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ARTICLE INFO ABSTRACT

Keywords: Since prehistoric times, humans have used dye-producing plants to color textiles, artworks, and ritual objects.
Metabolomics Yellow-yielding species have been especially important due to their availability and the chemical stability of
LC-MS

many of their flavonoid-based colorants. Among them, Rhamnus species (buckthorns) are notable for producing
yellow to greenish hues from their flavonoid-rich berries. These long-standing practices inform modern research
on natural colorants, phytochemistry, and sustainable textile science.

In this context, this study investigates the chemical and chromatic evolution of cotton fabrics dyed with
Rhamnus cathartica (European buckthorn) berries when subjected to accelerated light ageing. Fabrics were
exposed to xenon-lamp irradiation equivalent to 3, 30, and 300 years of museum-type light. Color fading was
assessed by CIELAB colorimetry, and dye degradation was analyzed using LC-DAD and untargeted LC-MS-based
metabolomics. Colorimetric data showed rapid fading, fabrics appearing even whiter than undyed samples after
the 300-year equivalent exposure. LC-DAD analysis revealed a drastic decline of most coloring compounds,
including flavonoids and anthraquinones, which became undetectable in the most aged samples, highlighting the
limited sensitivity of LC-DAD for heavily degraded textiles. In contrast, LC-MS metabolomics enabled the
detection and putative annotation of 25 dye molecules, mainly flavonoid glycosides and anthraquinones. Mo-
lecular networking highlighted distinct structural families, and surprisingly many dye-related compounds
remained detectable even in fully bleached fabrics.

These results demonstrated that LC-MS-based metabolomics can constitute a powerful tool for identifying
residual dyes in historical textiles, supporting conservation and reconstruction of ancient dyeing practices.

Rhamnus cathartica
Light-induced ageing
Flavonoids
Anthraquinones

1. Introduction

Dyes degradation can make their identification in historical textiles
difficult and bias conclusions on how the color originally looked and
what plants were used for dyeing [1]. The study of the degradation of
molecules used as taxonomic markers of dye plants is currently of great
interest in archeological research [2]. Providing insight to what remains
once color has disappeared can help with dye identification, as well as
preservation and restauration of ancient textiles [1].

In an analytical point of view, liquid chromatography coupled to
tandem high-resolution mass spectrometry (LC-HRMS/MS) provides

* Corresponding author.

great separation and enables a fairly accurate characterization of indi-
vidual chemical components in complex mixtures. It has become one of
the most commonly used analytical tools to study both ancient textiles
and modern reference dyed samples [3,4]. The study of dye degradation
over time [2] or after accelerated ageing under heat [5] or light [1,6,7]
provides valuable insights into the kinetics and the chemical markers of
dye degradation. For example, in previous studies photo-ageing exper-
iments have led to the identification of several hydroxybenzoic acid
derivatives as degradation products of flavonoids in historical dyes [1,7,
8]. Such knowledge can be used to assist the identification of the dye
source and/or to adjust preservation conditions in museums [6,9,10]. In
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addition to applications in heritage chemistry, natural dyes are experi-
encing a renewed surge of interest. Thus, plant-based dyes are being
reintroduced to replace synthetic dyestuff deemed harmful to the envi-
ronment and human health [11]. Over the last decades, studies have also
focused on the production of functional textiles with antioxidant, anti-
microbial or UV-protective properties using plant dyes [11].

Metabolomics, the youngest of the “omics” sciences, is commonly
defined as permitting the comprehensive study of the whole set of low-
molecular weight molecules (referred to as ‘metabolites’) within a bio-
logical or chemical sample [12]. Metabolomics aims at identifying and
quantifying the diverse range of compounds produced in a sample, of-
fering a global snapshot of its chemical composition. In the field of
cultural heritage and archaeology, metabolomics constitutes a powerful
approach for the analysis of complex organic materials found in art-
works and historical artefacts [13-15]. Thus, while traditional analyt-
ical approaches may fail to detect all components or differentiate
between closely related substances, metabolomics can be a powerful
tool for the study of complex mixtures of natural compounds such as
organic dyes [16]. Indeed, LC-MS-based metabolomics can enable the
detection of a wide range of chemical compounds of natural dye ex-
tracts, including minor constituents and degradation products,
providing insights into the origin, composition, and ageing processes.
This information is crucial for developing conservation strategies and for
reconstructing historical techniques used by artisans. Metabolomics can
also be used to assess the variation of composition between plant spe-
cies, organs, physiological state, growth conditions or localization [17,
18]. Therefore, in the long term, this type of analytical approach has the
potential to unlock precious information from ancient artefacts that so
far remains unattainable.

Rhamnaceae are flowering plants distributed almost worldwide
comprising 55 genera [19]. The hydroalcoholic extracts from berries of
most Rhamnaceae contain rhamnetin, a flavonoid also found in extracts
of many different plants. This compound, as well as other flavonols, is
particularly prevalent within yellow dye plants of the genus Rhamnus
[20]. Depending on the fruit maturity and the dyeing parameters (pH
and temperature of the dye bath, type of mordant etc.), buckthorn
berries (Rhamnus spp.) can give a yellow, green or purple-red color [20,
21]. This is due to its unusual phytochemical profile as buckthorn
berries contains both flavonols and anthraquinones, in glycosylated or
aglycone forms [22]. More specifically, European buckthorn (Rhamnus
cathartica L.) have been commonly used as a textile dye in the Medi-
terranean region since the Middle Ages [22].

In this context, this work focused on the evolution of the color and
chemical composition of a textile dyed with berries of R. cathartica after
light-induced accelerated ageing. Previously such treatments have been
used to study the ageing of dyes and dyed fabrics and establish degra-
dation pathways and kinetics [1,23,24]. Here, the unaged and aged
fabrics were first characterized using CIELAB colorimetry and LC-DAD.
Then, a LC-MS based metabolomics approach was used to analyze the
whole composition of dyes and study its evolution from the unaged
fabrics to the fully light-faded fabrics. Detected dyes were then anno-
tated using MS/MS fragmentation data and molecular networking. The
aim of this study was to provide a strategy to study degraded textiles that
no longer show their original color.

2. Material and methods
2.1. Plant material and chemicals

Ripe dried European buckthorn (Rhamnus cathartica L.) berries were
purchased from Kremer Pigmente (Aichstetten, Germany). Ultrapure
water was produced on a Purelab flex from Elga Labwater (High
Wycombe, U.K.) for the extraction and on a Synergy UV purification
system from Merck Millipore (Darmstadt, Germany) for chromato-
graphic analyses. Aluminum potassium sulfate dodecahydrate (alum)
came from Acros organics (Geel, Belgium), ethylenediaminetetraacetic
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acid (EDTA) from Applichem Gmbh (Darmstadt, Germany) and anhy-
drous sodium carbonate from Fluka (Neu-Ulm, Germany). LC-MS-grade
methanol (MeOH) was purchased from PanReac AppliChem (Monza,
Italy), LC-MS-grade formic acid (FA) from Fisher Chemical (Illkirch,
France) and LC-MS grade acetonitrile from Carlo Erba Reagents (Val de
Reuil, France).

2.2. Preparation of the fabrics and dyeing process

The cotton fabric was prepared using protocols adapted from Cardon
[22] and Marquet [25]. The cotton fabric was first cleaned and
boiled-out using a three-step process: (i) the fabric was immersed in 4 L
of boiling tap water containing soap (20 g/100 g of fabric) and sodium
carbonate (2.23 g/100 g of fabric) for 2 h under agitation, (ii) after
rinsing and air drying, the fabric was dampened with lukewarm water,
and then immersed in softened water containing soap (20 g/100 g of
fabric) and heated at 60 °C under agitation for 30 min, and (iii) the
fabric was rinsed using tap water at 30 °C and then 60 °C, immersed in
hot tap water (60 °C) for 30 min, rinsed with softened water, and
air-dried.

For mordanting, the cotton fabric was immersed in 4 L of softened
water containing alum (20 g/100 g of fabric) and heated upon 100 °C for
1 h under agitation. It was left in the solution to cool down overnight and
then subjected to a second step of mordanting with a gallnut extract. For
this step, 4 L of softened water containing gallnut powder (30 g/100 g of
fabric) were heated at 100 °C. The fabric was added to the boiling so-
lution and stirred for 2 h. The cooled-down fabric was then rinsed with
softened water, soaked in the alum-based mordanting bath for 2h, rinsed
again with softened water and air-dried.

Three samples measuring 10 cm x 8 cm were cut out from the
mordanted fabric, weighted precisely and dyed separately using the
following process: i) R. cathartica berries were ground using an All
basic analytical mill from IKA (Staufen, Germany) and the exact same
mass of powdered R. cathartica berries as the dyed fabric sample
(approximately 1.3 g) was extracted in 1 L of softened water at room
temperature for 30 min and then heated at 90 °C for 1 h, ii) the resulting
dyeing bath was cooled down and filtered, iii) the fabric sample was
added to the dyeing bath and heated at 90 °C for 1 h, and iv) the dyed
fabric was rinsed with softened water and air-dried. A blank fabric (BF)
was obtained using the same process without the dye plant.

2.3. Accelerated light ageing of dyed fabrics and monitoring of their
fading

Artificial light-induced ageing was performed using a SUNTEST
CPS+ from Atlas (Linsengericht, Germany) equipped with a xenon 1500
W lamp, and two filters (coated quartz and special window glass)
allowing a 310-800 nm irradiation range. The irradiance was set to 765
W/m? (corresponding to approximately 174 klx) and the temperature of
the ageing chamber was kept under 60 °C. Each fabric sample was cut
into four identical pieces. One was left unexposed while the others were
exposed to irradiation for 8 h (1.4 Mlx.h), 78 h (13.6 Mlx.h) or 773 h
(134.5 MIx.h). As light exposure (I1x.h) is the product of illuminance (Ix)
and time (h), this treatment equates to an exposition for 8 h a day at 150
Ix for 3, 30 or 300 years, respectively. The fabric samples were named
Ty, T1, T2 or T3 according to the accelerated ageing to which they were
subjected (0, 3, 30 or 300 years, respectively).

The fading of the fabrics was monitored through the measurement of
their CIELAB coordinates (L*a*b*), using a CM2300d spectrophotom-
eter from Konica Minolta (Tokyo, Japan). The resulting data were ac-
quired and treated with the Spectra Magix NX (vers. 3.4) software. This
method allowed an objective and uniform assessment of the fading of
each dyed sample. The Euclidean distance (dE*) between the CIELAB
coordinates of each aged sample and the corresponding unaged sample
was then calculated (Eq. 1) [26].
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dE" = /(L) + (8a")” + (8b°)? Eq. 1

One-Way ANOVA and post-hoc Tukey HSD tests were performed to
determine if the differences observed between the ageing groups were
significant or not.

2.4. Chromatographic analyses of the dyed fabrics

A 0.5 x 0.5 cm sample of each fabric was extracted using an
ultrasound-assisted method adapted from Zhang [27] and Lech [28].
Each sample (approximately 5.5 mg) was put in 500 pL of MeOH/-
FA/EDTA (89:5:6, v/v/v) and sonicated in a PEX1 N extractor from
REUS (Drap, France) at 24 kHz for 10 min and then heated at 60 °C for
25 min. After 5 min of centrifugation at 4660 g on a Frontier 5515
centrifuge from Ohaus (Nanikon, Switzerland), the supernatant was
evaporated to dryness under Ny at 40 °C and precisely weighted. Each
sample was then solubilized in 500 pL of MeOH/H>0O (1:1, v/v) and
filtered on a PTFE 0.2 pm syringe filter (VWR, Radnor, PA, USA). Quality
Control (QC) samples were obtained by transferring 40 pL of each
sample to a first vial (QCp) and then transferring 80 pL of QCo into each
of 8 other vials (QC1.QCg).

Chromatographic analyses were performed using parameters opti-
mized for the analysis of yellow dye plants [16]. UPLC-DAD analyses
(referred to as LC-DAD in the rest of the text) were performed on an
Acquity UPLC I-Class system (Waters, Milford, USA) equipped with a
DAD detector set to 200-700 nm with a resolution of 1.2 nm. The sep-
aration was performed on a Kinetex C18 column (2.1 x 100 mm, 1.7 pm
core-shell particles; Phenomenex, Cheshire, U.K.) and mobile phase el-
uents were water (A) and acetonitrile (B), both acidified by 0.1% FA. A
gradient elution (15 % B for 1 min, then 15-100 % B in 10 min, main-
tained for 2.5 min before re-equilibrating for 2.5 min) was achieved at
35 °C with a flow rate of 0.4 mL/min. The injection volume was 5 pL for
all samples.

UPLC-HRMS/MS (referred to as LC-MS in the rest of the text) ex-
periments were done using the same chromatographic conditions as for
LC-DAD analysis. The chromatographic system was connected to a
SYNAPT G2-Si Q-TOF mass spectrometer equipped with an electrospray
ionization source (ESI) operating in negative mode. The following MS
source parameters were used: capillary voltage 1 kV, sampling cone 40
V, source offset 80 V, source temperature 120 °C, desolvation temper-
ature 450 °C, cone gas flow 50 L/h, desolvation gas flow 850 L/h and
nebulizer 6.5 bars. Continuum data were acquired in Fast DDA (data-
dependent acquisition) using the resolution resolving mode. Mass
spectra were summed during 0.2 s in the m/z range 50-1200. Five pre-
cursor ions with an intensity threshold of 5E03 were fragmented using a
collision energy ramp from 10 to 40 V (m/z 50) to 40-70 V (m/z 1200).
Precursor ions were excluded for 6 s after fragmentation and fragment
ions were scanned during 0.1 s. The 20 most intense ions from analytical
blank samples were compiled in an exclusion list.

QCyp was injected 10 times before the analytical sequence. Samples
and blank samples were then injected in randomized order, with a QC
inserted every 5 samples and two analytical blanks (MeOH/H>0, 1:1, v/
v) at the beginning and the end of the analytical sequence.

A semi-quantitative approach was also used to determine which
compounds were still detected after the longest light ageing treatment
(T3). Two tables containing the peak intensity in LC-DAD and LC-MS
data of compounds annotated as UV1-UV16 (dyes detected in LC-DAD)
for each ageing group were built. Then, a threshold corresponding to the
limit of detection (LOD calculated as 3 times the noise level) was applied
to each table. For LC-DAD data, the noise was determined as 1E02 and
for LC-MS data as 1E03. Venn diagrams of UV-detected compounds and
of MS-detected compounds were obtained from these two sets of data
using InteractiVenn [29].
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2.5. Data processing of LC-MS data and statistical analyses

The raw data were converted into “.mzML” files using Msconvert
(Proteowizard, vers. 3) [30] and then an open access script [31] was
used to correct the lockmass. Data processing was handled on MZmine
vers. 4.5.20 [32] using parameters that are detailed in the Supplemen-
tary Table S1. A first data matrix was built and then filtered by applying
a subtraction step using blanks. This step removed contaminants
detected in analytical blanks and also m/z features found in blank
samples (coming from undyed fabrics) to obtain the final data matrix.

The statistical analysis of these metabolomics data was conducted on
the online platform MetaboAnalyst vers. 6.0 [33]. Briefly, the data was
normalized using the fabric weight of each sample and then logio
transformation and auto-scaling were applied. Principal component
analysis (PCA), hierarchical clustering analysis (HCA) and heatmap
(both using euclidean distance and Ward clustering) were used to
visualize and interpret the data.

2.6. Molecular networking and putative annotation of chemomarkers

The molecular network was constructed using the Feature-Based
Molecular Networking (FBMN) tool from GNPS [34] using the
following parameters: mass tolerance: 0.02 Da, minimum cosine score:
0.70, and minimum matched fragment ions: 6. Cytoscape vers. 3.10.3
[35] was then used to visualize and edit the molecular network.

Molecular formulas were calculated using the Molecular Formula
Calculator from MSTools. SIRIUS vers. 6.1.1 was used for compound
class prediction using CANOPUS and structure database [36,37]. All
annotations were then verified manually by comparison with the liter-
ature in terms of MS/MS fragmentation pattern and previous description
in Rhamnus species. This whole workflow led to a confidence level 2 of
annotation, which corresponded to a putative identification of m/z
features on the basis of MS/MS match with databases and/or literature
data [38].

3. Results and discussion

3.1. Global assessment by colorimetry and LC-DAD of the impact of
accelerated light ageing on the dyed fabrics

Dyed cotton samples initially had a warm yellow color, but as ex-
pected, their color visibly and quickly faded after light exposure
(Fig. 1A). CIELAB colorimetry was used to describe objectively the color
and its evolution. In the CIELAB color space, the L* value measures the
lightness of the sample, from 0 (black) to 100 (white). The a* (green-red
axis) and b* (blue-yellow axis) values give the direction of the color.
Therefore, positive a* and b* values represent colors that tend toward
red and yellow, respectively [39]. The mean L* value of samples
increased gradually upon accelerated light ageing from 74.1 + 2.2 (for
To samples) to 93.1 + 0.2 (for T3 samples) highlighting the whitening
effect of light exposure. It should be noted that T3 samples had a higher
L* value than the unaged BF sample (89.1), showing that the aged dyed
fabrics were whiter than the unaged undyed one. Simultaneously, a* and
b* values declined from 4.4 + 0.5 and 37.4 + 2.6 (for Ty samples) to
—0.5+ 0.1 and 5.0 & 0.5 (for T3 samples), respectively, showing the loss
of reds and yellows that resulted in a visible greying of the color
(Fig. 1B).

To assess the color fading, the euclidean distances (dE) between the
color of each aged samples and the corresponding unaged samples were
calculated (Fig. 1C). Guidelines for museum conservation describe the
color variation and associated light exposure for colored materials in
four different categories of sensitivity to light. Two thresholds have been
established, the "Just Noticeable Difference" (JND), corresponding to dE
= 1.8, and the almost total fade that is estimated to 30-100 times the
JND [40]. For highly photosensitive samples such as plant dyes, the light
dose corresponding to a JND is estimated between 0.22 and 1.5 Mlx.h
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Fig. 1. (A) Photographs of all cotton fabrics (BF: Blank fabrics). (B) Mean L*,
a*, and b* values of dyed (yellow) and BF (grey) samples after each ageing
treatment. (C) dE calculated between aged (T;: eq. 3 years, Ta: eq. 30 years, and
T3: eq. 300 years) and unaged (T,) samples of dyed fabrics (orange) and BF
(grey). The dE value considered as “Just Noticeable Difference" (JND is dis-
played as a dashed line. * and ** showed statistically different p-values with p
< 0.05 and p < 0.01, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)
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when the light spectrum includes the UV range, which corresponds to a
150 Ix exposure 8 h a day for half a year to 3.5 years (Fig. 1C) [40]. The
first ageing treatment used in this study was set to 1.4 Mlx.h, or a 3-year
exposure under the described conditions, so T samples represented the
JND phase of ageing. From this, Ty samples (13.6 Mlx.h, 30 years) were
chosen as an intermediary phase between JND and almost total fade,
and T3 samples were treated with a dose 100 times higher than T; (134.5
Mlx.h, 300 years) to represent fully faded fabrics (Fig. 1C).

The mean dE for T; samples was 9.0 + 1.8, which is already above
JND. Ty and T3 samples displayed a dE from unaged samples of 26.1 +
1.2 and 38.0 + 1.3, respectively (Fig. 1C). These results showed that the
color of dyed cotton samples was greatly affected by light. The shortest
exposure resulted in a color difference that exceeded the expected result
for a just noticeable fade. This could be explained by the chosen dose, as
it was in the upper range for JND. Additionally, high temperatures (up to
60 °C in this experiment) are known to accelerate the degradation of
organic compounds, leading to color loss [5,40]. On the other hand, the
longest treatment resulted as expected in an almost total fade. Thus,
samples were aged under harsh conditions, the longest experiment (T3)
resulting in whiter fabrics than the initial undyed ones (BF).

The fading of extracts indicated a loss of dye content in the fabrics.
The degradation rates of dye compounds were assessed using LC-DAD. A
decomplexation step first enabled the recovery of the dye extracts from
the dyed cotton fabric samples. As R. cathartica contains glycosylated
flavonoids, mostly flavonols, and anthraquinones, a soft decomplexation
method inspired by Zhang [27] and Lech [28] was used to extract dyes
from the fabric without breaking glycosidic bonds. Thus, instead of the
conventional extraction with a boiling hydrochloric acid solution, a
two-steps extraction consisting of 10 min of ultrasound-assisted
extraction at room temperature followed by heating at 60 °C was per-
formed in MeOH/FA/EDTA (89:5:6, v/v/v). The detection and
semi-quantification of compounds were conducted at 350 nm and 450
nm, i.e. at the wavelengths of maximal absorption for flavonoids and
anthraquinones, respectively [41]. A total of 12 flavonoids (UV7.12) and
4 anthraquinones (UV13.16) were detected by LC-DAD in the unaged (Tp)
extracts (Fig. 2).

The peak area of each detected chromatographic peak was measured
in all extracts (Ty-T3) and normalized using the weight of the corre-
sponding fabrics (Supplementary Table S2). The total area of all the
chromatographic peaks corresponding to flavonoids decreased by 32%
from Ty to Ty. In Ty extracts, only 7% of the sum of the total peak areas of
flavonoids remained while no flavonoids were detected in T3 extracts.
Interestingly, the normalized area of one flavonoid (UVs5) first increased
from T to Ty, indicating it might be a degradation product of another
compound (Supplementary Table S2).

Anthraquinones were detected in T extracts at concentrations lower
that the LOQ. Although semi-quantification was not possible, it should
be noted that their concentrations decreased during the ageing treat-
ment, as no anthraquinones (values < LOD) were detected in T1, Ty and
T3 extracts (Supplementary Table S2). These results explained the rapid
fading of fabrics, as most dyes were no longer detected in T2 and Tj3
extracts. These results showed that LC-DAD, an analytical technique
commonly used to study dyes in historical samples, would not be sen-
sitive enough to detect, let alone identify, compounds from samples as
severely faded as those under conditions Ty and Ts.

3.2. LC-MS-based metabolomics approach

3.2.1. Chemical discrimination between aged and unaged fabrics

LC-MS is a sensitive method that enables the detection, identification
and semi-quantification of a broad range of compounds without the
need of standards. It is commonly used to study ancient dyed textiles,
often in combination with LC-DAD [42,43]. Untargeted LC-MS-based
metabolomics approaches offer high throughput processes based on
statistical tools and open databases that facilitate and deepen the
exploration of such complex data and the annotation of compounds of
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Fig. 2. LC-DAD chromatograms (A) at 350 nm (specific to flavonoids) and (B) at 450 nm (specific to anthraquinones) of extracts of aged (T;: eq. 3 years in green, T:
eq. 30 years in yellow, and T3: eq. 300 years in red) and unaged (T, in blue) fabrics dyed with R. cathartica berries. Detected compounds are annotated as UV, to
UV;6. *Artefact peak. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

interest. In this work, all extracts were analyzed using a LC-MS metab-
olomics approach previously optimized on a panel of fourteen yellow
dye plants [16]. Data processing was performed using MZmine, an
open-source software, and led to a list of 372 m/z features. The statistical
analysis conducted on this feature list did not show a satisfactory
discrimination between samples (Supplementary Fig. S1A). Moreover,
BF samples were statistically closer to the dyed samples of the corre-
sponding fabrics group than to each other. This result led to the hy-
pothesis that a wide number of m/z features came from the fabric itself
instead of the dye plant (Supplementary Fig. S1B). To correct that, blank
subtraction steps were added to the process leading to a final list
including 95 relevant m/z features.

Unsupervised multivariate statistics, more particularly principal
component analysis (PCA), hierarchical clustering and heatmap were
used to understand the effect of accelerated light ageing on the phyto-
chemical composition of the dyed fabrics. PCA reduces the dimension-
ality of the data, thus enabling its visualization. Hierarchical clustering

shows the structure of the data and helps identify groups within samples.
Finally, heatmap represents the values of variables using different colors
to display the structure of the data matrix [44]. The final feature list,
previously normalized using the extracted fabric weights, was loaded in
MetaboAnalyst 6.0 where log;( transformation and auto-scaling of the
data were performed. Hierarchical clustering performed on this feature
list showed that BF samples were clustered with T3 samples, rather than
with dyed samples of the same fabrics group as it was observed with the
complete dataset (Supplementary Fig. S2). This indicated that this
T3+BF group is most likely characterized by a lack of specific chemical
markers.

Once the data was validated, a PCA was performed on dyed samples
only (BF and QC samples were excluded) (Fig. 3A). On the resulting PCA
score plot, principal components 1 (PC1) and 2 (PC2) explained 72.2%
and 18.1% of the total variance, respectively. To samples were separated
from T; samples along PC2, while other sample groups (T, and T3
conditions) were separated along PC1, highlighting a drastic
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Fig. 3. Visualization using unsupervised multivariate statistics of the LC-MS dataset obtained from extracts of aged (T;: eq. 3 years, T»: eq. 30 years, and T3: eq. 300
years) and unaged (T,) dyed with R. cathartica berries. (A) PCA score plot; (B) Heatmap showing the relative intensity of each m/z feature in each sample group,
labelled with their feature list ID (See Supplementary Table S3).



M. Chambaud et al.

composition change after the ageing period T;. These data showed a
gradient of ageing, ranging from samples with little fading (T; condi-
tion) to those that underwent drastically longer light ageing and were
strongly or even completely faded (T2 and T3 conditions, respectively).
These results are in accordance with those obtained using CIELAB
colorimetry and LC-DAD.

As the feature list was rather small (95 m/z features) and already
highly processed, all m/z features were considered relevant to the study.
A heatmap was then constructed to classify features according to their
intensity in each ageing group (Fig. 3B). The resulting heatmap high-
lighted three groups of m/z features: (i) chemical markers of unaged or
slightly faded fabrics specific to Tp and T; conditions (“unaged
markers”), (ii) chemical markers of intermediary aged fabrics specific to
T, and Ty conditions (“intermediary markers”), and (iii) chemical
markers of strongly or even completely faded fabrics specific to Ty and
T3 conditions (“degradation markers™). The majority of the m/z features
detected (66 out of 95) were unaged markers, which showed that there
were few markers specific to aged samples (Ty or T3).

3.2.2. Dyes annotation

From the 95 m/z features, 13 were identified as fragments, adducts
or isotopes from other features. As such, they were considered artefacts
and not further annotated. The molecular class of all other m/z features

Table 1
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was predicted using CANOPUS. Interestingly, most features (46 out of
95) were classified as fatty acid derivatives, regardless the ageing group.
Moreover, 21 m/z features were classified as flavonoids, and four as
anthraquinones. Only these 25 m/z features (numbered from 1 to 25)
were annotated further. However, the full m/z feature list containing
heatmap groups, different identifiers used in the article, results from
class prediction and annotations, is available in Supplementary
Table S3.

The annotation was conducted by comparing the molecular formula
and MS/MS fragmentation pattern to the literature for the genus
Rhamnus and multiple databases (LOTUS, Pubchem and KNapSack).
Table 1 summarizes the retention time, m/z values, MS/MS fragmen-
tation data and putative identification of the annotated compounds.
Other compounds were annotated as fatty acid derivatives and artefacts,
comprising all features that were not identified as molecular ions
(fragments, adducts and isotopes). Thus, non-dye compounds were not
considered specific to R. cathartica and will not be discussed further as
they would not enable the identification of the dye plant if found in a
historical sample.

Also, a feature-based molecular network workflow was conducted on
the GNPS online platform and the resulting network was visualized
using Cytoscape (Fig. 4). Molecular networking enables the visualization
of the whole dataset based on the similarity of MS/MS fragmentation

Putative annotation of flavonoids and anthraquinones detected by LC-(-)-ESI-MS and LC-DAD in the extracts obtained from both aged and unaged fabrics dyed with

berries of R. cathartica.

Annotation uv Retention time m/z Calculated Mass error Relevant MS/MS fragments (intensity) Putative annotation

D ID (min) molecular formula (ppm)

1 0.89 771.1971  Cg3H40021 —2.4 609 (3), 463 (8), 301 (100), 271 (8), 228  Quercetin-O-hexose-deoxyhexose-
(3), 179 (5) hexose

2 0.96 609.1449  Cy7H30016 -2 315 (100) Rhamnetin/isorhamnetin-pentose-

hexose or isomer
3 1.90 785.2131  C34H42021 -1.9 331 (89), 315 (100), 287 (51) Unidentified mearnsetin-O-
rhamninoside isomer

4 uv, 2.15 755.2025 C33H40020 -2 609 (13), 447 (23), 301 (100), 255 (21), Quercetin-O-deoxyhexose-hexose-
192 (33) deoxyhexose

5 UV, 2.68 609.1452 Ca7H30016 -1,5 301 (100), 273 (5), 255 (34), 179 (7), Quercetin-O-hexose-deoxyhexose
151 (29), 121 (3), 107 (3)

6 2.76 785.2124  Cg34H42021 -2.8 331 (100), 315 (27), 313 (59), 287 (8), Mearnsetin-O-rhamninoside
285 (24), 270 (5)

7 Uvs 2.80 447.0920 C21H20011 -29 301 (100), 273 (42), 255 (69), 227 (30), Quercetin-3-O-deoxyhexose
193 (34), 151 (51), 107 (14)

8 UV, 3.11 769.2203  C34H42020 0.8 315 (82), 299 (100), 271 (34), 165 (14) Rhamnetin-O-rhamninoside

9 UVs 3.21 623.1603 CagH35016 -2.3 315 (28), 299 (100), 271 (33), 165 (4) Rhamnetin-O-hexose-deoxyhexose

10 3.27 317.0296 Cy5H1008 —-2.2 299 (58), 284 (100), 271 (62) Myricetin

11 3.32 797.2130 C35H42051 -2 769 (7), 315 (97), 299 (100), 271 (19), Glycosylated rhamnetin derivative
165 (16)

12 UVe 3.39 783.2334 C35H44029 -25 329 (100), 313 (47), 299 (9), 271 (4), Rhamnazin-rhamninoside
165 (1)

13 3.44 743.1450  C34H32019 -2 435 (100), 285 (58) Unidentified flavonoid

14 uv, 3.48 477.1028  CpoH22012 -2.2 315 (19), 299 (100), 287 (6), 271 (92), Rhamnetin-O-hexose
193 (1), 165 (7), 121 (1)

15 UVg 3.70 623.1605 CagH32016 -2 461 (7), 315 (62), 299 (100), 271 (73), Rhamnetin-O-deoxyhexose-hexose
193 (6), 165 (32)

16 3.79 447.0919 C21H20011 -3.1 315 (15), 299 (100), 271 (86), 165 (5) Rhamnetin-O-pentose

17 UVy 3.86 915.2561  C43H45022 —0.4 769 (30), 315 (100), 299 (48), 287 (1), Rhamnetin-O-hexose-deoxyhexose-
271 (9), 193 (3), 165 (13), 121 (2) deoxyhexose-coumaroyl

18 UV, 391 461.1079  CpoH»y011 —22 315 (24), 299 (100), 271 (88), 165 (13)  Rhamnetin-O-deoxyhexose

19 UViy 4.04 915.2562  C43H45022 -0.3 769 (3), 315 (100), 299 (25), 287 (2), Rhamnetin-O-hexose-deoxyhexose-
271 (6), 193 (4), 165 (17), 121 (3) deoxyhexose-coumaroyl

20 UV, 4.32 915.2562 C43H4g050 -0.3 769 (10), 315 (100), 299 (60), 287 (1), Rhamnetin-O-hexose-deoxyhexose-
271 (13), 193 (4), 165 (1), 121 (1) deoxyhexose-coumaroyl

21 UVis 4.56 401.0873  CzoH1509 -1.3 269 (100), 241 (10), 225 (23), 197 (5) Emodin-O-pentose

22 4.94 315.0466  C16H1207 -14 300 (40), 272 (25), 165 (100), 149 (19), Rhamnetin
121 (73)

23 UVia 5.18 313.0340  Cy6H1007 —4.4 298 (100), 269 (4), 254 (3), 226 (9), 213 Unidentified dihydroxy-methoxy-
4), 197 (3) carboxy-anthraquinone

24 UV;s 5.24 415.1024 C21H2009 —-2.5 269 (100), 241 (10), 225 (29), 213 (4), Emodin-O-deoxyhexose
197 (5)

25 UVie 6.39 269.0443  C;5H;00s -4.6 241 (100), 225 (24), 213 (28), 210 (47), Emodin

197 (39), 195 (49)
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Fig. 4. Molecular network representation of the LC-MS dataset (after blanks filtering) obtained with extracts of aged (T;: eq. 3 years, Ts: eq. 30 years, T3: eq. 300
years) and unaged (T) fabrics dyed with berries of R. cathartica. Nodes are colored according to heatmap groups: Blue: Chemical markers of unaged or slightly faded
fabrics (specific to To-T; conditions); Pink: Chemical markers of intermediary aged fabrics (specific to T, and T, conditions); Purple: Chemical markers of very or even
completely faded fabrics (specific to T and T3 conditions). Compounds that were annotated are numbered (1-25) and m/z features that were not identified as
molecular ions (i.e. fragments, adducts or isotopes) have a grey border. Lastly, colored frames highlight flavonoids (yellow) and anthraquinones (red) and the
chemical structures of the main identified aglycones are displayed. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

pattern between m/z features and can help identify compounds by
annotation propagation. The molecular network was enriched using all
the data gathered during the study. Nodes were colored according to the
heatmap group attributed to each feature (unaged, intermediary or
degradation markers) and their size was linked to the peak intensity in
To extracts. Annotated features were numbered and the structure of the
main annotated aglycones were added. Lastly, colored frames were used
to highlight flavonoids (yellow) and anthraquinones (red). A large
cluster of methoxylated flavonoids, including rhamnazin, mearnsetin
and rhamnetin derivatives was observed, as well as a smaller cluster
containing mainly quercetin derivatives. Five features annotated as
flavonoids (Compounds 1-3, 10 and 22) did not cluster with any other
feature, which could potentially be attributed to their lower intensity,
leading to less detected fragment ions in the MS/MS spectra. Three of the
four detected anthraquinones were annotated as emodin and one gly-
cosylated derivative (Compounds 21 and 24) which were clustered
together.

All glycosylated compounds displayed characteristic losses of O-
pentose (132 u), O-deoxyhexose (146 u), O-hexose (162 u) or their
combination. Stereoisomers of sugars cannot be differentiated by
HRMS/MS [45]. Hence, in the putative identifications suggested here,
the sugars were labelled as hexose, deoxyhexose or pentose. The only
exception was rhamninoside (z-rhamnopyranosyl-(1 —
3)-0O-a-1-thamnopyranosyl-(1 — 6)-O-p-p-galactopyranoside) that was
proposed for all deoxyhexose-deoxyhexose-hexose glycan parts in the
absence of contrary information as this structural moiety is

characteristic of extracts from Rhamnus spp. [46]. Complete fragmen-
tation of annotated compounds and MS/MS spectra can be found in
Supplementary Table S4.

3.2.2.1. Quercetin derivatives. Compounds 1, 4, 5 and 7 shared the same
aglycone part, characterized by a fragment ion at m/z 301 ([Yol,
C15Hg07) and m/z 300 ([Yo-H]*, C15HgO?). Diagnostic retrocyclization
fragment ions of quercetin were observed in the MS/MS spectra of these
four compounds at m/z 151 ([l’ZA—CO]'), m/z 179 ([I’ZA]'), m/z 121
([1’2B]'), and/or m/z 107 ([1’2A—CO—C02]') [47]. Thus, compounds 1, 4,
5 and 7 were putatively annotated as glycosylated derivatives of quer-
cetin, a flavonoid commonly described in extracts of R. cathartica [46].

Compound 1 was characterized by a (-)-ESI-MS spectrum with a
deprotonated quasi-molecular ion at m/z 771.1971, which corresponds
to the molecular formula C33H4002;. The MS/MS spectrum of 1 showed
the presence of quercetin, yielded after the consecutive losses of one
hexose unit (m/z 609.1400; [Y2]), one deoxyhexose unit (m/z
463.0782; [Y1]) and a second hexose unit (m/z 301.0362, [Yo]). Thus,
compound 1 was putatively annotated as quercetin-O-hexose-deoxy-
hexose-hexose, a compound that was never detected before in plants of
the Rhamnus genus to our knowledge.

Compound 4, also detected by LC-DAD as UV, was characterized by
a deprotonated quasi-molecular ion at m/z 755.2025, observed on its
(-)-ESI-MS spectrum, which corresponded to the molecular formula
C33H40020. Its MS/MS spectrum showed fragment ions at m/z 609.1486
([Y2]), m/z 447.0886 ([Y1]) and m/z 301.0322 ([Yo]) characteristic of
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a quercetin aglycone part obtained after the consecutive losses of one
deoxyhexose unit (146 u), one hexose unit (162 u), and a second
deoxyhexose unit (146 u). This type of glycan sequence is not typical of
the Rhamnus genus and does not correspond to a rhamninoside moiety.
Thus, compound 4 was putatively annotated as quercetin-O-deoxyhex-
ose-hexose-deoxyhexose.

The deprotonated quasi-molecular ion at m/z 609.1452 observed on
the (-)-ESI-MS spectrum of compound 5 (also detected by LC-DAD as
UV,) was consistent with a molecular formula of C7H30016. The MS/MS
spectrum of 5 showed a quercetin aglycone part (m/z 301.0328, [Yo])
yielded after the loss of a diglycoside (308 u) containing one deoxy-
hexose unit and one hexose unit. The absence of [Y1],, [Y1-H]* and
[Yo-2H]* fragment ions indicated a O-diglycoside rather than a di-O-
glycoside [45]. Compound 5 was thus putatively annotated as querce-
tin-O-hexose-deoxyhexose, a glycosylated flavonoid previously
described in R. cathartica [48] and several other Rhamnus species
[49-51].

Compound 7 (also detected by LC-DAD as UV3) showed on its (-)-ESI-
MS spectrum a deprotonated quasi-molecular ion at m/z 447.0920
corresponding to the molecular formula Cp;H20041. This ion and the
fragment ion observed at m/z 301.0318, ([Yo]) were typical of the
presence of a quercetin aglycone part obtained after the loss of one
deoxyhexose unit (146 u). Thus, compound 7 was putatively annotated
as quercetin-O-deoxyhexose. This glycosylated flavonoid has been pre-
viously described in R. cathartica [52,53] as well as in other Rhamnus spp
[28,51].

3.2.2.2. Rhamnetin derivatives. Compounds 8, 9, 11 and 14-20 all
shared the same aglycone part which was characterized by the presence
of typical ion fragments at m/z 315 ([Yo]l, C16H1107) and m/z 314
([Yo-H]*, C16H1007) on their MS/MS spectra. The (-)-ESI-MS spectrum
analysis of compound 22 showed a deprotonated quasi-molecular ion at
m/z 315.0466 ([M — H]) consistent with a molecular formula of
C16H1207, which corresponds precisely to this aglycone. Characteristic
fragment ions corresponding to the successive loss of a methyl group
([Yo—CH3]*, m/z 300 or [Yo-CH4l", m/z 299) and a carbonyl group (-CO,
28 u) were observed on the MS/MS spectrum of these compounds [54].
Moreover, several retrocyclization fragment ions were also detected at
m/z 165 (1’3A’) and m/z 121 (0’4A’) [28]. These data were consistent
with the putative annotation of 22 as rhamnetin, a flavonoid already
described in extracts of R. cathartica [28,41]. Compounds 8, 9, 11 and
14-20 were then annotated as glycosylated derivatives of rhamnetin.

The deprotonated quasi-molecular ion at m/z 769.2203 observed on
the (-)-ESI-MS spectrum of compound 8 (also detected by LC-DAD as
UVy) corresponded to the molecular formula Cy1Hp0011. Its MS/MS
spectrum showed a fragment ion at m/z 315.0453 ([Yo]), which cor-
responds to rhamnetin obtained after the loss of one hexose unit and two
deoxyhexose units without any intermediary ion fragments. Compound
8 was putatively identified as rhamnetin-O-rhamninoside, a flavonoid
previously described in R. cathartica [46].

The (-)-ESI-MS spectrum of compound 9, a flavonoid also detected by
LC-DAD as UVs showed a deprotonated quasi-molecular ion at m/z
623.1603 (CggH32016). From this parent ion, a fragment ion (m/z
315.0473 [Yo]") was observed on the MS/MS spectrum, corresponding
to rhamnetin obtained after the loss of one deoxyhexose unit (146 u) and
one hexose unit (162 u). The absence of [Y1], [Y1-H]* fragment ions
indicated a probable rhamnetin-O-diglycoside rather than a di-O-
glycoside [45]. Thus, compound 9 was putatively annotated as rham-
netin-O-hexose-deoxyhexose, a compound previously described in
R. cathartica [28]. The LC-DAD data presented earlier led to the hy-
pothesis that compound 9 (UVs) could be a degradation product. This
putative annotation supports this hypothesis and shows that compound
9 could be obtained from the main dye of the extract, compound 8
(UVy), after the loss of a deoxyhexose.

Compound 11 showed on its (-)-ESI-MS spectrum a deprotonated
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quasi-molecular ion at m/z 797.2131, corresponding to the proposed
formula C3sH4202;. Its fragmentation MS/MS spectra displayed a frag-
ment ion observed at m/z 315.0480 ([Y(]") corresponding to rhamnetin
obtained after the consecutive losses of a —-CO group (m/z 769.2184),
and of a triglycoside containing one hexose unit and two deoxyhexose
units (454 u). The chemical structure of compound 11 was not further
elucidated.

Compound 14 (also detected by LC-DAD as UVy) was characterized
by a deprotonated quasi-molecular ion at m/z 477.1028 (C2H22012).
The corresponding MS/MS spectrum showed an ion fragment at m/z
315.0480 ([Yol) which can be attributed to a rhamnetin moiety ob-
tained after the loss of one hexose unit (162 u). Compound 14 was pu-
tatively annotated as rhamnetin-O-hexose; a compound which has not
been described before in plants of the genus Rhamnus.

A deprotonated quasi-molecular ion at m/z 623.1605 (CagH32016)
was observed on the (-)-ESI-MS spectrum of compound 15, a flavonoid
also detected by LC-DAD as UVg. The MS/MS spectrum showed two
characteristic ion fragments at m/z 461.0884 ([Y1]") and m/z 315.0520
([Yo]) corresponding to a rhamnetin obtained after the consecutive
losses of one hexose unit (162 u) and one deoxyhexose unit (146 u). Due
to the high [Yo]7/[Y1] ratio, the prominence of [Yo-H]* and the absence
of [Y1-H]* and [Y¢-2H]*, compound 15 was hypothesized an O-
diglycoside rather than a di-O-glycoside [45]. Thus, compound 15 was
putatively annotated as rhamnetin-O-deoxyhexose-hexose, a glycosy-
lated flavonoid previously observed in several Rhamnus species [2.8,48].

The (-)-ESI-MS spectrum of compound 16 showed a deprotonated
quasi-molecular ion at m/z 447.0919, consistent with the molecular
formula Cy1H20011. The resulting MS/MS fragmentation of this parent
ion gave an ion at m/z 315.0474 ([Yo]") corresponding to a rhamnetin
moiety obtained after the loss of a pentose (132 u). Thus, compound 16
was putatively annotated as rhamnetin-O-pentose, which, to our
knowledge, has not been previously described in the Rhamnus genus.

The same deprotonated quasi-molecular ion at m/z 915.256
(C43H48023) was observed on the (-)-ESI-MS spectra of compounds 17,
19 and 20, also detected by LC-DAD as UVy, UV and UVys. All three
shared a common MS/MS fragmentation pattern with the loss of a
coumaroyl (146 u) leading to a fragment ion at m/z 769.22 (C34H42020)
and then the direct loss of a triglycoside (454 u) containing one hexose
unit and two deoxyhexose units, yielding rhamnetin (m/z 315.05, [Yo]).
Considering their different retention times (from 3.86 to 4.32 min),
compounds 17, 19 and 20 were putatively annotated as isomers of
rhamnetin-O-hexose-deoxyhexose-deoxyhexose-coumaroyl. Such a
chemical structure has been previously described in Rhamnus petiolaris
[55].

Compound 18, also detected by LC-DAD as UV, was characterized
by a deprotonated quasi-molecular ion at m/z 461.1079 corresponding
to the molecular formula CpoH2201;. The fragment ion at m/z 315.467
([Yol) observed on its (-)-ESI-MS/MS spectrum was consistent with a
rhamnetin aglycone obtained after the loss of one deoxyhexose unit (146
u). Thus, compound 18 was putatively identified as rhamnetin-O-
deoxyhexose, a glycosylated flavonoid previously described in extracts
of R. cathartica [48,52].

3.2.2.3. Other flavonoids. Compound 2 was characterized by a depro-
tonated quasi-molecular ion observed at m/z 609.1449 (Cy7H30016) on
its (-)-ESI-MS spectrum. The corresponding MS/MS data showed the loss
of a diglycoside containing one pentose unit (132 u) and one hexose unit
(162 u), leading to a fragment ion at m/z 315.0424 (Yo) characteristic of
a rhamnetin or an isorhamnetin aglycone part. No characteristic retro-
cyclization ion fragments from rhamnetin (m/z 165 and 121) or iso-
rhamnetin (m/z 151 and 107) nor [Yo—CH3]* (m/z 300), a fragment
previously described as dominant in the MS/MS fragmentation spectrum
of isorhamnetin, were observed [28,54]. Thus, compound 2 was anno-
tated as a rhamnetin/isorhamnetin-pentose-hexose or isomer.

The (-)-ESI-MS spectrum of compound 12, also detected by LC-DAD



M. Chambaud et al.

as UVg, showed a deprotonated quasi-molecular ion at m/z 783.2334
(C35H44020). The corresponding MS/MS data showed a fragment ion
corresponding to the loss of a diglycoside (454 u) containing one hexose
unit and two deoxyhexose units, which led to the fragment ion of the
aglycone part (m/z 329.0645, C17H1407). The MS/MS spectra of com-
pound 12 also showed fragments ions annotated as [Yo—-CH3]*" (m/z
314.0405), [Y¢—2CHs3]l® (m/z 299.0174), [Yo-2CH3-COl" (m/z
271.0222) and A~ (m/z 165.0150). This MS/MS fragmentation
pattern indicated two methoxy groups positioned on the A ring and on
the B ring, respectively [28]. From these results, compound 12 was
putatively annotated as rhamnazin-rhamninoside, a compound previ-
ously described in R. cathartica [46].

Compounds 3 and 6 are two isomers characterized by the presence of
a deprotonated quasi-molecular ion on their respective (-)-ESI-MS
spectra at m/z 785.21, which corresponded to the molecular formula
C34H4202;. Both MS/MS fragmentation patterns displayed the direct
loss of a triglycoside (454 u) containing one hexose unit and two
deoxyhexose units, which led to fragment ions detected at m/z 331.0452
and 331.0476 for 3 and 6, respectively. The calculated molecular for-
mula for both aglycone parts was CijH120g. However, differences
observed on their MS/MS spectra indicated that the aglycones of com-
pounds 3 and 6 had different chemical structures. It should be noted that
on the molecular network, compound 6 was part of a cluster comprising
mainly rhamnetin-type derivatives. More precisely, it was connected to
the feature MS4g2 (m/z 769.2179, C34H42090) (Supplementary
Table S3), a fragment of compound 11 annotated as rhamnetin-O-hex-
ose-deoxyhexose-deoxyhexose, as well as to compound 12 (m/z
783.2334, C35H44040), which was annotated as rhamnazin-O-hexose-
deoxyhexose-deoxyhexose. The mass differences between these com-
pounds indicated that the aglycone of compound 6 could be a hydrox-
ylated rhamnetin derivative, such as mearnsetin, a flavonoid previously
described in Rhamnus pallasii [56]. Thus, compound 6 was putatively
annotated as mearnsetin-O-rhamninoside. Compound 3 was not
included in a molecular network cluster and apart from the consecutive
losses of a CH4 (m/z 315.0094) and a CO (m/z 287.0198), its MS/MS
fragmentation pattern was different from compound 6. Thus, compound
3 remained unidentified.

A deprotonated quasi-molecular ion was observed at m/z 317.0296
(C15H100g) on the (-)-ESI-MS spectrum of compound 10. Three fragment
ions corresponding to the loss of HyO, followed by either the loss of CHs
or CO were detected at m/z 299.0152 (C;15HgO7), 283.9944 (C14Hs07)
and 271.0241 (C;4HgOg) in its MS/MS spectrum. The CANOPUS tool on
Sirius classified compound 10 as a flavonoid. However, its MS/MS
fragmentation pattern indicated an O-methylated compound as well as
multiple CO losses (28 u) that did not correspond to any C;sH;oOs
flavonoid. Thus, compound 10 remained unidentified. However, its
additional two H-atoms (compared to rhamnetin) could point to a 2,3-
dihydroflavonol, which is consistent with the observation of a Hy0O
loss with concomitant formation of a flavone fragment.

Compound 13 was characterized by a deprotonated quasi-molecular
ion at m/z 743.1450, which corresponded to the molecular formula
C34H32019. The loss of a diglycoside containing one deoxyhexose unit
and one hexose unit was detected at m/z 435.0331 (CpoH12010).
Furthermore, another main fragment ion was detected at m/z 285.0015
(C14HeO7). Compound 13 was classified as a flavonoid using CANOPUS
on Sirius and was connected to compound 5 (quercetin-O-deoxyhexose-
hexose) in the quercetin cluster of the molecular network. However, no
flavonoid corresponding to this fragmentation pattern was found and
compound 13 remained unidentified.

3.2.2.4. Anthraquinones. Compounds 21 and 23-25, already detected
by LC-DAD at 450 nm as UV;3-UV;¢, were thus putatively annotated as
anthraquinones. Compounds 21 and 24 were glycosylated forms of the
same aglycone, characterized by a fragment ion at m/z 269.0439 and m/
z 269.0438 (Ci5H;100s5), which corresponded to compound 25. The
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common MS/MS fragmentation pattern observed on their respective
(-)-ESI-MS/MS spectra confirmed that 21 and 24 were glycosylated
forms of 25.

Compound 25 (UV36) was characterized by a deprotonated quasi-
molecular ion at m/z 269.0443 (C15H;00s) observed on its (-)-ESI-MS
spectrum. Characteristic losses of CO (m/z 241.0494), CO, (m/z
225.0531) and their combination (m/z 197.0580) were detected, as well
as other fragment described in the fragmentation pattern of emodin such
asm/z 210.0316, 182.0355 and 171.0424 [28]. Compound 25 was then
putatively annotated as emodin, an anthraquinone already described in
R. cathartica [28,41] and in other Rhamnus species [57].

The deprotonated quasi-molecular ions at m/z 401.0873 and m/z
415.1024 on the (-)-ESI-MS spectrum of compound 21 (UV;3) and
compound 24 (UV;s), corresponded to the molecular formulae
Co0H1809 and Cy1HOg, respectively. Their MS/MS data showed the
neutral loss of one pentose unit (132 u) for 21 and of one deoxyhexose
unit (146 u) for 24, leading to the aglycone. Thus, compound 21 was
putatively annotated as emodin-O-pentose and compound 24 as emodin-
O-deoxyhexose. Both these compounds have already been described in
the bark of Rhamnus frangula as frangulins B and A, respectively [58].
Emodin-deoxyhexose has also been identified in the bark of R. cathartica
[59] as well as in berries of Rhamnus ussuriensis [51], meaning its
presence in R. cathartica berries is plausible.

Compound 23 (UVy4) was characterized by a deprotonated quasi-
molecular ion at m/z 313.0340 (C16H1907). The main fragment ion
observed on its (-)-ESI-MS/MS spectrum (at m/z 298.0098) corre-
sponded to the loss of a CH3 group, which can be observed in O-meth-
ylated anthraquinones. Another fragment ion observed at m/z 269.0431
([M-H-CO3]") corresponded to the loss of carboxylic acid. Moreover, the
loss of CO was observed in multiple fragments. This MS/MS fragmen-
tation pattern is in good correlation with the literature for an anthra-
quinone with a methoxy and a carboxylic acid group [60,61]. According
to its chemical formula, compound 23 would also be substituted with 2
hydroxyl groups, but their losses were not detected in the MS/MS
spectra. ~ Compound 23  was thus annotated as a
dihydroxy-methoxy-carboxy-anthraquinone. To our knowledge, no such
compound has been previously described in Rhamnaceae.

3.2.3. Molecular networking

The molecular network was not only used as an annotation tool, but
also to visualize the global chemical composition of aged and unaged
extracts. To that end, the molecular network was enriched using the data
obtained in the previous parts of this manuscript (Fig. 4). The node sizes
were correlated to the mean T peak area measured on the LC-MS base
peak chromatograms (BPC) and each node was colored depending on
the groups previously defined with the heatmap (unaged, intermediary
or degradation markers). Moreover, the annotation IDs and the chemical
structures of some aglycone flavonoids and anthraquinones were added
(Fig. 4). A molecular network labelled with the feature list identifiers is
also available in Supplementary Fig. S3.

Three clusters of four or more compounds were observed on the
molecular network. The largest one corresponded mostly to rhamnetin
derivatives (compounds 8, 9, 11 and 14-20), as well as glycosylated
forms of mearnsetin (compound 6) and rhamnazin (compound 12),
which have all been described in extracts of Rhamnus species [28,46,56].
Another cluster corresponded to quercetin derivatives (compounds 4, 5
and 7), which are flavonoids found in many plants and also commonly
described in extracts of Rhamnus species [46]. Other flavonoids (com-
pounds 1-3, 10, and 22), still annotated as rhamnetin or quercetin de-
rivatives, were not included in clusters. Interestingly, kaempferol was
not detected. However, it is a well described compound of the Rhamnus
genus that has been proposed as a diagnostic compound to differentiate
R. cathartica from other species of this same genus [46]. We hypothe-
sized that it was either not fixed on the fabrics during dyeing or not
recovered during extraction.

Four anthraquinones (compounds 21 and 23-25) were annotated,
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three of them being emodin and its glycosylated derivatives. All anno-
tated anthraquinones were also previously observed by LC-DAD, but
almost half of the annotated flavonoids were not. This illustrates the
higher sensitivity of LC-MS compared to LC-DAD. All flavonoids and
anthraquinones were classified as unaged markers, which shows that the
degradation was too rapid to observe intermediary degradation prod-
ucts, such as those formed through the hydrolysis of glycosidic bonds. It
has been proven that degradation of flavonoids and anthraquinones
leads to the formation of degradation products that no longer absorb
light in the visible region, notably hydroxybenzoic and hydrox-
yphenylacetic acids [1,7]. These compounds, as well as other degrada-
tion markers and light-induced degradation products of flavonoids
described in the literature (e.g., depsides and chalcones) were specif-
ically searched in all samples, but were either not detected at all, or as
traces that could not be annotated robustly due to a lack of MS/MS
fragmentation data. This suggested that the accelerated ageing treat-
ment directly caused the full degradation of these dye compounds into
more volatile compounds, which is most likely due to the chosen ageing
parameters. Indeed, high levels of ventilation and a temperature up to
60 °C for the longest ageing treatment were applied. Moreover, this
work was conducted on fabric mordanted with alum, which has been
described to affect the ageing of the fixed dye compounds [62].

3.3. What remains in faded fabrics? Assessment of the remaining dyes

The specific flavonoid and anthraquinone contents of a dye extract
can help determine which plant has been used to dye a historical fabric
[48]. However, in less preserved fabrics, when the color has been lost
over the years, the detection and identification of dye traces can be
difficult [1]. In those cases, LC-MS based metabolomics should be
considered. Indeed, in this study, the LC-MS based approach enabled the
detection of twice as many flavonoids as the LC-DAD approach. More-
over, almost all detected flavonoids and anthraquinones were putatively
identified without any standard.

The focus was put on the light-bleached T3 samples. The color in
these samples was detectable neither by human eye, nor by using CIE-
LAB colorimetry and only the main dye could still be detected using LC-
DAD. The features list showed that most dye compounds -including
anthraquinones-were still detected in T3 extracts using LC-MS. Two
Venn diagrams (Fig. 5) were constructed to illustrate the differences
between the two methods (LC-DAD vs LC-MS) and further study what
remains when the color is gone. The diagrams were based on the peak
intensity in LC-DAD at 350 nm for flavonoids and 450 nm for anthra-
quinones (Fig. 5A) and LC-MS (Fig. 5B) of the 16 compounds detected in
LC-DAD. The Venn diagram was annotated to display the putative

Dyes and Pigments 249 (2026) 113625

identification of detected compounds.

Fig. 5A showed that, as previously determined, the four anthraqui-
nones (UV;3 to UVyg) were only detected in T using LC-DAD. Also, only
three flavonoids were above the LOD in Ty samples and none in Tj
samples. On the contrary, according to Fig. 5B and as stated before, LC-
MS enabled the detection of all flavonoids and anthraquinones in Tj
extracts and of more than half of them were still detected in T3 extracts.
This showed the sensitivity of the method as both flavonols and an-
thraquinones were detected, even in low concentrations, in aged
extracts.

A third Venn diagram was made using the LC-MS data, this time
including all flavonoids and anthraquinones (Supplementary Fig. S4).
The nine flavonoids that were not detected at all using LC-DAD were
only detected until Ty, which is probably due to their lower
concentration.

The dye compounds that remained in T3 extracts were annotated as
seven flavonoids, including a quercetin-diglycoside, a rhamnazin-
triglycoside and five glycosylated derivatives of rhamnetin, as well as
three anthraquinones, including emodin and emodin-pentose. These
results show the great potential of this approach in the study of ancient
fabrics, even after the loss of all visible colors. Indeed, taken separately,
these molecules are not specific to the Rhamnus genus. However, the
simultaneous detection of emodin, rhamnetin, rhamnazin and quercetin,
as well as multiple triglycosylated flavonoids (mainly rhamninoside) is
very specific of the Rhamnus genus [48-50]. Thus such composition in
an extract from a historical fabric would have most likely led to the
hypothesis that a plant from the Rhamnus genus had been used to dye it.

4. Conclusion

This study focused on the evolution of color and chemical compo-
sition of extracts obtained from cotton fabrics dyed with R. cathartica
berries after light-induced accelerated ageing. The color fading was
gradual and led to degraded samples lighter than the undyed cotton
fabrics where dyes could not be detected by LC-DAD. LC-MS based
metabolomics revealed a full picture of the dye composition in all ex-
tracts. Moreover, about two thirds of the 25 annotated dye compounds
were still detected in the fully degraded samples (T3). Then, the original
dye could be found even in white-appearing fabrics.

Thus, future works should focus on dye compounds using targeted
metabolomics, which would prove even more sensitive. Working with
different fabrics, such as wool or silk, and multiplying the mordants and
dye plants would thus yield different chemical markers and deepen our
interpretations. Moreover, working with a softer ageing process in terms
of temperature and duration could potentially enable the detection of
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Fig. 5. Venn diagrams showing the detection of the compounds UV;.UV;¢ by (A) LC-DAD and (B) LC-MS in the extracts obtained from aged (T;: eq. 3 years, T»: eq.
30 years, T3: eq. 300 years) and unaged (T,) fabrics dyed with R. cathartica berries. The number of detected compounds in each group is showed in parenthesis.
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specific intermediary or degradation chemical markers that were not
observed in this study.
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