Chemical shifts δ (ppm) 

MS FM BM 

1 CO Ala 172.74 172.76 172.77 

2 CO Gly 169.43 169.42 169.45 

3 C ζ Tyr 155.69 155.47 155.61 

4 C γ Tyr 130.78 130.61 130.83 

5 C δ Tyr 127.67 127.39 128.37 

6 C ε Tyr 115.72 115.65 115.60 

7 C β Ser 63.65 64.44 64.59 

8 C α Ser 55.42 54.97 54.74 

9 C α Ala 49.43 49.34 49.36 

10 C α Gly 43.15 43.06 43.05 

11 C β Ala 20.31 20.76 20.62 
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In Fig. 4 , the presence of C1s (286.0 eV), O1s (532.0 eV) and

1s (400.0 eV) were found in the full range XPS survey where the 

ariation of the relative intensity of C1s, O1s and N1s peaks were 

oted. As listed in Table 1 , the contents of C decreased from 63.95%

in MS) to 62.36% (in FM) and 53.33% (in BM) where the contents 

f O increased in both BM (38.36%) and FM (27.03%) comparing to 

hat of MS (21.6%) which overall resulted in an upward trend of 

/C atomic ratio in ancient samples. It is suggested that the his- 

oric silks have undergone different degrees of oxidative degrada- 

ion with the reduction of non-oxidized carbon content upon age- 

ng. Moreover, the contents of N reduced from 14.46% (in MS) to 

0.61% (in FM) and 8.31% (in BM) while N/C values and C-N/C-O 

nd C = O bond contents declined in the same way which indicates 

he breakage of peptide bonds in the main chain of the ancient 

ilk fibers or the lack of N-containing functional groups in the side 

hain, such as tryptophan, proline, histidine etc. 

.4. Degree of carbonization 

As seen in Fig. 5 , all the EPR spectra have the similar resolved

haracteristic absorption peak centred at the highly isotropic g- 

actor of 2.0037 without hyperfine structure, indicating that the 

ignals were originated from the carbon radicals [4] . Some cor- 

esponding features herein are almost identical to those obtained 

rom coal excluding the highly isotropic gw ∼2.0037, the peak-to- 

rough width of ∼1 mT and the slightly asymmetric spectral shape 

25] . The peak height of EPR signal directly associates with the 

ontent of carbon radicals. Therefore, the degree of carbonization 

f silk can be represented by the derived concentration of carbon 

adicals [24] . By applying eq. 2, the values of DC were calculated 

o be 4.27 of BM, 3.44 of FM and 2.48 of MS, as summarized in

able 2 . 

.5. 13 C CPMAS NMR analysis 

13 C CPMAS NMR spectroscopy was carried out to analyse the 

econdary structure of the fibroin molecule of silk. The spectrum 
Fig. 7. the relative contents of Gly, Ala, Ser-a

6 
f samples BM, FM and MS are shown in Fig. 6 along with the 13 C

hemical shifts and corresponding attributions listed in Table 3 . 

Fibroin is predominated by glycine (Gly), alanine (Ala), serine 

Ser) and tyrosine (Tyr) [5] . As presented in Table 3 , peaks denoted 

y no.2 and 10 are assigned to carbons of Gly, while peaks no.1, 9 

nd 11 are attributed to carbons of Ala. Where peak no.7 is asso- 

iated with Ser-C β and peaks no.3–6 belong to carbons of Tyr. Ob- 

iously, these peaks appeared at the very similar positions in both 

ncient silks and fresh silk. 

Fig. 7 shows the relative contents of Gly, Ala, Ser-and Tyr-that 

cquired through spectra fitting of Gly-C α, Ala-C α, Ser-C β and Tyr- 

 ζ peaks (due to the overlapping of carbonyl resonance regions at 

80ppm-165 ppm and Tyr-C α and Ser-C α peaks at 55 ppm as a 

esult of the close chemical shift and background noise of Tyr-C β

eak at around 35 ppm, these peaks were not considered in spec- 

ra fitting). Besides the slightly higher content of Gly, the analytical 

esults for the amino acids of fresh silk are consistent with previ- 

us literature reports [26–28] . As seen from Fig. 7 , the contents of 

ly-and Ala-show non-significant variation in both modern sam- 

le and ancient samples while Ser-and Tyr-present obvious lower 
nd Tyr-in MS (a), FM (b) and BM (c). 
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Fig. 8. Spectra fitting of 13 C CPMAS NMR Ala-C β for MS (a), FM (b) and BM (c). 
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Table 4 

Ala-C β chemical shifts and relative contents of secondary structure. 

β-sheet Random coil 

Chemical shifts 

(ppm) 

Percentage 

(%) 

Chemical shifts 

(ppm) 

Percentage 

(%) 

MS 20.38, 22.76 70.77 17.09 29.23 

FM 20.57, 23.04 77.46 16.67 22.54 

BM 20.34, 22.72 85.62 17.25 14.38 
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ontents in aged silks then that of fresh silk. It can be explained 

y the fact that Gly-and Ala-with uncomplicate side chain confor- 

ation are stable and predominately locate in crystalline region 

here Tyr-with long side chains exists mainly in non-crystalline 

egion and is chemically active [29] . 
13 C solid state NMR spectra of three samples exhibit asymmet- 

ical broad peaks of Ala-C β which reflect distinctive molecular con- 

ormation of silk fibroin. Hence the relative contents of silk sec- 

ndary structure can be determined by spectra fitting of Ala-C β

eaks. As shown in Fig. 8 , the shapes of Ala-C β peaks of aged sam-

les present significant variation in comparison with the modern 

ample. The fitting results (listed in Table 4 ) reveal that the con- 

ents of β-sheet in BM, FM and MS are respectively 85.62%, 77.46% 

nd 70.77%. It is entirely consistent with the mechanism that the 

morphous region is degraded prior to the crystalline region dur- 

ng the deterioration of silk [9] . 

. Discussion 

SEM is an effective tool in providing information on the mor- 

hology degradation of silk. Normally, the ageing traits can be dis- 

inguished by observing the silk fibre form. By comparing the SEM 
7 
mages of BM, FM and MS, it is obvious that MS is in good preser-

ation while FM presents ageing characteristics and BM degraded 

ven more serious. However, it is insufficient for SEM to accurately 

easure the degradation degree of these silks and offering nu- 

erical results for interpreting their deterioration status. Hence, 

ystematic research on measuring and quantifying the degradation 

egree of silk with effective ageing indicators is desired. 

The crystallinity can be a convictive index to illustrate the mi- 

rostructural change in ancient silk though the secondary struc- 

ure. The disappearance of crystal planes (002) and (300) in FM 

nd BM revealed the initial degradation occurred in amorphous re- 

ion which resulted in the increase of crystallinity. The crystallinity 

alues obtained by following eq. 1 can be used not only as an in- 

icator to explain the fragility of aged silk, but also as a quantitive 

ata to account for the ageing degree. Generally, oxidative degra- 

ation is the cause of ageing of polymer materials. The breakage 

f peptide chain may be one of the reasons why ancient silk is 

ecayed and fragile. Thus, XPS is selected for assessing the ageing 

egree of ancient silk through the variation of O and C functional 

roups and the breakage of peptide bonds in the main chain or 

ide chain. The gradual increase of the O/C atomic ratio disclosed 

ifferent degrees of oxidative degradation happened in FM and BM 

ith the reduction of non-oxidized carbon content. While the dif- 

erent N/C values C-N/C-O and C = O bond contents represent the 

everity of breakage of peptide bonds in the main chain or the lack 

f N-containing functional groups in the side chain of the ancient 

ilk fibers. It is proved that carbon radicals participate in the de- 

erioration process of silk where the degree of degradation is con- 

omitant with the accumulation of carbon radicals [4] . Hence, the 

oncentration of carbon radicals is deemed to be a reliable index 

n measuring the ageing of silk. And the calculated DC values in- 

uitively describe the distinct ageing degree of ancient silk. On the 

ther hand, analysis of amino acid is confirmed to be an incon- 

rovertible and reliable approach in evaluating the deterioration of 

ilk. According to the previous study [5] , the amino acid composi- 

ions of silk are mainly derived by employing amino acid analyser 

hich is a destructive method requires high consumption of sam- 

le and intricate sample pretreatment. However, the amino acids 

f silk can also be quantified by 13 C CPMAS NMR analysis which 

s a non-destructive method with the fully recoverable of tested 

ample. Amongst various amino acid compositions, changes in the 

ontents of serine and tyrosine are believed to be the valuable in- 

icators that reflect the ageing degree of silk. 13 C CPMAS NMR 

nalysis can further acquire the characteristics of protein secondary 

tructure. And the relative contents of protein secondary structure 

emonstrated the level of deterioration, at the same time, proved 

he initial degradation in the amorphous region of silk. 

. Conclusion 

Silk is one of the precious artifacts that consist of crystalline re- 

ion and amorphous region. Owing to its unique structure, silk is 

usceptible to various environmental factors which resulted in de- 

erioration. Over the years, the degradation behaviors of silk were 

idely studied. However, there is a lack of systematic research on 
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easuring and quantifying the degradation degree of ancient silk 

ith effective ageing indicators to interpret the deterioration sta- 

us. In this paper, the fresh silk and two historical silk textiles from 

ifferent regions with increasing burial time were investigated by 

eans of XRD, XPS, EPR and 

13 C CPMAS NMR. The results proved 

he crystallinity, oxidation and carbonization degree, variation of 

mino acid content and content of random coil as effective and re- 

iable ageing indexes for explaining the ageing degree of ancient 

ilk. This research could provide with inspirations in assessing the 

geing status of silk and further provide with accurate quantitive 

ata in comparing the degradation degree of ancient silk textiles. 
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