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ABSTRACT

Understanding the conservation condition of historical silk yarn allows to define appropriate storage, care
and display of historical silk collections. This paper discusses the characterisation of silk fabrics from a
collection of traditional Japanese samurai armours which date back from the 16th to the 20th century
(Morigi Collection, Museo delle Culture, Lugano, Switzerland). An analytical protocol to assess silk fabrics
conditions was defined, based on microinvasive ATR-FTIR spectroscopy. In particular, the amide I and II
region was studied in order to extrapolate the conformational information about silk proteins. According
to literature, this kind of information can be related to different degradation stages. A linear correlation
was found between the amide I and the amide II shifts, allowing to assess the silk fibre condition. Along
with this bivariate approach based on intensity ratios, a multivariate approach based on Principal Com-
ponent Analysis was also applied to ATR-FTIR spectra. This allowed to group together silks with the same
state of preservation. The findings of this research offer a valuable method to researchers and conserva-
tors to identify the most damaged textiles; the differentiation between original and restoration materials
was also possible in some cases.
© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche
(CNR).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

particularly true for textiles [1], which embody a significant part
of our shared heritage. Textiles can encapsulate the evolution of

The preservation of objects in museums and other cultural
heritage institutions is crucial to ensure their legacy to future
generations. To appropriately care for a wide range of cultural
heritage materials, the assessment about their nature and their
condition should be planned, preferably by means of micro- and
non-invasive analytical techniques [1]. Rigorous scientific research
can not only extend the life of historical artifacts but also pro-
vide an opportunity to delve deeper into the understanding of
a collection, thereby enriching its historical significance. This is
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techniques, the mastery of artisans, and the influences of trade
and cultural exchanges. Nonetheless, in many cases textile artifacts
are in a rather deteriorated state. Many of them were initially
designed as practical, utilitarian objects, so they endured the wear
and tear of daily use. The materials used in crafting these items,
primarily vegetable or animal fibres, tend to be relatively fragile
and susceptible to deterioration caused by a variety of chemical
and physical processes. Deterioration factors are further exacer-
bated by any adverse occurrence, including mechanical stress,
encountered throughout the objects’ lives. Consequently, very few
items make their way into collections in a pristine condition.

Silk is reported as one of the most vulnerable materials within
natural and synthetic fibres, particularly when exposed to light [2].
The origins of silk date back to ancient China; it played a pivotal
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role in connecting civilizations through the Silk Road [3] and its
trade fostered cross-cultural exchanges and influenced the devel-
opment of art and fashion. The intricate processes involved in the
production of silk reflect the scientific and technical achievements
of past civilizations. Silk has not only been cherished for its
inherent beauty but also for the rich hues obtained through the
dyeing process. Before being dyed, silk generally undergoes the
degumming process, which is used to remove the gum covering
the yarn and make the silk smooth and lustrous. After this process,
the silk is named soft or degummed. If gum is not completely
removed, the silk is named hard. Hard silk is more difficult to
dye, and its colours are not so vivid, but it shows a higher tensile
strength [4]. Hard silk was used in the early stages of sericulture,
but also when the fibre strength was to be prioritised over its
aesthetics. In Japan, silk was extensively used in the traditional
samurai armour, especially in order to make the odoshige (lacing
amongst metal plates) and for linings brocades [5]. The life of
an armour was remarkably dependant on the periodic renovation
of its lacing: the deterioration of silk, which carried the weight
of the metal parts of the armour, was inevitable [6]. In modern
days, conservators can design supports to carry the weight of the
metallic components of the armour without putting the degraded
textiles under stress. Similar strategies could be applied to mount
textiles for display, especially when a vertical display is required,
which is the most dangerous for the fabrics [7]. It is therefore
important to appropriately assess the condition of such textiles, to
improve conservation effectiveness. Besides, the information could
be also useful to differentiate modern restoration from the original
manufacturing.

Silk is commonly characterised by distinctive features, such as
smoothness and lustre. By a visual inspection, viscose can be easily
mistaken for silk, as it was firstly developed as a cheap cellulose-
based substitute for silk [2]. Also mercerized cotton and polyester
were used to mimic silk, as demonstrated by the ongoing analy-
ses performed on the collection object of this investigation. Fourier
Transform Infrared (FTIR) spectroscopy is a well-known tool for the
identification of fibres [2,8]: for example, viscose is easily distin-
guished from silk [9], as viscose is derived from cellulose and silk
is protein-based [10]. Since the first studies in the 1950s by Asai
[11] and Miyazawa [12], traditional transmission FTIR spectroscopy
has proved to be a sensitive technique for silk fibroin. The main
FTIR absorption bands of silk are due to the absorptions by amide
A, B, I, II, and III, which are characteristic for the protein backbone
[13]; alongside these absorptions which are common to all proteins
with little variations, other signals arise from the amino-acids side
chains, such as v(CC) and §(CH) in tyrosine, v(C = O) in aspartic
acid, and v(CO) in serine [13-15]. Organic polymeric materials such
as proteins are affected by a variety of deterioration agents. Silk in
particular is heavily affected by light [16]. On top of that, silk pro-
cessing very often involved treatment with mordants which could
also cause or catalyse deterioration [17]. The initial phase of ageing
of silk is characterized by the formation of new compounds and
by the stabilisation of the fibre. Finally, evident degradation can
be observed, through yellowing and embrittlement [2,18]. More
information is given in the Theory section. Chemical and physi-
cal agents can induce modification in proteins, influencing their
secondary structure - the geometry a polypeptide chain takes ac-
cording to its primary structure [13]. These changes are visible in
the infrared spectrum of proteins, as the amides I and III bands of
polypeptides and proteins (but also amide II) [19] are sensitive to
changes in the secondary structure. IR spectroscopy can distinguish
a-helix, B-sheet, B-turns, and disordered structures [13]. As the
relative percentages of each secondary structure vary with degum-
ming, ageing and degradation [20], it appears of great importance
to find estimators to compare slightly different spectra. FTIR peak
areas, which can be obtained by applying a peak fitting algorithm,
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or peak intensities are both employed. Generally, Attenuated To-
tal Reflection (ATR) FTIR data are evaluated. The quantification of
conformation change is possible through the evaluation of the ar-
eas [13,21]. Alternatively, the peaks intensities can be calculated as
ratios and correlated to the degree of crystallinity, oxidation index
and other structural properties, giving a qualitative tool to compare
spectra [22-27]. Recently, the chemometric approach was proposed
to evaluate spectral data from historical silk samples. Some re-
search works applied Principal Component Analysis (PCA) in order
to highlight trends and to visualize the variability of data [24,25].

2. Research aim

Infrared spectroscopy and an easy-to-use chemometric tech-
nique were chosen in this research to gain an insight into the
degradation of historical samples of silk. Our work was designed
as a part of a challenging work of characterisation of a large se-
lection of historical materials of a collection of Japanese tradi-
tional armours belonging to Morigi Collection (Museo delle Cul-
ture, Lugano, Switzerland). During the study of the textiles be-
longing to this collection [9,28,29], some correlations between the
state of preservation of silk samples and their measurable spec-
troscopic signatures were highlighted. These markers were inter-
preted and supported by theoretical research on the ageing of silk.
Experimental data were investigated through a bivariate approach
based on intensity ratios and as well as through a multivariate
approach based on Principal Component Analysis applied to ATR-
FTIR spectra. Both approaches aimed to define a novel and simple
method to assess the deterioration state of the silk fibres, through
a micro-invasive methodology. Yielding information on the degra-
dation condition could be very useful to determine suitable ap-
proaches to conservation treatments, display and storage strategies
for silk textiles. This study can also provide valuable information
to support authenticity and dating studies.

3. Materials and methods
3.1. Reference materials

Modern reference samples of unaged hard (non-degummed)
and soft (degummed) Bombyx mori silk were obtained from ‘Centro
Tessile Serico Sostenibile’ (Como, Italy).

3.2. The Morigi Collection of traditional Japanese armours

The silk samples, object of this research, belong to the Morigi
Collection, which is composed of nine Japanese full armours and
a set made by a helmet (kabuto) and a masque (menpd). More in-
formation about the collection is available in Appendix A. 28 sam-
ples, generally only a few millimetres long, were taken paying at-
tention to avoid creating any visible damage, from previously dam-
aged or hidden areas. It was not possible to sample from some of
the armours. The samples were collected using scissors and tweez-
ers and stored in plastic (LDPE) containers until analysis in the lab-
oratory. The analysed armours and the corresponding samples are
listed in Table 1, while the samples are shown in Fig. 1.

3.3. Attenuated Total Feflectance Fourier Transform Infrared
spectroscopy

ATR-FTIR spectra were acquired with a Thermo Scientific Nico-
let iS10 instrument, in the range between 4000 and 600 cm™!,
with 4 cm~! resolution and 32 scans acquisition. The background
was periodically acquired and subtracted, in order to remove the
atmospheric air contribution. The choice of resolution and number
of scans to be used was made on the basis of preliminary tests
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Table 1
List of the samples taken from the armours of the Morigi collection.
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Armour Samples Armour type Presumed dating

2017.Mor.1 1.6,1_8 g 1.8b kinsei gusoku late 16th c.

2017.Mor.3 3.4 kinsei gusoku 17th c. (kabuto: late 16th c.)
2017.Mor.4 4.1,4.6,4.7c,4.7d, 4_7e,4.7f, 4.7 g,4.8c,4.85,4.9,4.10¢g,4_10b mukashi gusoku 18th c. (suneate: late 16th c.)
2017.Mor.6 6_2 kinsei gusoku early 20th c.

2017.Mor.7 7_1f,7_1b,7_1¢g kinsei gusoku late 16th c.

2017.Mor.8 8.4,8.8 kinsei gusoku 17th c.

2017.Mor.9 9.2, 9_4, 9_5b, 9_5ve, 9_5vi, 9_5r mukashi gusoku late 19th c.

Fig. 1. Optical microscopy images of the samples taken from the armours. Sample labels are shown in the upper left corner of the images.

carried out under different measurement conditions. The chosen
settings appear to be those that allow significant spectra to be ob-
tained while at the same time optimising analysis time.

3.4. Data treatment and elaboration

Spectra were interpreted by comparison with a custom-made
reference database and with the available literature. Microsoft Ex-
cel 2023 was used to do bivariate calculations. Origin Pro 2018 was
used to draw the graphs. Spectragryph optical spectroscopy soft-
ware, Version 1.2.15, was used to visualize and process the ATR-
FTIR spectra, and also to extrapolate the intensity values of the
spectra [30]. Before comparing the spectra, they underwent the fol-
lowing process: i) spectrum truncation to the region 1800-1400
cm~1, ii) baseline correction by removing a linear function con-
necting the two extremes of the truncated spectra, iii) spectrum
normalization by area, i.e. the integral for the interval 1800-1400
cm~! was set to a common value.

1

This standardized approach was suggested by previous works
using peak fitting analysis [19,21] and was consistently applied to
all spectra without any modifications. The spectral region which
was subjected to linearization was chosen after extensive test-
ing, due to the risk to create spectrum distortions with baseline
correction. Similarly, the possibility of pressure-induced structural
changes in silk fibroin due to the ATR-FTIR instrument was taken
into account and tested, as reported by some authors [21]. The
consistent use of the same instrument under identical measuring
conditions for all samples assures us that any potential alterations,
although remote, are constant across all samples. The application
of the normalization algorithm was used to compensate for the dif-
ferences in the intensities of the spectra and make them compara-
ble. This was made on the hypothesis that the infrared absorption
coefficient of silk during ATR-FTIR analysis was equal for all the
samples. The thickness of the analysed silk textiles is not constant,
and the literature reports the deep influence of the thickness of
the silk fibre on the intensity of the ATR-FTIR spectrum [31].
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3.5. Principal component analysis

Principal Component Analysis (PCA) was applied to the ATR-
FTIR datasets. Standard Normal Variate (SNV) was applied to data
as a preprocessing method to eliminate the nonspecific signal due
to light scattering with the textile surface. All data were centred
before further analysis, as common before any chemometric cal-
culations. The software used for chemometric calculations was R
version 3.6.3 (RStudio version 1.4.1106). PCA scores were evaluated
by comparison with the results of spectra evaluation. In scores
plot, which is the map of samples in the space described by the
PCs, samples lying close together have similar characteristics, while
spatially distant samples are samples with different features. The
loadings provide indications of the factors that differentiate them,
indicating which variables are most effective in distinguishing one
sample from another. The variables with high loadings (in absolute
value) are those that mainly differentiate the samples.

3.6. Optical and scanning electron microscopy

The thread samples were observed with an optical microscope
Nikon Eclipse LV150, equipped with a Nikon DS-FI1 digital image
acquisition system. Images were acquired and elaborated using the
NIS-elements F software. The samples were observed without any
pre-treatment with a FEI/Philips XL30 ESEM (low vacuum mode -
1 torr, 20 kV). Images were taken in backscattered electron (BSE)
mode.

4. Theory

Fibroin and sericin are the main proteins that form Bombyx
mori silk fibres [32]. Sericin is generally eliminated in order to ob-
tain a smooth and shiny yarn, which is named soft or degummed
silk. Fibroin [2] is composed mainly of glycine, alanine and serine,
in a proportion of 3:2:1. These small amino acids provide fibroin
with high packing-efficiency, so that the majority of fibroin is crys-
talline. The presence of minor amino acids such as arginine, threo-
nine, tryptophan, phenylalanine and tyrosine, which cannot be ac-
commodated in the crystalline domains, causes the appearance of
an amorphous phase amongst crystallites. Aromatic amino acids,
such as tyrosine, are particularly sensitive to UV light, so tyrosine
gradually disappears during ageing [23] and generates radicals af-
fecting the backbone. This makes silk the most UV-sensitive nat-
ural fibre [2]. The degradation pathway of silk is known from a
chemical point of view [2]. Different degradation agents (UV, heat,
moisture, alkalis, acids, biological agents, mechanical stress) can
affect the peptide backbone or amino-acid residues. Many stud-
ies about fibroin ageing showed that the material undergoes var-
ious conformational transitions before final degradation [16,33,34].
When silk fibroin is solubilized in water and then let to crystal-
lize again on a surface, it can take three forms depending on the
concentration and the casting. The three forms are random coil,
«-helix or B-sheet. It was demonstrated that the random coil to
B-sheet transition is promoted by a lot of conditions, i.e. heating
[35,36], UV exposure [24,37], treatment with hydrophilic solvents
such as ethanol [35,38,39] and heated water [40]. Similarly, a slight
increase of f-sheets is reported in the initial stages of degradation
induced by UV light, which historical silks are most likely to ex-
perience. This stage is also characterized by the decrease of ran-
dom coil and «-helix conformation and the increase of B-turns
[24,34,41]. 1t is generally believed that in these early stages the
UV radiation affects mainly the amorphous phase. The percent-
age of the crystalline phase increases accordingly [16,26,33]. As a
matter, the crystallites adopt an antiparallel 8-sheet conformation,
while the structural organization in the amorphous phase is not
well understood yet, probably showing a S-turns or a disordered
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structure. As degradation progresses, the action of UV radiation de-
creases the size of §-sheet crystallites, and finally transforms them
to random coil. At this point the mechanical properties of silk tex-
tile are lost [26,34,42,43].

5. Results and discussion
5.1. Overview

ATR-FTIR spectra of analysed samples allowed an easy identifi-
cation of the samples as proteinaceous fibre, according to main ab-
sorption assigned to amide vibrations [13]. To distinguish silk from
other natural and synthetic polypeptides, the spectra were evalu-
ated in comparison with a degummed silk reference. Band assign-
ment for fibroin was discussed in a previous work on silk [29]. The
spectra of the majority of the samples strictly resembled the one
of the silk reference, even if some major differences appeared in
few samples. Firstly the presence of sericin was evaluated, as one
of the main differences during the processing of silk is the degree
of degumming. Our previous research into silk degumming assess-
ment [29] identified some spectral features which are distinctive
to hard (non-degummed) silk. These features were not assessed,
so the presence of other materials was investigated. In summary,
four samples showed the characteristic spectral features from a
polysaccharidic material, other four samples indicated the presence
of gypsum, and finally sample 9_2 was found to contain rosin and
talc. The presence of gypsum did not prevent further processing
of the spectrum, while other samples could not be further inves-
tigated, as the FTIR absorption bands of other materials appeared
in the spectral regions object of this investigation. When research-
ing on historical textiles, attention should be paid to the presence
of such materials, as they could hinder further processing of the
spectra. The FTIR results are discussed extensively in Appendix B.

5.2. Classification according to the amide bands shift (bivariate
method)

After the assignment of the main peaks and the identification
of the major differences amongst the spectra, the minor varia-
tions were also compared. In particular, in the 1800-1400 cm~!
region, some of the samples, such as samples 4_1 and 6_2 (Fig. 2)
show clear shifts in the maxima from 1617 to 1626 cm~! (amide
I peak) and changes in intensity at 1516 and 1503 cm~! (amide
Il peak). It is interesting that sample 6_2 is similar to both hard
(non-degummed) and soft (degummed) silk references, while sam-
ple 4_1 differs from the others in the peaks position and inten-
sities. The position and the intensities of the peaks of hard silk
spectrum (HS) are similar to soft silk spectrum (SS), so the shift
could not be related to the content of sericin, as it was explained
in a previous work [29]. Even if changes are minimal, the shift in
amide I peak at around 1620 cm~! can be clearly recognized and
is consistent with literature, suggesting that the shift is caused by
a conformational change in the secondary structure of silk proteins
[44].

In order to explain such a difference, changes occurring to
the secondary structure during ageing should be considered. The
amide group in proteins, including fibroin and sericin, presents
characteristic vibrational modes called Amide modes. Amide I band
in 1700-1590 cm~! region can be attributed to C=0 stretching vi-
brations, amide II in 1590-1460 cm~! region to N-H bending and
C-N bending vibrations, and amide III in 1190-1280 cm~! region to
N-H bending and C-N stretching vibrations. These broad bands are
constituted by the superimposition of many signals arising from
the conformational structure of fibroin, which can change due to
the exposure to heat, light and chemicals. Table 2 presents the
main assignments for silk fibroin in the region of amide I, II, and
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Fig. 2. ATR-FTIR spectra of samples 6_2 and 4_1 versus spectra of unaged hard silk (HS) and soft silk (SS) reference materials. The vertical lines highlight the shifts of amide

I and II peaks.

Table 2

Band assignment for fibroin and sericin in the spectral range of amide I, Il and IIL

Wavenumbers (cm~!) Main assignment

Alternative assignment

1720-30 oxidation products [22,45]

1698 intermolecular B-sheet [12,38,44,46] B-turn [47]
1680-1668 B-turn [44,46]

1656-1662 «-helix [35,44,46,48]

1639-1655 random coil [38,44,46]

1628-1637" intramolecular S-sheet [13,35,44,46-48]

1627-16221 intermolecular B-sheet [44,45,46,49]

1621-1616 aggregated f-strand/intermolecular S-sheet (weak) [44]

1615-1605 v(CC) + 8(CH) of tyrosine [13,14,44,50]

1602-1595 v(CC) of tyrosine [13,44,51]

1555 Tyrosine [14] B-sheet [51]
1545 «-helix, random coil [12,35,48,52]

1530¢ B-sheet [12,35,48,52] a-helix, random coil [51]
1515 v(CC) + 8(CH) of tyrosine [13,14,50-52]

1508 B-sheet [51,53]

1260 B-sheet [47,48] «-helix [35]
1230 random coil, «-helix [47,48] B-sheet [35]

T : some authors [54,55] report that a shift is observed from around 1640 cm~! (transmission mode) to around 1620 cm~! (ATR mode).

¥ : until the 1990s, some authors recognized two peaks: 1525-1530 cm™!, assigned to B-sheet, and 1535-1540 cm~' assigned to random
coils [35,48]. This could be related to the use of traditional transmission spectrophotometer (not ATR) [56]. Calculated frequencies of amide
11 for a polypeptide in various conformations are 1535 and 1540 cm~' for random coil or a-helix and 1530 cm~! for B-sheet.

IIl. The literature on the topic is wide, so sometimes attribution is
not unanimous. The current work relied on the main assignment,
but alternative assignments are also reported. Fibroin and sericin
mostly show the same bands [29].

Each conformation gives rise to different signals within the
band. It happens because each conformation shows different
length of hydrogen bonding and the strength of C=0 and N-H
bonds, from which the signal is generated, is strongly influenced
by hydrogen bonding [13,44,49]. In particular, the frequency of
these vibrations is as lower in wavelength as stronger are the hy-
drogen bonds involved in the carbonyl groups. As for the amide I
peak, the shift in C=0 absorption maximum is explained as fol-

13

lows. If fibroin had shown a totally crystalline behaviour, with an
intramolecular B-sheet conformation (N-H--O=C hydrogen bonds
within folded strand of the same chain), the main signal would
have appeared at 1630-40 cm~!. However, such structure is con-
tained only in crystalline domains, which are surrounded by ex-
tended chain and random coil structures. Thus, the main ab-
sorption is expected to appear at around 1620 cm~!, as seen in
the spectra. The peak maximum at 1620 cm~! is an indicator
of the high content of intermolecular S-sheets, which are pla-
nar, extended chains able to align extremely well with neighbour-
ing chains, thus generating stronger hydrogen bonds. A redshift
in the absorption maximum (from 1620 to 1615 cm~!) is admit-
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Fig. 3. Shift ratio (Rs) vs conversion ratio (R¢) plot. The samples are coloured according to the estimated condition as reported in the legend.

ted when even stronger H-bond are formed due to the presence
of aggregated B-strand [44]. Such structures occur in the amor-
phous phase surrounding the f-sheet crystallites. However, some
authors do not report a division between the contribution of in-
termolecular B-sheet and B-strand [49]. The relative abundance
of crystallites/S-strand thus explains the relationship between the
shift of the absorbence maximum and silk deterioration. It is
known that, as degradation takes place, UV radiation affects firstly
the amorphous phase, whose relative percentage decreases [26,33].
As B-strands disappear, absorption maximum shifts to blue owing
to the emergence of S-sheet signals - though with a lower inten-
sity. So, the shift can be related to the degradation in progress. It
is important to stress that each spectrum from historical silks can
show a different state of degradation and so a different amide shift
value for each sample can be expected.

Amide II band also shows different vibrational contributions
(Fig. 2). In this case, the conformational information is more dif-
ficult to interpretate, as peaks associated to S-sheet and disor-
dered chain are very close (1545 and 1530 cm~!, respectively).
On the other hand, tyrosine shows in this region two absorption
bands (as reported in Table 2), one at 1555 cm~! which is broad
and weak, and the other at 1516 cm~! which is very intense. The
amide II peak which appears at around 1510 cm~! originates from
the overlapping of the tyrosine peak at 1516 cm~! and of another
signal from B-sheets at 1508 cm~!. The amide II peak is also in-
fluenced by signals from tyrosine oxidation products [2], mainly
dopamine [57,58], which shows a strong peak at 1503 cm~!, with
a shoulder at 1466 cm~!. Unlike the shift in amide I caused by
the hydrogen bonding strength, the amide II shift is probably due
to the fluctuation of the B-sheet signals and to the variation in
tyrosine content. The maximum of the amide II corresponds to
the absorption of tyrosine for unaged soft silk and sample 6_2.
On the contrary, in the spectrum of the sample 4_1 the maxi-
mum undergoes a redshift to 1508 cm~! (B-sheet content) and
1503 cm~! (dopamine absorption). At the same time, the contri-
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bution of unaffected tyrosine at 1516 cm~! decreases. This trend
agrees with literature [59], which reports that the tyrosine con-
tent decreases due to dry thermal ageing and especially under UV
light exposure (as tyrosine suffers from photo-oxidation [2]). As
well as for amide I shift, the conversion of tyrosine cannot di-
rectly be linked to the ageing of the silk, as the rate of conver-
sion can be influenced by several factors. Amino acid analysis on
historical samples for example showed that light is detrimental for
tyrosine [20].

An indicator of the shift (shift ratio - Rg) is obtained by divid-
ing the intensities at 1625 cm~! by the intensities at 1617 cm~!.
Similarly, the ratio between 1503 cm~! and 1516 cm~! gives an
indicator of the conversion of tyrosine into dopamine (conversion
ratio - R¢). By plotting the shift ratio (Rg) vs the conversion ra-
tio (Rc), Fig. 3 is obtained. The two ratios show a linear positive
correlation with an R? value equal to 0.89. This indicates that the
shift of the amide I takes place simultaneously to the conversion
of tyrosine. The combination of the two ratios could be defined as
degradation index and allows to assess the state of preservation of
the samples.

Silk samples appear to be grouped into four groups. As degrada-
tion is being evaluated, a label is assigned to each group according
to the estimated condition of each sample. The chosen labels are
based on the terms which are of common use in condition reports,
i.e. good, fair, poor and very poor. These terms refer to the state
of preservation of the silk fibre and their assignment is based on
visual assessment. It should be stressed that the grouping is tenta-
tive because samples show great variability within the group. Each
label could be interpreted on the basis of the theory of silk degra-
dation (refer to Theory section).

(i) “Good condition”: this group includes samples which show
the amide I maximum at lower wavenumbers. As previously
explained, the lowest wavenumber is related to the highest
quantity of intermolecular B-sheets or aggregated B-strand,
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Fig. 4. a) Split of ATR-FTIR spectra of all samples into 4 groups; b) stacked average ATR-FTIR spectra of each group. Every group is labelled according to the estimated

condition of its samples.

indicating unaged silk. The spectrum of samples belonging
to this group (e.g. sample 6_2) strictly resembles that of the
reference unaged degummed silk (Fig. 2). Also, the peak at
1516 cm™! is clearly the maximum in both the sample and
the reference, indicating that tyrosine did not suffer from
deterioration; hence a low R¢ value. According to literature,
such silk is in good condition and could be considered as
contemporary to our ages. If found on a presumed old tex-
tile, it could indicate a recent restoration.

“Fair condition”: this includes silks that underwent slight
degradation, limited to aggregated S-strand. The peak max-
imum shows a slight blueshift due to the disappearance
of aggregated S-strand. This silk could be considered as a
century-old, so coeval to the artifacts coming from 20t cen-
tury backwards. This kind of silk is probably contemporary
to the armour making, or part of an historical conservation
treatment.

“Poor condition”: this group is characterised by a shift ratio
above 1 and the signal of amide I at 1622 cm~!. The peak
at around 1503 cm~! increases in these samples, due to the
conversion of tyrosine into dopamine. A great variability is
shown by the samples, probably due to the amount of light
to which they were exposed.

“Very poor condition”: in this group, the maximum of amide
[ is at 1625 cm~! or higher. The intensity of the peak at
around 1510 cm~! dramatically increases in these samples,
shifting from 1516 cm~!. This is an indicator that tyrosine
was converted into its decay product dopamine. This silk ap-
pears visibly depolymerized (Figure S1).

(ii

=

(iii

=

(iv

=

The classification into groups which is proposed can be visual-
ized in Fig. 4a,b. On the left, the spectra of the samples are plot-
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ted according to the group every sample belongs to. On the right,
stacked average spectra of the four groups are shown for clarity.
For further reference, overlapped average spectra are plotted in
Fig. 6b. It is clear how the evaluation of the grouping is useful as
an assessment of the state of preservation of the samples. It should
be highlighted that degraded samples are not necessarily the old-
est, but they show degradation features that could be caused by
intrinsic reasons such as the type of mordants or by the exposure
to external factors such as high level of RH, light and heat. Ageing
is a time-dependant process which proceeds gradually, so theoret-
ically it could be possible to sort different samples according to
a timeline. As the textile collection has recently been musealized,
it hardly experienced mild and homogenous environmental condi-
tions. Having been stored in different conditions during their life,
each armour has a unique degradation history. For these reasons,
it is not possible to establish unequivocal correlations between the
sample dating and its state of preservation, although the presumed
dating for each sample is generally in good agreement with the de-
terioration assessment. The results of this process are reported in
Table 3. Sometimes, a discrepancy appears between parts which
are in very good conditions in comparison to the presumed dat-
ing or to other textiles of the armour. This can indicate a possi-
ble differentiation between original fibres and fibres added during
restoration campaigns.

Fig. 5 shows SEM images of silk references and of a selection
of samples from different groups. The integrity of the fibres with
different state of preservation were studied by scanning electron
microscopy. Major changes occur after degumming (from hard to
soft silk). When the sericin-coating of silk fibres is removed by
hot soapy water, the smooth and clean fibroin fibres are revealed.
Sample 6_2, which is classified as in “good condition”, shows a
mostly smooth surface, which strictly resembles unaged soft silk.
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Lists of the samples, indicating the main characteristics of the manufact and the estimated condition status. When there is a discrepancy between the proposed dating and
the condition status, the sample name is in italic. NA means that it was not possible to obtain a condition assessment due to the presence of other materials. Samples are
expected to have been irradiated by sunlight during their life, unless “internal” is specified.

Sample Presumed dating (century) Condition status Colour Armour part Textile typology

1.6 late 16th poor/very poor orange kabuto tassel

1_8b late 16th poor light blue nodowa brocade lining (two colours)
1.8¢ late 16th fair orange nodowa brocade lining (two colours)
3.4 17th fair green kote brocade lining

4.1 18th very poor orange kabuto chin cord

4.6 18th poor blue kote embroidered lining

4_7c 18th very poor yellow kote embroidery thread on 4_6
4_7d 18th poor light blue kote embroidery thread on 4_6
4_7e 18th poor blue kote embroidery thread on 4_6
4_7f 18th poor/very poor white kote embroidery thread on 4_6
47¢g 18th good|/fair blue kote embroidery thread on 4_6
4_8c 18th good bright orange kabuto tassel (internal)

4_8s 18th fair dark orange kabuto tassel

4.9 18th good golden yellow haidate embroidery thread on light blue brocade
4_10a late 16th NA (other material) blue suneate internal lining

4_10b late 16th NA (other material) yellow suneate internal lining

6_2 early 20th good yellow sode tassel

7_1f late 16th poor orange kote sewing thread

7_1a late 16th NA (other material) light blue kote brocade lining (two colours)
7_1b late 16th NA (other material) orange kote brocade lining (two colours)
8.4 17th fair/poor green suneate sewing thread

8.8 17th good light orange kabuto (shikoro) lacing braid

9.2 late 19th NA (other material) bright orange kabuto (shikoro) lacing braid

9.4 late 19th good bright orange kabuto (shikoro) lacing braid

9_5a late 19th good white kabuto (shikoro) lacing braid

9_5b late 19th good bluish violet kabuto (shikoro) lacing braid

9_5c late 19th fair green kabuto (shikoro) lacing braid

9_5d late 19th good pink kabuto (shikoro) lacing braid
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Fig. 5. SEM images (BSE mode) of different kinds of silk (hard/soft silk) and of soft silk at different decay stages. White arrows suggest the decay flow. Every sample from
the armour collection is labelled with the estimated condition status.

As more aged real samples are considered, notable differences ap-
pear on the surface of the fibroin fibres. The samples chosen from
the groups “fair”, “poor” and “very poor”, showed roughness. These
unravelled microfibers detaching from the main fibre can be inter-
preted as structural damage in the fibre [60]. These irregularities
reflect the degradation produced by the ageing [20]. No clear dif-
ferences amongst early and advanced stages of ageing appear. The
results obtained from the SEM observation enable to differentiate
between well-preserved silk and others, and agree with the spec-
troscopic evaluation.
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5.3. Classification according to Principal Component Analysis
(multivariate method)

The two-variables visualization of data proved to be success-
ful in assessing the deterioration of samples. Also a multivariate
approach was tested to evaluate if the same results could be ob-
tained. In particular, Principal Component Analysis (PCA) could of-
fer an easier-to-use approach. A matrix X was constructed of the x;
objects (samples) for n variables (wavenumbers) across the whole
spectral range. The first PCA model highlighted that some sam-
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Fig. 6. a) PCA score plot of PC1 and PC2; b) relative loading plot of PC1 and PC2 with the averaged ATR-FTIR spectra of the four groups. The samples and the spectra are

coloured according to the estimated condition status as reported in the legend.

ples (4_10b, 4_10g, 7_1b, 7_1g), which manifested signals from ex-
traneous materials, are very different from all the others (Figure
S2); these samples strongly influenced both PC1 and PC2, so they
were excluded from further chemometric calculation. Their pecu-
liar characteristics are fully presented in Appendix B. To enhance
the information contained in amide I and II bands, a matrix with
a reduced spectral range (1800 - 1400 cm~!) was constructed, ex-
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cluding the outliers samples and sample 9_2, as it showed peculiar
signals appeared in the region of interest (see Appendix B).

The score plot is presented in Fig. 6a, where the samples la-
bels are coloured according to the groups which were previously
introduced. Samples belonging to the “good” group correspond to
positive values on PC1 (77.1% of variance), while “very poor” sam-
ples to the negative ones. Samples which are assigned to “fair” and
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Fig. 7. a) ATR-FTIR spectra of samples 4_8c,s (region between 1800 and 1400 cm~'); b) ATR-FTIR spectra of samples 9_5a,b,c,d (region between 1800 and 1400 cm™1).

“poor” groups are placed according to their state of preservation.
Thus, samples are located along PC1 according to the degradation
stage, demonstrating that it is possible to correlate spectra to the
physical deterioration of silk samples. PCA do not provide a clas-
sification but an effective and objective clustering. Studying the
loadings plot allows to evaluate the most important spectral re-
gions involved. Loadings values are shown as line plot (wavelength
vs loading value for each PC) and compared with the spectra. In
Fig. 6b, the loadings of PC1 are shown together with the mean
spectra of the four groups. Positive loading values are located at
around 1610 and 1560-1540 cm~!, where the bands of “good”
samples can be found. These positive values are associated to a
higher contribution from tyrosine (1555 cm~1), «-helix/disordered
structures (1540 cm~!), and aggregated B-strand/tyrosine (1608
cm~1). All these contributions decrease with ageing [45]. Negative
loading values appear at around 1645 and 1490 cm~!. As expected,
they are characteristic for the “poor” and “very poor” samples. As
previously discussed, these samples share a high contribution from
a-helix/random coil structures (1645 cm~!) and the signals com-
ing from tyrosine conversion into dopamine [57], which shows a
strong peak at 1503 cm™!, with a shoulder at 1466 cm~!. It clearly
appears from the averaged spectra that the contribute from this
band at around 1490 cm~! increases with the degradation of silk
samples.

Along PC2 (9.8% of explained variance) in the scores plot, a
group of samples would seem to deviate towards positive values
of the axis (samples 4.6, 4.8 s, 4.9, 8_4, 1_8g, 3_4). Observing
the PC2 loadings in Fig. 6b, loading values show a trend which
strictly resembles to the spectrum of silk itself. The reason of this
behaviour could be probably related to the instrumental variability.
It was demonstrated [31] that silk differences in the texture and in
the thickness of silk threads can affect the intensity of signal.

In summary, PC1 allows to distinguish samples according to the
shifts in amide I peak and in the ratio tyrosine/dopamine. It is sig-
nificant that PCA assigns to samples the same state of preservation
which was found previously by evaluating the degradation index
(Fig. 3). PCA is an unsupervised learning method, so it is able to
identify similarities in spectra with objectivity. Based on these two
types of results, we can suggest a condition evaluation for each
analysed sample, whose results are shown in Table 3. As previously
stated, the condition of a sample cannot be related directly to an
absolute dating. However, it is interesting to compare both the in-
formation to detect materials which are probably not contempo-
rary with the armour. This can be seen in samples 4_8c, 4_9, and
8_8. After defining the condition of the samples, it is straightfor-
ward to identify the components showing better conservation con-
dition than the rest of the textiles of the armour. In this way, it
could be possible to distinguish the components belonging to re-
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cent restoration(s) and the ones assignable to the original manu-
facturing. The original parts have a higher historical value as the
life of the armour was marked by periodic renovation due to wear
and tear [6]. On the other hand, having detected the strong dam-
age associated to some samples is essential to organise targeted
restoration works or, in the specifical case of samurai armours, to
know if it would be appropriate to produce supports to carry the
weight of metallic parts of the armour without putting the de-
graded textiles under stress.

5.4. Differences in ageing behaviour

Different light exposure conditions can produce high variations
in the condition of the fibres. This is supported by Fig. 7a, which
shows the spectra of samples 4_8c and 4_8s, taken from the same
part of the armour Mor.004, but from different areas of a tassel.
These two regions of the tassel had presumably a different ex-
posure to light, as they are respectively the inner and the outer
parts of the tassel. As a matter of fact, their appearance shows
that they have faded to a different extent. Sample 4_8s comes
from the outer part of the tassel, which experienced colour fad-
ing, while 4_8c shows a darker hue and comes from the inner
part, which was protected from light as the tassel is quite thick.
In early stages of ageing, UV light affects mainly tyrosine, which
suffers from photo-oxidation. The subsequent formation of radicals
begins the degradation of the polypeptide chain [2]. Consequently,
the outer silk suffered more damage and sample 4_8s is charac-
terized by a dull aspect. The slight change at 1620 cm~! indicates
the decrease of the signal of aggregated strands and confirms that
the sample is in an early deterioration stage. Amide II signal re-
veals more about degradation: tyrosine contribution at 1516 cm™!
decreased in the outer silk (sample 8_4s). Similarly, the growth in
the peak at 1503 cm~! confirms the rise in the contribution of
dopamine. All this information agrees with the sources of variabil-
ity on PC1, and the two samples place themselves accordingly in
PCA score plot (Fig. 6a).

To complete the analysis of the amides I and II spectral range it
is interesting to consider the dyes influence on silk ageing. Fig. 7b
shows the spectral region 1800-1400 cm~! from the spectra of the
four threads which were braided to form a multicoloured braid
(sample 9_5b,r,ve,vi). The position of the samples is the same for
all of them, suggesting that the exposure to light is the same. Simi-
larly, it is unlikely that only the threads of a particular colour were
replaced in a past conservation treatment. Nevertheless, sample
9_5ve differs from the others, as also indicated by PCA (Fig. 6a).
As no other differences amongst these samples exist, we can sup-
pose that the source of variability is due to the dye or mordant.
This difference during the manufacturing process could led sample
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9 _5ve to an accelerated ageing, as suggested by a previous work
[21]. This hypothesis will be tested extensively in a future work.
Similar conclusions could be suggested for samples 4_7,4_7c, 4_7d,
4_7e, 4_7f, and 4_7g, which are thread of an embroidery work on
a sleeve of armour Mor.004, and for sample 1_8g and 1_8b, which
are warp and weft of the same textile.

6. Conclusions

A qualitative condition evaluation of silk samples from an his-
torical collection was suggested, based on ATR-FTIR analysis. The
evaluation of the spectra aimed to find trends in recurrent peaks
shifts which appeared from the visual comparison of the peaks.
By plotting the ratios calculated from the intensities at specific
wavenumbers, it was possible to assign for each sample a con-
dition evaluation: good, fair, poor and very poor. In order to de-
velop a multivariate alternative, we demonstrated that Principal
Component Analysis (PCA) gives a qualitative deterioration assess-
ment based on the same theoretical basis. PCA appears to be a
simple and effective way to evaluate the state of conservation; this
method is even more valuable when dealing with a large number
of samples. When a few samples are analysed, the visual evalu-
ation of the shift in amide I and II peaks can give a qualitative
indication of the state of preservation. The conservator’s interest
for this kind of information is evident as it could suggest appro-
priate conservation, display, and storage strategies. The work also
shows that external factors such as light exposure, dyes and mor-
dants can deeply influence the degradation rate, implying that the
deterioration stage cannot be directly related to the ageing time. As
a consequence, the degradation index cannot be related to an ab-
solute dating of the samples. Yet, the condition assessment along
with other scientific analyses, e.g. the investigation of dyes, can
be used to obtain information about the dating by making com-
parisons between the state of preservation and the presumed dat-
ing of each manufact. Discrepancies suggests that materials which
were though as original could have been added during conserva-
tion campaigns or that the presumed dating should be revised.
The correspondence between the condition and the dating suggests
that the latter is accurate.
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Appendix A

The Collection was donated to the Museo delle Culture Lugano
(MUSEC) in 2017 by the collector Paolo Morigi, who already owned
one Japanese armour (2017.Mor.4) and acquired all the others in
two auctions held in Nice and Paris in June 2016. The Collection
was presented in a temporary exhibition at the MUSEC in 2018 and
is now permanently on display there.

Japanese armours with different style and from different peri-
ods can be found within the Collection. All the armours are kin-
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Fig. A1. The main parts of the traditional samurai armour.

sei gusoku, (“modern time armour”) which date back to different
historical ages: the Azuchi-Momoyama period, the harshest pe-
riod of feudal wars in Japan spanning for all the second half of
the 16th century; the peaceful Edo period (1603-1868); the Meiji
period (1868-1912); the Taisho period (1912-1926); the Showa
period (1926-1989). Some of them (2017.Mor.1 and 2017.Mor.7)
are battle armours of the Azuchi-Momoyama period and made
to be tested in the battlefields, so they are anatomically shaped,
and comfortable to wear. The others were made when armours
were used for celebrations and parades only. Some of them still
have some war-tested elements made in the previous period, for
example the helmet (kabuto) of 2017.Mor.3 and 2017.Mor.8, as
well as his greaves (suneate). Armour 2017.Mor.4 and 2017.Mor.9
are kinsei gusoku made according to the old-fashioned style
(mukashi gusoku, “once upon a time armour”) used in the Middle
Ages.

Armour silk textiles showed a great variability in colours and
type. Samples were categorised from the armour part which comes
from, as follows: tassel, brocade lining, chin cord, embroidered
lining, embroidered thread, internal lining, sewing thread, lacing
braid. A schematised image reporting the main parts of the tradi-
tional samurai armours is shown in Fig. Al.


https://doi.org/10.1016/j.culher.2024.01.015

L. Geminiani, EP. Campione, C. Corti et al.

a)

Offset Y values

Journal of Cultural Heritage 67 (2024) 9-22

—7_1b
—7_1g
—4_10g
—4_10b

oN
(2]
D

A

/
T l 1 I 1
3750 3500 3250 3000 2750 2000 1750 1500 1250 1000 750
Wavenumbers [1/cm]
b) ——4 9
——4_8s
——4 8¢
=} N © i
3 s £ ——4_1
8 g A
2 ®
‘>U \
>
3
=
®)
T I T I T
3750 3500 3250 3000 2750 2000 1750 1500 1250 1000 750
Wavenumbers [1/cm]
c) —9 2
—9_1
(72
)
=
©
>
>_
3
= Xe)
o N~
©
(op)
/ /[
! | ! | ! /1N ! | ! | '
3750 3500 3250 3000 2750 2000 1750 1500 1250 1000 750
Wavenumbers [1/cm]
Fig. B1. ATR-IR spectra of peculiar samples: spectra with similar features are grouped together.
Appendix B a manufacturing process, such as sugar weighting [2,62]. Samples

The presence of other materials was evaluated in the peculiar
samples, whose spectra are shown in Fig. B1. Similar spectra are
grouped together.

Samples 4_10b (blue-dyed), 4_10g (yellow-dyed), 7_1b (blue-
dyed) and 7_1g (orange-dyed) show a broad absorption band
around 1000 cm~! which probably comes from polysaccharide-
rich substances, as starch [61] (Fig. B1a); it is not clear whether
the polysaccharide-rich substance is derived from dirt or due to
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4 1, 4_8c/s, and 4_9 show the spectral features of gypsum (3530,
3400, 1142, 1116 cm~1) [63] (Fig. B1b). The presence of calcium
and sulfur is confirmed by EDX analysis and is consistent with the
use of CaSO4 as a weighting agent, but it can be related also to
a transformation process of a calcium salt (e.g. CaCO3) under the
action of gaseous pollutants (SO;), or to some mineral dust ad-
hering to the surface [64,65]. The possibility that signals could be
related to deterioration products was also investigated, as it was
suggested in previous literature [66]. However, no products which
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are considered to be related to silk deterioration [2] have been
recognized. In Fig. Blc, the spectrum of sample 9_2 is shown to-
gether with the spectrum of gilt metal plates surrounding the tex-
tile (sample 9_1). In both the rosin signals appear (1714, 824 and
1011 cm~1)[61] and talc (3676 and 1020 cm~') [63], whose pres-
ence is hardly comprehensible. Nevertheless, thanks to the study
of other materials of the armours, it is possible to hypothesise an
interpretation. The samples were taken from the lacing (odoshi-ge)
amongst metal plates, which in armour Mor.9 are golden. Analy-
ses on gilt metal plates revealed that they are covered with a layer
of rosin, and additionally showing the characteristic signal of talc.
As such materials are generally considered extraneous to Japanese
handicraft tradition, we can expect that their presence is due to a
past conservation treatment, which probably was focused on the
gilding. Rosin contaminated the textile which lays very close to
the metal plates, and talc was a contaminant for the rosin, as they
are very frequently mixed and sold together as a powder which is
used, for example, in printmaking as a sizing agent [67].
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