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Investigation on deterioration profiling of historic silk
(Bombyx Mori) using synchrotron based infrared micro-
spectroscopy

Abstract: In this paper, synchrotron based infrared micro-spectroscopy was utilized to
describe the degradation profile of fibroin contained in silk textiles (Bombyx mori). The
spatial distributions of deterioration effects in silk samples artificially aged at an
assortment of conditions (thermal, hydrolytic and ultraviolet) were distinctly visualised
and in accordance with the findings from conventional infrared spectroscopy in
references. Further this method was applied on a historic sample from a private museum
in Melbourne, and presented consistent results. This established synchrotron IR
chemical mapping method could enable museum professionals to better understand the

preservation state of historic silk and make informed decisions for conservation.
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1 Introduction

The deterioration of historic silk presents significant issues in museum collections, and
for scholars using these collections. Used for garments, upholstery, banners or rugs and
providing extensive social and historic information, silk is an appreciated material due
to its valuable properties e.g. excellent smoothness, lustre, strength and lightness.
However, silk textiles are ephemeral organic objects, sensitive to environmental
degradation factors that cause deterioration of its intrinsic properties, leading to brittle
fabrics which crack and eventually become powdery when touched (Zhu et al., 2014a,
Zhu et al., 2013). Conservators concerned with the preservation of historic silk must
assess the degradation states in the material when determining suitable approaches for

conservation, exhibition, and preservation (Gong et al., 2015b). Thus it is necessary to



understand the degradation mechanisms and to find reliable analytical markers for

monitoring the degree of degradation of historic silk textiles (Vilaplana et al., 2014).

Conventional Fourier Transform Infrared Spectroscopy (FT-IR) has been widely used
for elucidation of the microstructural change caused by degradation processes in
historic silk (Gong et al., 2015a, Aguayo et al., 2014, Akyuz et al., 2014, Garside et al.,
2005, Garside et al., 2014, Garside and Wyeth, 2007). With continuous endeavours a
number of useful degradation markers derived from IR spectra by juxtaposing the
spectra of newly produced, historic samples, and artificially aged model silk samples
have been proposed in the literatures. For example, the Amid I (at 1620 cm™) to Amid
II (at 1514 cm™) intensity ratio (Iamide 1/ Iamide r) Was proposed to monitor the primary
structure of historic silks (Zhang and Yuan, 2004). Recently, this marker, alongside with
the proportion of band integral located at 1318 cm™! to band integral of CH? bending
vibration at 1442 cm™ (Ai313 / A1a42) were explored to monitor thermally aged and

historic silk samples (Koperska et al., 2014, Koperska et al., 2015).

However, the microstructure of historic silk is extraordinarily heterogeneous due to
multifarious ageing effects (Zhu et al., 2014b). Although previous investigations have
provided valid estimators for historic silk deterioration, they cannot directly afford a
distribution of chemical structure within silk fibres (Ling et al., 2014, Ling et al., 2013).
Thus, with the possibility of combining spectral and spatial information, synchrotron
based FT-IR will generate more productive data, thereby enabling heterogeneous
structural characterization by IR spectra with a conspicuously higher spatial resolution,

as well as a spatial chemical visualization of different deterioration indicators.

The present study focuses on chemical imaging of the previously proposed degradation
estimators by synchrotron based FT-IR. The deterioration profiles of artificially aged
silk samples exposed to different accelerating media were achieved and compared with

a genuine historic silk from the Eckfeld Collection in Melbourne, Australia.



2 Experimental section

2.1 Materials

In this work, degummed, undyed and plain weave Bombyx Mori silk fabrics were
used, since it is a common practice to use plain weave textiles during the conservation
procedures of silk artefacts in leading museums. All the chemical reagents were
purchased from Sigma-Aldrich and were of analytical grade. A historic sample from the
Eckfeld Collection in Melbourne were used for reference. It is taken from an
embroidered panel from a Chinese opera costume as shown in Figure 1 (dimensions:

68 cm H x 11.5 cm W each).

2.2 Sample preparation

Three accelerated ageing regimes were employed as follows. Hydrolytic aged samples
were prepared by treating the fresh natural silk fabrics with 5 % NaOH aqueous
solution at 35 °C for 5 h (Zhu, 2015). Thermal ageing was operated by exposing the
reference silk sample to a temperature of 230 °C in a forced convection oven for 24 h
(Zhu and Gong, 2014). Ultraviolet (UV) ageing was performed with a QUV
Accelerated Weathering Tester (Q-Lab Corporation) at irradiance 1.2 W/m? for 14 d
(Zhang and Yuan, 2005). Historic silk sample was scrupulously cleaned with distilled
deionized water, acetic ester and petroleum ether sequentially to remove possible
contaminations. Before analysis, samples were conditioned in 23 °C, 50 % RH for at
least 1 week.

2.3 Synchrotron FT-IR micro-spectroscopy

Absorbance spectra were recorded in transmission mode using a Bruker Hyperion 2000
microscope (Bruker Optic GmbH, Ettlingen, Germany) attached to a Bruker Vertex V80
v FTIR spectrometer at the Australian Synchrotron Infrared Micro-spectroscopy
beamline. The microscope was equipped with a set of 36x (N.A. 0.5) reflecting
objective and condenser optics, a narrowband mercury cadmium telluride (MCT)
detector spanning the wavenumber range of 4000 - 750 cm™!, and motorised microscope
apertures and sample stage. Each sample was flattened between the two diamond
windows of the Micro Compression Cell (MCC) to prepare for transmission
measurements. Potassium bromide powder was used for collection of reference spectra,
in order to eliminate spectral fringing that could otherwise result from using the air gap

between the two diamonds for the reference. Data were collected from individual



sample areas (5 x 5 microns apertures were used) and custom-defined grid maps (using
5 micron step size) on a number of areas of each sample. All measurements were taken
with 6 cm™ spectral resolution and 32 co-added scans for each sample and background
measurement. Data collection was performed using the Bruker OPUS 6.5 software
package whereas spatially resolved chemical maps were generated by integration of
absorbance peak intensities or band integrals of specific functional groups of interest
using Bruker OPUS 7.2. The integration peak areas were defined by selecting a baseline

between the start and end wavenumbers of the individual absorbance peak.

3 Results and discussion

3.1 Synchrotron based IR spectra

As depicted in Figure 1, the synchrotron IR spectra of samples undergone disparate
degradation processes presented consistent characteristics with data from conventional
FT-IR (Koperska et al., 2014). With the advantage of rapidly recording an array of
spectra from data points with high spatial resolution, these spectra were averages of ten
randomly selected points in the mapping area, instead of the arithmetical mean of the
data from three separately aged silk samples. In this research, the two aforementioned
estimators concerning effects of the oxidation and hydrolysis on the primary structure

of fibroin were investigated.
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Figure 1 Synchrotron based IR spectra of (a) fresh silk (b) thermal aged silk (c) hydrolytic



aged silk (d) UV aged silk (e) historic silk

3.2 Chemical mapping of the deterioration estimators

The Amid I (at 1620 cm™) to Amid II (at 1514 cm™') intensity ratio (Iamide 1/ Iamide 11)
estimator has been proven to reflect oxidation of polypeptide to carboxylic, aldehydic
or ketones groups in silk fibroin rather than hydrolysis. It can be seen lucidly in Figure
3 that generally this parameter in silk sample mounted after thermal ageing compared
with Figure 2. This observation can be explained by radical oxidation mechanism
resulting in the formation of new carbonyl group, which was in conformity with
previous findings by EPR and Raman Spectroscopy (Gong and Yang, 2013). Figure 4
display that the parameter Iamide 1/ Iamide n also increased in silk sample after UV
irradiation. The interpretation of this phenomenon could be the formation of carbonyl
groups as a result of the photo-oxidation of fibroin to a-keto-acids at the glycine and
alanine (Sionkowska and Planecka, 2011). Besides, it is noticeable that the spatial
distribution of oxidation is highly anisotropic, which could be visualised explicitly by
synchrotron IR imaging, instead of the normally available FT-IR. It is shown in Figure
5 that no significant changes were spotted by this estimator during aging at alkaline

hydrolytic conditions as expected.
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Figure 2 Chemical imaging of fresh silk generated from Iamide 1/ Lamide 1
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Figure 3 Chemical imaging of thermal aged silk generated from Iamide 1/ Iamide 11
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Figure 4 Chemical imaging of UV aged silk generated from Iamide 1/ Iamide 11
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Figure 5 Chemical imaging of hydrolytic aged silk generated from Iamide 1/ Iamide 11

The band of C-H shielded by free dicarboxylic amino acids (at 1318 cm™) to band of
CH? bending vibration (at 1442 cm™) integral proportion (Ai31s / Aj442) degradation
estimator was chosen to monitor the development of the vibration bands of new amino

and carboxyl groups formed in hydrolysis. Synchrotron IR imaging revealed that this



estimator escalated in hydrolytic aged silk (Figure 7) at nonuniform levels in
comparison with fresh silk (Figure 6) due to the formation vast free amino acids after
hydrolysis. In contrast, for thermal (Figure 8) and UV (Figure 9) aged silk, this
estimator rose only slightly as the main degradation pathway for these samples was

oxidation other than depolymerisation.
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Figure 6 Chemical imaging of fresh silk generated from Ay3is / Ai442
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Figure 7 Chemical imaging of hydrolytic aged silk generated from A1318 / A1442
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Figure 8 Chemical imaging of thermal aged silk generated from Aj31s / A1442
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Figure 9 Chemical imaging of UV aged silk generated from Ai31s / A1442

3.3 Application on historic silk

It is indicated in Figure 10-11 that the primary structure of the historic silk fibroin
peptides was disrupted in storage from both oxidation of peptide bond, aliphatic and
aromatic side, and peptide bond cleavage through proteolysis. Although quite
heterogeneous, the variation trend of the selected two estimators for the historic sample
aligned well with the artificially aged samples, vindicating the virtue of synchrotron IR

imaging to monitor the distribution of deterioration effects within historic silk fibres.
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Figure 10 Chemical imaging of historic silk generated from Ismide 1/ Iamide 11
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Figure 11 Chemical imaging of historic silk generated from A 1313 / A1442

4 Conclusions

Synchrotron based infrared micro-spectroscopy was successfully adopted to non-
destructively analyse and quantify the spatial distributions of oxidation and hydrolysis
stages within artificially aged and historic silk fibres with pre-defined estimators. Such
diagnostic method is promising in providing important evidence for conservators and
stakeholders to determine manageable storage and exhibition frameworks and risk

mitigation strategies for the irreplaceable and vulnerable silk collections.
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