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An optimised small-scale sample preparation
workflow for historical dye analysis using UHPLC-

PDA applied to Scottish and English Renaissance

embroideryf
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A sample preparation workflow for historical dye analysis requiring less sample has been developed.

Samples as small as 0.01 + 0.005 mg have been successfully analysed and high percentage recoveries

(>85%), more automation and shorter preparation time have been achieved using filtration by

centrifugation and only one manual transfer. The optimised workflow based on 96 well plates together
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with the shorter UHPLC method developed makes dye analysis data collection faster from unprocessed

sample to result, facilitating the creation of larger datasets and application of chemometric approaches.
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Introduction

Historical dye analysis is an important field within heritage
science as it not only informs curators and conservators how to
best care for and display the textiles in museum collections but
can also give a greater understanding of the materials and
manufacturing techniques available in the past.’”® Dye analysis
is challenging due to the small sample sizes, low concentrations
of dyestuffs, degradation, and complex dye mixtures often
present in historical samples, which thus require sensitive
analytical techniques.*® Micro-destructive techniques such as
ultra-high performance liquid chromatography (UHPLC) and
mass spectrometry (MS) are the two main analytical methods
used due to their sensitivity, but their major disadvantage is
that the sample is consumed during analysis.”® Since the
objects analysed are often of great cultural significance, it is
vital that any new sample preparation methods minimise the
amount needed for meaningful results.

The focus of many dye analysis method papers in recent
years has been on the extraction solvent and its impact on
various dyestuffs and their markers;*** very few studies have
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The method was evaluated on 85 samples from 12 dye sources (RSD < 5.1%, n = 5) as well as 22 samples
from a 17" century embroidered stomacher from the National Museums Scotland (NMS) collection.

focussed on the sample preparation workflow itself. Current
sample preparation methods for LC and MS dye analysis™™*®
(Fig. 1) follow a set of fundamental steps:*® extraction of the dye
molecule from the fibre or mordant; filtration; drying; and
reconstitution. These workflows are both labour- and resource-
intensive, relying heavily on the preparation and analysis of
individual samples."**'* As a result, fewer studies in the field
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Fig.1 Selection of sample preparation workflows for LC/LC-MS used
in the dye analysis field. Images created with https://
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are underpinned by replicate analysis as compared to similar
studies in biology and forensic science that face the same
challenges. Filtration by centrifugation is routinely used in
these fields; in proteomic investigations it is utilised in filter-
aided sample preparation (FASP) protocols,””* and in foren-
sics, it has been in use for DNA samples since the mid-90s.>*** A
workflow based on 96 well plates and filtration by centrifugation
was developed to integrate these more automated bulk
approaches into the dye analysis field (Fig. 2). The developed
approach requires less sample, and the introduced error is
reduced; making it possible to collect larger data sets and
employ more in-depth statistical analysis than is currently
available for natural dye data. Some studies using a chemo-
metric approach, such as applying multivariate data analysis
and principal component analysis, have been published within
historical dye analysis in recent years,”*>* but these are still
fairly uncommon. The transfer of similar workflows to those
used in biology and forensic science into the dye analysis field
would thus not only give rise to increased time efficiency and
data replication but also the possibility of utilising modern data
mining techniques.

Experimental methods
Instrumentation

Extraction was carried out using a Stuart Block heater
(SBH2000D) with a 96 well plate aluminium insert. Filtration
was carried out using a Thermo Scientific Megafuge 8 centrifuge
and M10 Microplate swinging bucket rotor. All analyses were
performed on a Waters Acquity UPLC™ system comprising the
Waters Binary Gradient Manager with Waters Sample Manager
incorporating a Waters Column Heater with sample detection
by a Waters PDA detector (210-800 nm). Data were collected by
Waters Empower 3 software and processed with Origin 9.5
(OriginLab, Northampton, MA, USA).

Materials

The standards fisetin (1), sulfuretin (2), luteolin (3), genistein
(4), apigenin (5), chrysoeriol (6), diosmetin (7), alizarin (8) and
prunetin (9) were obtained from Extrasynthese. Dyed reference
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samples were used to evaluate the method. These included silk
and wool samples dyed with weld, dyer's greenweed (DGW),
madder and brazilwood as well as wool samples dyed with oak
galls and woad on weld, together with silk samples dyed with
young fustic and safflower prepared during the COST G8 project
“non-destructive testing and analysis of museum objects”
(FP5)*® and the Monitoring of Damage to Historic Tapestries
project (MODHT) (FP5, EC contract number EVK4-CT-2001-
00048).>**” Additional wool samples of young fustic, turmeric,
kermes and logwood from the NMS scientific lab were also used.
Oxalic acid (OA), dimethyl sulfoxide (DMSO), methanol and
water (HPLC grade) were purchased from Honeywell and formic
acid (FA) (98-100%) was obtained from Merck Millipore. Addi-
tionally, well plates (AB-2800, Thermo Scientific), filter plates
(350 pL, 0.2 um WWPTFE, Acroprep Adv, Pall Corporation), 96
well plate silicone sealing mats (Starlab) and Zone-free™ Seal-
ing Films for 96 well plates were used. The developed method
was applied to a range of reference materials dyed with natural
dyestuffs at the National Museums Scotland (NMS) science
laboratory as well as an embroidered Renaissance stomacher
(Acc. No. A.1962.1067) from the NMS collection.

Extraction

Weighed samples (typically 0.01-0.2 mg + 0.005 mg) were placed
on a 96 well plate. 50 pL. MeOH : CH3;COCHj; : H,O : oxalic acid
(0A) (1 M aq) (30:30:40:1 v/v/v/v)***® was added to each
sample and the well plate covered with a silicone cover. The well
plate was heated on a heat block at 60 °C for 30 min and left to
cool to room temperature. The samples were then pipetted into
a filtration plate. For samples suspected to contain indigoid
dyestuffs, a second extraction was performed; 25 uL. DMSO was
added to each well and the well plate covered with a silicone
cover. The well plate was heated on a heat block at 80 °C for
15 min * and left to cool to room temperature before the DMSO
solvent was transferred to a second filtration plate.

Filtration

Following oxalic acid extraction.'**® The filtration plate was
placed over a receiving 96 well plate and the set-up centrifuged
at 1500 rpm (300 x g) for 5 min. The samples were washed with
25 pL MeOH : H,0 1 : 1 v/v twice and centrifuged at 1500 rpm
(300 x g) for 5 min after each wash.

Following DMSO extraction.'’ The filtration plate was placed
over a receiving 96 well plate and the set-up centrifuged at
1500 rpm (300 x g) for 7.5 min. The samples were then covered
with sealing film and either analysed immediately by UHPLC or
stored in the fridge until analysis.

Drying and reconstitution

The receiving plate with the filtered OA extracts was placed in
a desiccator over P,05; and dried completely (ca. 2-3 h). The
extracts were then reconstituted using 25 pL 0.1% formic acid
(FA) in MeOH : H,0 1:1 v/v or MeOH : H,O 1:3 v/v before
UHPLC analysis.

Anal. Methods, 2021, 13, 4220-4227 | 4221
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Fig.3 Chromatogram at 254 nm of compound 1-9 (20 pg mL™) with
gradient overlayed in red. Zoomed in inset in top right corner shows
extent of co-elution of 6 and 7.

UHPLC method

The UHPLC method developed used a Cortex BEH C18 1.6 pm
column, 90 A, 75 x 2.1 mm (length x i.d.) with an in-line filter.
The total run time was 13.92 min at a flow rate of 400 pL min~*
and the column was maintained at 45 £ 1 °C. A binary solvent
system was used; A = H,O + 0.05% FA and B = MeOH + 0.05%
FA. The elution program was isocratic for 1.17 min (77A : 23B)
then a linear gradient from 1.17 min to 10.92 min (10A : 90B)
before recovery of the initial conditions over 0.5 min and
equilibration over 2.5 min. The method was evaluated using
a solution of standards 1-9 at seven concentrations ranging
between 0.1 pg mL ™" and 20 pg mL~" to evaluate the repeat-
ability, resolution, linearity, limit of detection and limit of
quantification. The repeatability was found to be <0.013 min (n
= 6) for all chromophores. All compounds used in the solution
were completely separated, except for 6 and 7 which have a Ry
value of 1.17 (Fig. 3). However, these regioisomeric methylated
compounds are difficult to fully separate even on longer chro-
matographic methods,* so the level of separation obtained was
considered acceptable. The limit of detection (LoD) and limit of
quantification (LoQ) was calculated by the signal-to-noise-
method, where LoD was defined as needing to be 3.3 larger
than the noise and LoQ as 10 larger than the noise. The noise
was defined as the average signal obtained in blank samples (n
= 3) around the retention time (+0.25 min) of each analytical
peak.?*?* The LoD for compounds 1-9 were determined to be in
the range of 0.11 £ 0.03 (4) to 0.44 & 0.07 ug mL ™' (5) and LoQ
in the range of 0.32 & 0.03 (4) to 1.33 £ 0.07 pg mL™" (5).

Results and discussion
Extraction

Several extraction protocols using various mild extraction solvents
have been published in recent years.>**>** In this study, the milder
OA extraction method using MeOH : CH3COCH; : H,O : OA (1 M
aq) (30:30:40:1 v/v/v/v) solution was chosen due to its high

4222 | Anal. Methods, 2021, 13, 4220-4227
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yield relative to other mild extraction solvents,'* its preservation
of the glycosides of both weld and madder species*** and its low
toxicity. The OA extraction was followed by a DMSO extraction for
any dyestuff that cannot be extracted with an aqueous solution,
e.g. vat dyes such as indigo. The effect of the order of extractions
was investigated using triplicates of green MODHT references
dyed with woad on weld as well as MODHT references dyed with
weld on woad. No differences in peak area ug~ " were found. The
order of OA then DMSO extraction was thus chosen so a direct
comparison of the OA result between samples not requiring
DMSO extraction (e.g: yellow) and samples needing DMSO
extraction (e.g. green) could be made. The extracts were not
combined in the drying step to reduce the number of transfers
and make it possible to use the same method preparation for LC
analyses as well as more DMSO-sensitive techniques such as MS.

Filtration

Percentage recovery. Since dirt and other solid contaminants
often are present on historical samples, the filtration step was
deemed as an essential step to remove any particulates that
could block instrumentation. However, the filtration step must
show a good and consistent percentage recovery to minimise
the sample mass required as filtration inherently involves a loss
of volume. The percentage recovery was tested at seven
concentrations (0.1-20 pg mL™") using five repeats of 50 pL
standard mix (1-9) (Fig. 4, left). The percentage recoveries of the
standards were then calculated by dividing each filtered peak
area by each unfiltered peak area and finding the average and
standard deviation. Fig. 4 shows the calculated percentage
recovery of all standard mix chromophores at a low and high
concentration (0.5 ug mL ™" and 20 pg mL ™).

Across all standards and concentrations (0.1-20 ug mL '),
the percentage recovery was >85% making the volume loss
acceptable even for low concentrations. The standard devia-
tions for the high and low concentrations are all <10% except
for 9 (high concentration) and 1, 8 (low concentration), which
have standard deviations <13%. These larger variations are still
within the limit recommended by the FDA for bioanalytical
method validations®® (£15%), so the reproducibility shown will
allow quantitative analysis if necessary. The larger variation of 8
might be due to partial protonation of anthraquinones in the
developed UHPLC method* impacting the analysis at low
concentration, while the larger variability of 9 at high concen-
tration might be due to reduced solubility®® in the solvent used
(MeOH : H,O 1:1 v/v), which gives greater variability in
dyestuff uptake in the unfiltered samples.

Filtration linearity. The other factor tested for the filtration
step was the linearity of the volume loss across the concentra-
tions. Many dye analysis studies use relative peak areas, and it
has recently been suggested that the ratio of aglycone : glyco-
side for individual dye compounds is important for species
identification."***** It is therefore important that the sample
preparation method does not affect the relative ratio of the
chromophores in the sample at any concentration at the chosen
wavelength of the analysis. To test the linearity of the volume
loss, the peak area of the unfiltered vs. the peak area of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Left: Average percentage recovery and standard deviation (n = 5) of the standard mix chromophores at two different concentrations.
Middle: Adjusted R? values for the unfiltered peak area vs. filtered peak area graphs of the standard mix chromophores at seven different
concentrations ranging from 0.1-20 pg mL™%. The intercept was forced through origin (b = 0). Right: Comparison of four reconstitution solvents
at two different volumes (n = 3) using 5 as an example of the general trend seen.

filtered was plotted and the intercept fixed at 0 (Fig. 4, middle).
All chromophores show linearity of volume loss (R*> = 0.9932~-
0.9985), meaning that the volume loss is consistent across all
concentrations. This level of linearity demonstrates that the
sample preparation method is unlikely to impact the relative
aglycone : glycoside ratio of the tested dyestuffs at any
concentration, meaning that this ratio can be used in further
research. Overall, the percentage recoveries of compounds 1-9
at 20 and 0.5 pg mL~ ' show an average of 93% (range 87-100%)
with an average relative standard deviation of 7.7% (range 3.8-
13%) and all compounds show a linear volume loss (>0.9932).
This means that the filtration step can be used in dye analysis
studies with confidence.

Solubility

The last factor that will influence the efficiency of the sample
preparation method is the reconstitution solvent. High solu-
bility of all dyestuffs in the reconstitution solvent is necessary to
increase the concentration of the analyte and thus minimise the
sample size required. The reconstitution solvent must thus be
chosen with care and ideally be MS compatible and show low
toxicity. The last point is the reason DMSO but not DMF was
tested. The solubility power of four different solvents (DMSO,
10% DMSO in MeOH : H,O 1 : 1 v/v, MeOH : H,0 1: 1 v/v and
0.1% FA in MeOH : H,0 1 : 1 v/v) were tested by the drying of 50
uL unfiltered solution of compounds 1-9 (20 pg mL™') in
a desiccator and reconstitution at two different volumes (25 pL,
50 uL) for all four solvents. The experiment was performed in
triplicate and the peak areas compared to each other and
a control of 50 pL of the initial, unfiltered solution of
compounds 1-9 (Fig. 4, right). Attempts to decrease the recon-
stitution volume further to 10 pL were found to lack reproduc-
ibility. The increase in concentration seen for all solvents in the
25 pL run (ca. x2) compared to the control sample highlights
the impact of the reconstitution step and 25 pL was thus chosen

This journal is © The Royal Society of Chemistry 2021

as the reconstitution volume. The error of all solvents for all
standards were <5%, so 0.1% FA in MeOH : H,O 1 : 1 v/v was
chosen as the reconstitution solvent based solely on its better
recovery. In some instances, particularly with the flavonoid
glycosides, the peaks obtained were not symmetrical with any of
the solvents tested and instead MeOH : H,O 1 : 3 v/v was found
to be the reconstitution solvent that gave the most symmetrical
peaks.

Bulk experiment

To test the method's efficiency on a variety of natural dyestuffs
as well as the bulk capacity of the method, a total number of 85
samples dyed with 12 dyestuffs were simultaneously prepared
and analysed following the procedure in the experimental. To
see if the fibre had any impact on the analysis, 5 of the dyestuffs
were investigated on both wool and silk. The relative percentage
peak area of the key component of each of the dyestuffs is
plotted and tabulated in Fig. 5C to show the repeatability of the
method. Madder (Rubia tinctorum L.) on silk is used as an
example (Fig. 5A and B) to show how the relative percentage
peak areas were calculated. The peaks in the chromatograms
were integrated using ApexTrack in Empower3™. For the
detection: the liftoff and threshold percentages were both set at
0.5% and for the integration: the minimum area and height of
the smallest chromophore of interest of each dyestuff was set as
the integration limit (in the case of madder this was lucidin
primeveroside (Fig. 5A and B)). The chromatograms were
monitored at the various wavelengths that are commonly used
for dyestuff identification (table, Fig. 5C). The OA extracts for all
samples were used except for the investigation of indigotin in
woad on weld, which used the DMSO extract. Woad on weld was
used instead of woad alone so the chromophores present in
weld could be seen for comparison. For these samples, the peak
areas of the yellow compounds were extracted at 350 nm and the
peak area of indigotin was extracted at 630 nm and these were

Anal. Methods, 2021, 13, 4220-4227 | 4223
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Fig.5 (A) Chromatogram of madder on silk (Rubia tinctorum L.) monitored at 430 nm. (B) Average relative’% peak areas of chromophores (n = 5)

present in the chromatograms of madder on silk with the integration minimum area and height set on the lucidin primeveroside in each individual
chromatogram. (C) The average relative% peak area of the key chromophore of each reference dyestuff used. The dyestuff, fibre, key chro-
mophore, relative% peak area, standard deviation and wavelength used can be seen in the table.

used to calculate the relative percentage and variability of
indigotin in the samples. For all samples, the peak areas of the
chromophores were normalised to 100% and the average rela-
tive percentage peak area of the key chromophore (n = 5) was
used in Fig. 5C. The characterising component was chosen
based on the literature and is not always the most abundant,
explaining the variety in percentage areas found for each
dyestuff. The repeatability of the method was shown by the low
standard deviation seen across all reference samples, with the
highest standard deviation being 4.2%. One exception, turmeric
(5.1%) can be explained by the partial co-elution of curcumin
with bisdemethoxycurcumin and demethoxycurcumin, which
are all abundant in turmeric extracts.** No major difference in
repeatability between the wool (Fig. 5C(a—j)) and silk (Fig. 5C(k-
q)) can be seen, meaning that the method is efficient on both
fibre types. The low standard deviations also suggest that the
method can be used on all dye classes: vat dyes (woad on weld),
direct dyes (safflower and turmeric) and mordant dyes (all
others). The complete analysis of the 85 samples took <24 h
including all the UHPLC analyses which were run overnight.

4224 | Apal. Methods, 2021, 13, 4220-4227

This highlights the advantage of the method when a large
number of samples is available. The low standard deviations
also show the benefit of a more automated approach, meaning
that less error is introduced overall.

Case study

The method has been applied to historical samples taken from
a collection of Scottish and English Renaissance embroideries
housed at the NMS. Here, 22 samples from a stomacher with
embroidery made in Scotland or England around 1600 (Acc. No.
A.1962.1067, Fig. 6) will be used as a case study. The embroidery
encapsulates the skill and taste on the British Isle during the
17" century, which can be seen as one of the greatest periods
for embroidery in Scotland and England.**** The embroidery is
made using yellow, green, brown, blue and pink silk threads in
a repetitive, swirling design of flowers and pea pods. The flora is
surrounded by a backdrop of sequins and gilded metal thread.
The pea pods and some petals are expertly embroidered to give
a 3-dimensional effect. Thus, the stomacher is an excellent

This journal is © The Royal Society of Chemistry 2021
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luteolin-7-O-glycoside, Ap-7-O-glyc = apigenin-7-O-glycoside, Lut (3) = luteolin, Ap (5) = apigenin, Chrys (6) = chrysoeriol. (B) Chromatogram
extracted at 350 nm of sample containing young fustic characterised by markers: Fis (1) = fisetin, Sul (2) = sulfuretin. (C) Chromatogram extracted
at 475 nm of sample containing Mexican cochineal, tannins and madder characterised by markers, dcll, Car acid = carminic acid, Ell acid = ellagic
acid, dclV, deVII, Fk = flavokermesic acid, Ali (8) = alizarin, Pur = purpurin. (D) Chromatogram extracted at 300 nm of sample containing safflower

characterised by markers: Ctl, Ct2, Ct3, Ct4.

example of the creativity and skill present in Renaissance
Scotland and England which was needed to produce embroi-
dered items of this quality.**** Visual inspection also shows that
the embroidery was not originally made as a stomacher, but
rather up-cycled to its current form later in the 17" century.
Potentially, it was an embroidered jacket re-used when fashion
changed. The object itself thus gives an idea of how people of
the past interacted with textiles, indicating a similar mindset as
the growing focus on up-cycling of clothes and more sustainable
fashion in modern times. The analysed samples (0.01-0.07 +
0.005 mg) included 2 yellow samples, 11 green samples, 1 brown
sample, 2 blue samples and 6 pink samples. All 13 yellow and
green samples show the presence of the flavones luteolin (3),
apigenin (5), chrysoeriol (6) and related glycosidic compounds
(Fig. 6A), which characterise weld as the dyestuff used for all
yellow and green samples (+indigotin for the green). The pre-
dominant use of weld is not unexpected for this time period
in Scotland or England as recent studies on early English
tapestries and Turkeywork table carpets ca. 1570-1620 similarly
show extensive use of weld.'**>*¢ The brown sample was iden-
tified as young fustic with traces of madder by the presence of
the chromophores fisetin (1), sulfuretin (2), and residual
amounts of alizarin (8) and purpurin (Fig. 6B). Young fustic was
a lower quality yellow since it has poorer lightfastness than weld
and was thus a cheaper alternative. There is analytical evidence

This journal is © The Royal Society of Chemistry 2021

that it was in use for the core fibre of metal threads during the
Renaissance in European and English tapestries and it has also
been found mixed with weld or DGW in small English tapestries
to achieve orange-yellow hues."***” The dyestuff composition of
the sample analysed in this study, however, show the use of
young fustic alone rather than mixed with weld. Most of the
pink silk samples were found to be weighted with ellagic acid*®
and dyed with Mexican cochineal (>95% carminic acid and
presence of dcIl compound*®) and trace amounts of madder
identified by the presence of alizarin (8) and purpurin (Fig. 6C).
The use of silk thread dyed with cochineal would have been an
expensive material,*® which strengthens the importance of the
object and a taste for specific shades of pink in Scotland and
England at the time, as it also was observed in high quality early
English tapestries from the Burrell Collection in Glasgow,
UK.>** Finally, one pink silk yarn was found to contain
safflower (Fig. 6D), identified by the presence of carthamin and
the additional colourless markers Ct1-Ct4, whose structures
still remain to be fully characterised.*® The use of safflower in
such an early Scottish or English piece is quite remarkable as it
has only been hitherto reported in a few items, including small
English tapestries woven in England (1579-1625).2>°* Thus its
use, in close combination with cochineal, in contemporary
embroideries might correspond to a Scottish or English
Renaissance workshop practice.” The variety of dyestuffs found
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in the embroidery is thus consistent with the range of materials
identified in early English tapestries and suggests access to
similar resources. The identification of expensive dyes in the
object also raises the question whether it was professionally or
domestically produced as there were many highly skilled noble
women working domestically and producing high quality
items.*>** Currently, professional and domestic work cannot be
confidently distinguished but the identification of the dyestuffs
present could help with the assignment and give an idea of what
supplies were available to the professional as well as the
domestic embroiderer. To answer those questions, larger
historical datasets are needed. Overall, the variety of dyestuffs
identified in this historical object, including direct dyes such as
safflower and VAT dyes such as indigo, showcases the applica-
bility of this new method to investigate historical textiles.

Conclusions

An optimised sample preparation workflow and a UHPLC-PDA
method for natural dye analysis have been developed. The
method was shown to have a good percentage recovery and
allows rapid acquisition of high-quality results from a smaller
mass. Requiring only one transfer and with the filtration based
on centrifugation, a smaller extraction volume (50 pL) is used
and less error is introduced. The method was evaluated on 85
samples of 12 different dye sources simultaneously with the
largest RSD being 5.1%. It was then successfully applied to 22
samples from a 17™ century embroidered stomacher, in which
weld, young fustic, cochineal, tannins, madder, safflower and
indigo could be identified with confidence. The range of dyes
found are consistent with the dye sources previously charac-
terised in contemporary English tapestries, which suggests the
availability of similar materials to both the embroiderer and
tapestry maker in Renaissance Scotland and England. Regard-
less if the case study object was professionally or domestically
produced, the expensive dyes used and the visual alteration of
the embroidery into a stomacher at a later date, highlights the
appreciation of the artistry, time and skill it took to produce and
show how it has been a treasured possession throughout its
history. More detailed conclusions are reliant on larger histor-
ical datasets, which this study has demonstrated can be ob-
tained confidently with the developed sample preparation
workflow combined with the shorter UHPLC method. The hope
is therefore that the approach presented will be beneficial to the
dye analysis field in the quest to address questions beyond
merely dyestuff identification.
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