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Abstract

Madder (Rubia tinctorum L.) has been widely used as a red dye honatulgistory. Acid-sensitive colorants present in
madder, such as glycosides (lucidin primeveroside, ruberythric acid, gplesginsensitive aglycons (lucidin), are
degraded in the textile back extraction process; in previous literature theseveansitecules are either absent or present
in only low concentrations due to the use of acid in typical textile batt&otion processes. Anthraquinone aglycons
alizarin and purpurin are usually identified in analysis following hhestk extraction methods, such those using solvent
mixtures with concentrated hydrochloric acid at high temperatures. Usdeafextfaction techniques potentially allows
for dye components present in madder to be extracted without degradafiich, can potentially provide more
information about the original dye profile, which varies significanéyween madder varieties, species and dyeing
techniqueHerein, a softer extraction method involving aqueous glucose solusisreveloped and compared to other
back extraction techniques on wool dyed with root extract from differarieties of Rubia tinctorurgfficiencies of the
extraction methods were analysed by HPLC coupled with diode array detéciidia.literature methods were evaluated
and they generally caused hydrolysis and degradation of the dye mem@owith alizarin, lucidin, and purpurin being
the main compounds extrack In contrast, extraction in aqueous glucose solution provides a hidgtyiwd method for
extraction of madder dyed wool and is shown to efficiently extract lupidimeveroside and ruberythric acid without
causing hydrolysis and also extract aglycons that are present dydradysis during processing of the plant material.
Glucose solution is a favourable extraction medium due to its ability to formséxgehydrogen bonding with glycosides
present in madder, and displace them from the fibre. This new gluaikedroffers an efficient process that preserves
these sensitive molecules and is a step-change in analysis of madder dyedateitibesy provide further information
about historical dye preparation and dyeing processes that current mettoals €ae method also efficiently extracts

glycosides in artificially aged samples, making it applicable for museum texéfacs.
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1. Introduction

Natural colorants are complex mixtures of many different moleculeslantdyes are often a mixture of aglycons of the
parent colorant moiety and their glycasidounterparts. The nature of the glycosides and the ratio of the abunflance o
these molecules can provide significant information about which plant spesassed to dye the fibres or the technique
used for the dye process the context of historical textiles, this information is of paramaupbrtance for conservation

and restoration purposes, as well as the generation of information on the aphiogrigins of the artefacts.

Colorants obtained from the roots of Dyers” madder (Rubia tinctorum L.), are grouped collectively in the Colour
Index as C. I. Natural Red 8, and have been used as a red dyestghtiaries. Dioscoridesrote about madder’s
usefulness in dyeing red and the dyestuff was well known tdytbies of Egypt, Greek and Roman eras [3]; however,
only in the 18 Century did dyeing recipes start to be readily available in literature [4]. 8venthraquinonoid
compound$avebeen reported to be extractable from madder roots [5], however,ahdrgse compounds are artefacts
of inherent reactivity during analytical extraction methods and are gedpas not being not present in planta; for
example, anthraquinones that contain a 2-methoxymethyl- or a 2yethgkgroup are formed during extraction with

hot methanol or ethanalespectively [55].

Table 1. Anthraquinone derivatives observed in the roots of Rubia tinctatum

Number Common name O . Mass (Da) References
I ! !4 Rg

R1 R2 R3 Ra
1 ruberythric acid OH OGlc+Xyl H H 534 [5,7-17]
2 alizarin OH OH H H 240 [5,7-17]
3 lucidin primeveroside OH CH:0OH OGlc+Xyl H 564 [5,717]
4 lucidin OH CH20H OH H 270 [7,8,12]
5 nordamnacanthal OH CHO OH H 268 [7,9,13]
6 munjistin OH COOH OH H 284 [7,9]
7 xanthopurpurin OH H OH H 240 [7,9,14]
8 galiosin OH COOH OH OGilc+Xyl 594 [7-9]
9 pseudopurpurin glucosidg OH COOH OH OGlc 462 [7,9]
10 pseudopurpurin OH COOH OH OH 300 [5,7,9,14]
11 purpurin OH H OH OH 256 [7,9,11]
12 rubiadin primeveroside OH CHs OGlc+Xyl H 548 [8]
13 rubiadin OH CHs OH H 254 [8,9]
14 1-hydroxy-2-methylAQ OH CHs H H 238 [14,15]
15 2-hydroxyAQ H OH H 224 [14]
16 2-(hydroxy methyl)AQ H CH:0OH H 238 [9]
17 anthragallol OH OH OH H 256 [14

Glc, glucose; Xyl, xylose; OGlc+Xyl, O-primeverosida,(6-O-3-p-xylopyranosylp-glucosyl);AQ, anthraquinone.

Table 1 summarises the compounds that have been reported as being ektvactRdbia tinctorum roots

(excluding products of reaction with the extraction solvent); howevamnyraf these compounds may not be present, or
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present in low concentrations, in planta and may actually be a result of mesatiiog harvesting, drying, or processing

of the madder root before it is used for dyeing. When extracting atgsarg colorants from textile artefacts as much
information should be preserved as possible in order to gain better iasigbtv they were dyed and the plant species
from which the dye originated, hence, it is important to limit the dartetipe colorant molecule in the extraction process.
HPLC-DAD has become an important tool in analysing sampldsgsadrical interest due to the complex mixtures of
colorants involved when dyeing with natural dyes [16,17]. H@wnesxtraction of artefacts is not straightforward as the
dyes are strongly bound to the substrate via a mordant metal (typid#l)y the most common literature extraction

procedure uses a 37% hydrochloric acid: methanol: water (2:1:1, viviirmifit8-23], as the strong acid enables

displacement of the dye molecules from their mordant metal compigxHowever, such conditions may also induce
chemical reaction, and hence it is vital that a fundamental understandiegettivity of such natural dyes is developed

alongside the analysis of the components within the mixture.

Only relatively recently has there been significant evideonfirming the primary anthraquinone components
in Rubia tinctorum rootasthe glycosides ruberythric acid)(and lucidin primeverosides) [5,7-11]; the majority of
literature has pointed to alizariB)(as the major anthraquinone present, and whilst it does occur in the paint nituch
lower concentrations than its glycoside [8,9,1Ahthraquinone glycosides can be hydrolysed to their aglycon
counterparts (Figure 1); this may occur in the roots of the phtatysed by endogenous enzymes, but could also be
during chemical processing, especially under acidic conditiBuberythric acid was first isolated from madder
(unspecified Asian species) by Rochleder in 1&%5]; Schunck later demonstrated that the glycoside could be hydrolysed
to alizarin in plantaatalysed by one of the first enzymes ever studied, which he isolated and called “erythrozyme” [26].

Hill & Richter [27] demonstrated that boiling madder roots in water destroyed (denatured) thitiyénzymes and
the glycosides could be readily extracted. Rubiadin primevero&jeo€curs in very low concentrations in Rubia
tinctorum roots (<2%])8], and is most likely the origin of trace amounts of rubiadB) @etected in Rubia tinctorum
samples[8,9], as a result of hydrolysis1Z—13). Galiosin 8) and pseudopurpurin glucosid®) (occur in low
concentrations in Rubia tinctorum ro@rs9], and are both most probably the origin of low amounts of mgrugurin

(10) in Rubia tinctorum samplg5s,7,9,14] also as a result of hydrolysi8$9—10).

Under the strongly acidic conditions used in many literature mett28jsif is suggested herein that acidic
conditions used in extraction and analysis of dyes in previous studiebave led to observations that alizarin was the
primary componentl8-23], it being the product of ruberythric acid hydrolysis£2), most likely via the glucoside
although isolation of the glucoside has not been repdfteth when ‘milder’ acids, such as 0.5 M citric acid [29] and 2
M trifluoroacetic acid (TFA) 80], have been used in the extraction of artefacts, alizarin has been theamgound
detected. More recently, dimethylformamide (DMF) and dimethyl sulfoiSO) have been employed to remove
dyes from artefacts [29,31], but neither solvent has been démamadsas able to remove mordanted dyes nor have they
shown an ability to remove anthraquinone glycosides intact; it is also likatyDMSO can oxidise lucidin to
nordamnacanthal through a Kornblum/Swern type oxidation [&2jcén DMSO is not an appropriate solvent for use in

madder extraction.
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89  Figurel. Possible inter-relationships between anthraquinone compounds foRadiatinctorum based on chemical or

90 biochemical interconversion.
91

92 The stability of different anthraquinone glycosides varies. Hill & Rict2&f demonstrated that galiosiB)(is

93 very unstable and is readily hydrolysed to pseudopurp€iy Wwhich is as a result of glycoside substitution atdhe
94  hydroxy in the 1-position; ruberythric acid)(and rubiadin primeverosidd?) have glycoside substitution at the -

95  hydroxy in the 2-positionrmaking them significantly more stable to hydrolysis; the presenaeafboxylic acid moiety
96  within galiosin at the 2-position may also catalyse hydrolysis. Afterralizéne major compound identified as being
97  present in Rubia tinctorum in literature is purpufif)([18-23]; however, it is suggested that purpurin is formed through

98  decarboxylation of pseudopurpurin during the drying of dwes [33].

99 Interestingly, despite high concentrations of lucidin primeveros3)ién(Rubia tinctorum roots [8,9,11], the
100 aglycon lucidin §) is rarely detected (and then only in low and trace concentrations in plashia textile artefacts [7-

101  9,12]) even when acidic conditions are used that would promote hgidr@y>4); it is suspected that the reactive nature
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of lucidin means that it is readily converted to other compounds. dwwd-il shows, lucidindj can be oxidised to
nordamnacanthabj, and studies have suggested this is catalysed by endogenowse @idgmes in the plant [5,34,35].
Despite munjistin §) being observed in Rubia tinctorum roots [7,9] and several otheln Rylecies [9,27,36,37], a
glycoside, munijistin glucoside, has only ever been detected in Japaadder (Rubia akane Nakai) [9], suggesting that
munjistin is formed in planta through some other mechanism.gdbssible that nordamnacanth&) ¢an be further
oxidised to form munijistin; in contrast, Hill & Richte2] proposed that munjistiréf was formed by natural reduction
of pseudopurpurin1Q), although this seems less likely. Xanthopurpurffh i6 formed through decarboxylation of
munjistin 6); xanthopurpurin may also be formed directly from lucidih through an acid (or base)-catalysed loss of

formaldehyde through a retro-aldol type process (Figure 1).

Different madder varieties and species and different origins have different chgoaphic profiles in planta
hence, the most effective artefact extraction technique would be the oneeigat/ps the colorants in the dyeings in the
form as appliedAs most existing methods cause some form of acid-catalysed degradataaorant moieties, it is vital
to future development of analytical techniques to examine historical textiles, that anideeffective extraction
techniques are developed to enable better-informed identification of the origgsalil and to provide more information
about the botanic, geographic and ethnographic origins of the dyes. ©hidl &t considered alongside known or
anticipated reactivity of the molecules within the dye mixture. Mild extractiomgdstmay also provide information
about the dyeing process, for example, in 1860, Fabre pat&&#ed fdrocess to produce “garancine”, which involved
intentionally breaking down the glycosides in madder by treatmehtswifuric acid before dyeing to obtain more free

anthraquinones, which was believed to increase the efficiency of extractiordgethemponents from the madder root.

This paper compares four different textile extraction techniques for identificiitotooants present in different
varieties of Rubia tinctorum: HCl/methanol/wat&8]; aqueous citric acid solutio29]; aqueous TFA solutior2Pp,3(;

and a novel extraction method using an aqueous glucose solution.

2. Materialsand methods

2.1. Materials and solvents

Natural cream wol, heavy weight with plain even weave was purchased from Whaley’s, Bradford. Three madder root
types were purchased from George Weil & Sohanian madder’, grown in Shiraz, Iran received as ground and dried
materiaJ ‘Turkish madder’, sourced from a wholesaler received as dried raats'English madder’, grown by Dr. David

Hill at Bristol University received as dried roofizarin and purpurin standards were purchased from Sigmaehldr

A mixture of the glycosides lucidin primeveroside and ruberythricwaglpurchased from Apin Chemicals. All solvents

used were of HPLC grade and purchased from Sigma-Aldrich. HPL@ grater was obtained by distillation on site.

2.2 General Proceduresand Instrumentation

Nuclear magnetic resonance (NMR) spectra recordedfdiMiR at 300.13 MHz and 500.21 MHz ak¢€ at 75.45 MHz
on a Bruker DPX300 and DRX500 spectrometer. Chemical shifts ae@ givparts per million (ppm) downfield of
tetramethylsilane (singlet at 0 ppm) for proton resonances. The moapling constants are corrected and given in Hz

and expressed as multiplicities, singlet (s), broad singlet (bs), doublébgije doublet (dd), triplet (t) and quartet (q).

5
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High resolution electrospray (ESI+) mass spectrometry was performadBouker MaXis Impact spectrometer, m/z
values are reported in Daltons to four decimal places. Liquid Chromabygvafh Mass Spectrometry (LC-MS) was
carried out for analysis synthetic references. LC analyses were cautieat room temperature on a Phenomenex
Hyperclone Gscolumn, 5um particle size, 250 x 4.6 mm L.D. column equipped with a pre-column. Chromatography
was carried out using two solvents: (A) water and 0.1% formicsatidion and (B) acetonitrile and 0.1% formic acid
solution. A linear gradient programme was applied: of 0-3 minute30@6 increase of solvent B. The flow rate during
the experiment was 1.0 miim. Injections were made by a Basic Marathon autosampler equipped witil B&p. The
method was carried out on an Agilent 1200 LC using a Bruker HIZ& lon Trap for the MS detection and a Diode
Array Detector. The ESI (electrospray ionisation) parameters in the reegativmode were as follows: spray voltage
4000 V (applied to the spray tip needle), dry gas 1®min?, dry temperature 365 °C, capillary 60 nA, nebulizer 65 psi,
nebulising gas N UV/visible spectrophotometry was carried out using a Jasco V-530 UN@idiR spectrophotometer
at 2 nm intervals. Spectral properties and wavelength of maximum absorbagrevére evaluated. Infrared spectra
were recorded on a Bruker Alpha Platinum ATR. Samples were anatyedsolid phase and absorption maxima.l

are given in wave numbers (&)nto the nearest whole wavenumber.

2.3 Synthesis of references for chemical components of dye mixtures
2.3.1 Xanthopurpurin

This method was based on that of Murti et 28] [Anhydrous aluminium chloride (4.8 g, 40 mmol) and sodainoride

(1.2 g, 20 mmol) were heated to 130 until molten. To this, a mixture of phthalic anhydride (1.848 ghmol) and
resorcinol (0.80 g, 8 mmol) was added slowly. The temperature waddkédn icreased to 165C and maintained for

4 hours. The reaction mixture was then cooled 1@ @nd 2M aqueous hydrochloric acid solution was added and stirred
for 15 minutes. The reaction mixture was then heated to reflux foniBQtes, after which it was cooled to room
temperature and extracted with ethyl acetate (3 x 30T ethyl acetate extracts were then washed successively with
saturated sodium bicarbonate solution (30 ml), dried with magnesiulmasziland evaporated to dryness. Product was

collected as a yellow/orange amorphous solid (28 mg, 1.2% yield).

O OH
200N

0
IH NMR (500 MHz, DMS0):512.76 (s, 1H, OH), 11.32 (s, 1H, OH), 8.23 (dd, B; X.7Hz, 1H, H4), 8.18 (dd, J= 7.5,
1.7 Hz, 1H, H1), 7.95 (app td, J= 1.7, 7.6 Hz, 1H),HP2 (app td, J= 1.7, 7.6 Hz, 1H, H2), 7.15 (d, J= 2.31Hz H5),
6.62 (d, J= 2.3 Hz, 1H, H6™C NMR (101 MHz, MeODY 158.2, 157.8, 157.4157.0 134.0, 133.8, 126.6, 126.2, 118.9,
116.0,113.2, 110.4, 108.1, 107.5. HRMS: m/z (ESI-) calculate@,iHsO4[M-H] :239.023; found [M-H]  :239.0354.

HPLC retention time and mass data of negative ion can be found in THRIEATR), v (cnTY): 3360, 1633, 1598, 1451,
1258. Melting point: 262264 °C. Amax(loge) in MeOH:412 nm(4.15).
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2.3.2. Lucidin

This method was based on that of Murti et[a9]. Xanthopurpurin (20 mg, 0.08 mmol) was dissolved in 5% aqueous
sodium hydroxide solution (0.5 ml). Aqueous formaldehyde 3304, 0.4 mmol, 5 equivalents) was then added and
stirred at room temperature for 3 hours and the reaction was monipted-MS. Once completion was observed the
solution was precipitated with 10% aqueous hydrochloric acid solution (~dntiilja yellow precipitate was observed
The yellow precipitate was then extracted with ethyl acetate (3 x 1 ml), diikdmagnesium sulphate and then
evaporated to dryness. This was then separated on a short flash silica wdth 70% ethyl acetate, 30% hexane to give

lucidin in a yellow amorphous solid (21 mg, 87.5% yield)

O OH

O‘O OH
OH
0

IH NMR (500 MHz, DMSO0):511.33 (s, 1H, Ol 8.22 (dd, J= 7.5, 1.5 Hz, 1H, H4), 8.15 (dd, J= 7B Hz, 1H, H1),
7.77 (app tdJ= 1.6, 7.2 Hz, 1H, H3), 7.74 (app & 1.6, 7.2 Hz, 1H, H2), 7.26 (s, 1H, }H8.83 (broad s, 1H, OH
4.55 (s, 2H, H6)C NMR (126 MHz, MeOD)s 159.9, 159.6, 159.4, 159.1, 158.7, 158.4, 1191%,11, 114.8, 112.6,
54.7,54.5,54.3,54.2, 54.0. HRMS: m/z (ESI-) calculated fei 80s[M-H] :269.0%28; found [M-H] :269.3164 HPLC
retention time and mass data of negative ion can be found in Tablé2TR}, v (cn?): 3400, 1634, 1558, 1365, 1338.
Melting point:301-305 °C. Amax(log €) in MeOH: 410 nm (3.66).

2.3.3. Rubiadin

Anhydrous aluminium chloride (4.8 g, 40 mmol) and sodium ado(1.2 g, 20 mmol) were heated to 18D until
molten. To this, a mixture of phthalic anhydride (1.84 g, 8 mauad) 2-methyl resorcinol (0.99 g, 8 mmol) was added
slowly. The temperature was then slowly increased to°C6&nd maintained for 4 hours. The reaction mixture was then
cooled to 0°C and 2M aqueous hydrochloric acid solution was added and stirrefl foinlites. The reaction mixture
was then heated to reflux for 30 minutes, after which it was cooledno temperature and extracted with ethyl acetate
(4 x 30 ml). The ethyl acetate extracts were then washed successthedgtwrated sodium bicarbonate solution (30 ml),
dried with magnesium sulphate and evaporated to dryness to give ysHtes (0.41 g)Yellow powder was then
recrystallised in ethanol (0.39 9% vyield).

O OH
2006

0
'H NMR (501 MHz, MeOD)s 8.19 (dd, J = 7.5, 1.3 Hz, 1H, H4), 8.10 (dd, J = Z.3,Hz, 1H, H1), 7.75 (app.td =
1.7, 7.3 Hz, 1H, HB 7.72 (app tdJ = 1.7, 7.3 Hz, 1H, H2) 7.17 (s, 1H, H5), 2.06 (s, 3H).H& NMR (126 MHz,
MeOD) ¢ 188.05, 183.63, 164.21, 164.18, 135.53, 135.58,9P3 134.75, 133.57, 132.44, 128.02, 127.74, B|9.2
108.43, 8.51. HRMS: m/z (ESI-) calculated foiti0O4 [M-H] : 253.0579; found [MH] :253.084. HPLC retention

time and mass data of negative ion can be found in Table 2. IR)(ATcnTY): 3387, 2917, 2356, 1698, 1577, 1292 cm
1. Melting point:286-291°C (from EtOH).Amax(l0g €) in MeOH: 410 nm (4.46).
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2.4. Dyeing procedure

Wool samples (5 g) were first scoured using HPLC grade water contdigjrtm® Sandozin NIN (non-ionic detergent)

in a Roaches Pyrotec S Rotodyer dyeing machine, using a liquordtiref 200:1at50 °C for 2 hours. Samples were
then washed in deionised water and air-dried. Scoured wool samples evereditdanted in an aqueous solution of 77%
on mass of fibre (omf) potassium aluminium sulfate and 15%pmtafssium hydrogen tartrate in a Roaches Pyrotec S
Rotodyer dyeing machine, using a liquor-fibre ratio of 208t50 °C for 2 hours. Wool samples were then rinsed with
deionised water and immersed directly in the dyebath. Dyebaths vestieysly prepared by heating dried and ground
madder root (0.62 g, 31% omf) in water (100 ml) in a Roachest&y6 Rotodyer dyeing machine, at 90 °C for 3 hours
the red solution was then filtered to remove any solids and pre-tigateavas immersed in the solution and temperature
maintained at 90 °C for 3 hours with rotatiéifter dyeing, wool samples were then rinsed and left to dry in air aretisto

away from light.

2.5. Extraction methods
25.1. HCl extraction

This method was based on one used by Woulds hich has been used similarly by many other authors.l#isn

of 37% HCI: methanol: water (2:1:1, v/viv) was prepared and 0.5 ml cddahisnt was used to extract each wool sample
(2 mg) at 90C for 15 mins. The solution was then filtered and evaporated/t@sk at reduced pressure using a Buchi
rotary evaporator at 20 mbar below@®nd then re-dissolved in methanol: water (1:1, v/v). Samples were theotedb

to HPLC-DAD analysis. Each type of madder was extracted and frezigent was repeated twice for each type of

madder dyed wool.
25.2. Citric acid extraction

This method was based on that of Valianou et28]. [An aqueous solution of 0.5 M citric acid was prepared 0.5 ml of
this solvent was used to extract each wool sample (2 mg)°at 8@ 15 mins. The solution was then filtered and
evaporated to drynesd reduced pressure using a Buchi rotary evaporator at 20 mbar b@l@vadd re-dissolved in
methanol: water (1:1, v/v). The samples were then subjected to HPLCabalisis. Each type of madder was extracted

and the experiment was repeated twice for each type of madder dyed wool.
25.3. Trifluoroacetic acid (TFA) extraction

This method was based on methods by Valianou. §29land Mantzouris et al30]. An aqueous solution of 2 M TFA
was prepared and 0.5 ml of this solvent was used to extract eatkamaple (2 mg) at 9C for 15 mins. The solution
was then filtered and evaporated to dryness at reduced pressure usitly eofary evaporator at 20 mbar below@0
and re-dissolved in methanol: water (1:1, v/v). The samples werestiggcted to HPLC-DAD analysis. Each type of

madder was extracted and the experiment was repeated twice for each typdefadgad wool.
25.4. Glucose extraction

An aqueous solution of 0.4%(+)-glucose in HPLC grade water was prepared and 0.5 ml of thisnéolas used to

extract each wool sample (2 mg) at°“@for 15 mins, which corresponded to a 1:1 mass ratio of glucegedicsample.



239 The solution was then filtered and evaporated to dryness at reduced pusssmige Buchi rotary evaporator at 20 mbar
240 below 40C and re-dissolved in methanol: water (1:1, v/v). The samples werestigected to HPLC-DAD analysis.

241  Each type of madder was extracted and the experiment was repeated twaehftype of madder dyed wool.
242
243  2.6. High Performance Liquid Chromatography with Photodiode Array Detection (HPL C-DAD)

244  HPLC conditions were carried out at 30 °C with a NBuR-C18, 5 um particle size, 15 x 3.9 cm 1.D. column equipped
245  with pre-column on a Dionex Ultimate 3000 series UHPLC binary pumpnsysith online degasser and photodiode
246  array detection (DAD). Conditions were solvent A: water (HPLC grade)livb @ormic acid; solvent B: acetonitrile in
247  0.1% TFA. Linear gradient programme applied of 0-6 minutes 27% Z®; @inutes linear increase to 60% B; 2®-
248 minutes hold at 60% B; 23-25 minutes linear increase to 70% B; 25f88e% hold at 70% B; 35-40 minutes linear
249  decrease to 27% B. Method followed as described in the literature [Bfldha rate was 1.0 ml mihand peaks were
250 detected at 254m. Detection range was 190-400 nm, scan speed set to 0.002 mithe atada collection rate was 5 Hz.
251  Quantification of dye components was conducted at 254 nm relative to stamdacrdance with literature methods
252  [18,29,30].

253
254  2.7. Artificial ageing of dyed wool

255  To implement the photodegradation of dyed wool samples by lightdtiaa bespoke equipment was constructed and a
256  method applied based on the work of Colombini et al. [40]. The apysaconsisted of a wooden box of dimensions 1 m
257  (width) x 1 m (length) x 0.44 m (height). Within the box btth irradiation element and the sample area was contained
258  within a circular steel frame of 84 cm diameter and 38.5 cm height. $&woples dyed with Turkish madder were
259  mounted on to cardboard cut-outs and stapled in place then they weredhativarying distances from the centre on a
260 spherical section of mesh to enable uniform irradiation and energy deliwemyination was provided by a xenon arc
261  bulb, wherein the bulb was an XBO 450 w/4 xenon short arc laraguping 450 watts with a luminous flux of 13000
262 Im. The light source element was located 24 cm from the basag@uwa 310° range of irradiation, and the height of the
263  box the maximum area available for sample mountinga@a227 cm x 46 cm, hence the number of samples irradiated
264  was dependent on the specific test procedure or requirementasping. The delivery of energy to the dyed wool
265 sample was controlled by the duration of exposure, in every instancatpées were exposed to 400 hours of light and
266  the distance from the bulb was 30 cm. The box was fitted with & faxpel ozone and facilitate air exchange. Testing
267 was conducted in ambient conditions where the temperature and huwéiymaintained at 25 °C and 65% RH,

268  respectively.

269
270 3. Resultsand discussion

271  Comparative HPLC analysis of the original dyebaths of the thresreliff Rubia tinctorum varieties was carried out and
272  assigned by comparison to analytical standards (Table 2). From Figwanzi¢ seen thélranian madder” (Figure 2A)
273  and“Turkish madder (Figure 2B have similar colorant profilegshe primary components are the glycosides lucidin
274  primeverosided) and ruberythric acidlj, with significant concentrations of the aglycons aliza2nahd purpurin 11).

275  However, the profile ofEnglish maddér (Figure 2C) is considerably different; the main components presentcatia
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(4) and alizarin 2); English madder only displays small amounts of the glycosides lupiitimneveroside 3) and
ruberythric acid 1), which may have been caused through either enzymatic or chemjdeblylsis during
drying/processing of the roots. All chromatograms also coatamall peak which has been assigned to nordamnacanthal

(5) as it matches the mass observed byM&.-
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Figure 2. HPLC chromatograms of dyebaths prepared by extracting rootderiedif Rubia tinctorum varieties at 90 °C
for 3 hours (no wool added): (A) Iranian madder; (B) Turkishaead(C) English madder.

Ideally, an effective extraction method should reveal differences betmadder types grown in different
locations, i.e. Iran, Turkey and England; it is currently unclezatier the differences between these plants are due to
different treatments upon drying/processing or if the origirntheflifferences in the ratios of the colorants are in planta
Nonetheless, it is interesting to determine if these subtle differencessamwearbin extraction of dyed wool samples.
Textile back extractions were carried out on wool dyed with the threeatiff®ubia tinctorum varieties and compared
to the original dyebaths. It is worth noting that at these higher coatiens some of the peaks retention times are shifte
slightly higher. This has been seen observed in dilutions crehgnzplibration curves of the dye, but each peak can be

identified by the distinctive UV trace of each compound, as shown in Table 2
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295 Table2. Compounds identified by HPLC-DAD and LC-MS analysis of maddets.
Anthraquinone derivative Retention time UV Amax values for Molecular ion, m/z,
assigned to HPL C peak (min) compound identification fromLC-MS[M-H]
(nm)
lucidin primeveroside3) 7.5 246, 285 563
ruberythric acid 1) 7.5 224, 259 557
lucidin (4) 9.5 247, 288 269
alizarin @) 11.9 249, 279 239
xanthopurpurin) 12.3 243, 280 239
purpurin (1) 135 255, 294 255
rubiadin (L3) 15.2 248, 275 253
nordamnacanthabj 17.2 259, 297 267
296
297  3.1. HCI: methanol: water extraction
257
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299  Figure3. HPLC chromatograms of wool dyed with extracts of roots éédiht Rubia tinctorum varieties, extracted with

300 37% HCI: methanol: water (2:1:1, v/v/v): (A) Iranian madder; (B) Turkisidder; (C) English madder.

301

302  37% HCI: methanol: water (2:1:1, viyfis used throughout the literature for extraction of natural colorantstéwxtite

303  substrates and artefackEsom the HPLC chromatograms (Figure 3), the main peaks present follB@ingxtraction of
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wool samples dyed with the three types of madder are aliZgram@ purpurin 11) for all varieties. In the extraction of
Turkish madder (Figure 3B) and English madder (Figure 3C), ritb{&8) is present after back extraction of the textile
samples, but absent in the original dyebath; this could be a breakdodhrct of the extraction proceduasdocumented

in literature [28,29], notably a possible hydrolysis product follgareakdown of rubiadin primeverosidi?), which is
present in very low quantities and may be masked by other anthraquinoosidgypeaks in the HPLC-DAD analysis of

the original dyebaths.

No glycosides are present in the Iranian madder (Figure 3A) or Turlaslder (Figure 3B) extractions, which is not
representative of the original dyebaths (Figures 2A and 2B) where the idbeasberythric acidl) and lucidin
primeverosided) are observed in significant concentrations; this highlights the neadidder extraction technique as
it is important to preserve the glycosides in order to gain the most detabechdtibn on the compounds used in the
original dyeing. Lucidin 4) is present in extraction of Turkish madder (Figure 3B) when it isohserved in the
corresponding original dyebath (Figure 2B), which is most likely gesalt of hydrolysis of lucidin primeveroside to
lucidin during the acidic back extraction process, demonstrating that thigrté@anol: water technique is limited in

terms of its ability to extract a true representative sample of dye compéfnoemthe textile sample.

3.2. Citric acid extraction

Thetheory behind the citric acid technique is that the weaker acid provigegrantion process with a less detrimental
effect to acid-sensitive compounds present in the ma@&grif is also possible that citric acid is able to chelate to the
mordant metal (Af), which may aid extraction by disrupting the dye-metal comaspite the milder acid, there is
still evidence of detrimental effects, as observed in by HPLC (Figuréelglycosides lucidin primeverosidg) @nd
ruberythric acid 1) are observed in very low concentrations in Iranian madder, signifidamtgr than in the original
dyebath, and not observed at all in Turkish or English madder; thepmaks observed in all three samples are the
aglycons alizarinZ) and purpurin 11). The possible degradation product rubiadi) {s present, but only in the case of
English madder (Figure 4C), wherein a peak assigned to ludidis &lso presenbut in lower concentrations compared
to the original dyebath. Nordamnacantig| vhich is found in all original dyebaths, is present in the casetbflkanian

and Turkish madder and in similar peak ratios to the original dyeldtindamnacanthabj is not present in English
madder extracted with citric acid (Figure hen it is present in the original dyebalinis could be the effect of many
other aglycons competing for sites on the mordanted wool in theglypeocedure and hence may not be as easily

adsorbed onto the wool as its more polar derivative lucidin.
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Figure 4. HPLC chromatograms of wool dyed with extracts of roots of difteRebia tinctorum varieties, extracted
with 0.5 M citric acid: (A) Iranian madder; (B) Turkish madder; (C) Engtlistdder.

3.3. Trifluoroacetic acid (TFA) extraction

As can be observed in Figure 5, the peaks present are the aglycams @)jzand purpurin1) in all casesno glycosides
are present in the samples, which is probably due to them being verysetasécid hydrolysis under these conditions.
A broad peak is present in the Iranian madder extraction (Figure &2hdk a similar retention time as the glycosides,
but the UV data did not correspond, hence this could not be assigoeitiio primeveroside3d) or ruberythric acid).
This extraction procedure is very efficient for the extraction of Enghiatider (Figure 5C) as it the closest to resembling
the original dyebath; the main peak in English madder samples is thatdifi (4) as seen in the original dyebath. It is
notable that the HPLC chromatograms of the Turkish madder samplese(BBjualso contain lucidin in the extraction
analysis; however, lucidin is not observed as a product in the origielaths of Turkish madder (Figure 2B) and hence
is probably present due to the hydrolysis of lucidin primeveeosRubiadin 13) is present after back extraction of all
the samples using the TFA method; as discussed previously, thislysthik hydrolysis product rubiadin primeveroside
(12), which is present in very low quantities and may be masked by atithraquinone glycoside peaks in the HPLC-
DAD analysis of the original dyebaths. It is also notable that nordamnacab)timhfpt present in any of the samples
extracted with TFA when it is present in the original dyebath, which ma@gla result of the TFA extraction process not

efficiently extracting nordamnacanthal or as a result of degradation of th@andchguring back extraction.
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Figure 5. HPLC chromatograms of wool dyed with extracts of roots of difteRebia tinctorum varieties, extracted
with 2 M TFA: (A) Iranian madder; (B) Turkish madder; (C) English dexd

3.4. Glucose extraction

An aqueous glucose solution (0.4% )wvas used to extract wool samples dyed with the three madder types
observed from HPLC chromatograms (Figure 6) of the extractiomeofmool samples that the glycosides lucidin
primeveroside ) and ruberythric acidlj are present in the extraction from Iranian madder (Figure 6A) and furkis
madder (Figure 6B), which has not been observed in significant rioaitens for any of the other extraction methods
evaluated in this researchccordingly, it would seem that the glucose method is the only one thasglleservation of
the glycosidic components lucidin primeverosi@g §nd ruberythric acidlj adsorbed onto the fibre and also enables
their extraction. As can be seen from extraction of Turkish madderréF&R) and English madder (Figure 6C), the
glucose method is also able to extract aglycons as both samples yield éjzanith purpurin{1), however the aglycons
are only observed in trace quantities in the Iranian madder sa(Rigese 6A) HPLC analysis of the dyebaths before
and after dyeing reveals that the most significant decrease in peakasitieat of the two glycosides as a result of their
sorption onto the wool fibre, and only a small decrease in the péakgarin and purpurin was also obserysa in the
case of the Iranian madder it may be that there was limited adsorptienagflyycons onto the fibre during dyeing, hence
why there was little removed during glucose extraction. In the glucoseair method lucidird) is observed as a main
peak for the extracted English madder samples (Figure 6C), whiddsponds to the HPLC analysis of the original
corresponding dyebath (Figure 2C), the glucose method does not extraty@rsides from the English madder as there
was only trace concentration of the glycosides present in the corresporigingl@yebath (Figure 2C), most likely as
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Figure 6. HPLC chromatograms of wool dyed with extracts of roots of difteRubia tinctorum varieties, extracted

with 0.4% aqueous glucose solution: (A) Iranian madder; (B) Turkedder; (C) English madder.

An agueous solution of 0.4% glucose and using 0.5 ml ofdhisrst to extract a 2 mg wool sample corresponded
to a 1:1 mass ratio of glucose to wool sample; it was found througimgdhe concentration of the glucose that this was
sufficient to enable efficient extraction and increasing glucose concentratiga abb:1 ratio did not improve the
extraction efficiency. When no glucose was present, the water alomota@sle to extract any dye components from the
sample in significant concentrations. Temperatures b&8lOWC did not extract as high concentrations of both the
glycoside and aglycon dye components, but glycosides were still deteatggbrlextraction times were also applied, but
15 minutes was found to be sufficient for the samples tested and extémelitime did not afford significant advantages.
Other sugars (xylose, galactose, fructose, and sucrose) were also evaliegata@iciency of the extraction technique,
and it was observed that although other sugars were able to extract glyediilsly, the relative concentratiorf o
alizarin extracted was not as high as for glucose extractions; it waghthtbat this may be related to the nature of the
primary hydroxyl group in glucose and its ability to bind withl a&isrupt the Al-dye mordant complex. Full details of

these optimisation and alternative sugar experiments are ava#ldble [

It is suggested that the glucose solution provides a favourable extractiommfediseveral reasons. Glucose

can competitively bind to sugar moieties in the anthraquinone glycassdess capable of multiple hydrogen bonding
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interactions, thus displacing glycosylated dye into aqueous solutisnurlikely that there is one dye interaction per
mordant metal atom and the presence of multiple layers of dye (throtgimdiing andr-n interactions between dye
molecules) means that there is propensity for aggregates to be disanptebe dye displaced from fibre. Crystal
structures of the glycosidic components lucidin primeveros§i€10] and ruberythric acidl) [11] display significant
hydrogen bonding between sugar moieties, and the anthraquinone baakbooésydrogen bond at all, which supports
the argument that glucose can disrupt dye aggregates by formingiegthpdrogen bonding interactions with the sugar
moieties in the dye molecules. It is also evident that the glucose extractiordnetime to overcome the interactive
forces between the mordant metal3A\lnd the dye as the glucose solution is still an effective extraction medthm in
case of English madder where it would appear that there are nadtlume glycosides in the initial dye extracts. It is
possible that glucose can also competitively bind to the mordant and digedptetal interactions. It should be noted
that some pale residual colour remained on each sample after back extiadtitis was observed in all cases and not
particular to any one method. This is most probably due to low concendrafigrarticularly strongly bound residual

components, which could be potentially analysed through alternative teehniging fibre digestion.

A quantitative comparison of extraction methods (Figure 7) further dieraphe efficiency of the glucose
extraction method in its ability to remove glycosidic anthraquinone oaends without causing hydrolysis of the sugar
moieties. A further important observation was that the concentration of alizarimglisfE madder in each extraction
method, including glucose, was equal (within experimental eqonfjrming no anthraquinone glycosides were present
in the starting dyebath as observed in Figure 2C. Furthermore, althougim ééizxtracted from Turkish madder-dyed
samples by the glucose method, it is at a much lower concentration thatheb extraction methods, confirming that
both alizarin and anthraquinone glycosides were present in the startirggtdgsbobserved in Figure 2B. This further
demonstrates the advantages of the glucose method; dye compargntse hydrolysed fully or partially before
adsorption onto the fibre (e.g. during drying or processingnadder roots, or in the original dyebath), and this new
method provides differentiation of this from hydrolysis in backastion. This is a step-change in analysis of madder
dyed textiles as it can provide further information about historical deeapation and dyeing processes that current

methods cannot.

The intention of the work described herein was to develop a techniqumthetbe applied to museum objects
and historical textile artefacts; however, further validation is desirable before sisithigvaluable substrates. An
alternative approach was to artificially age freshly dyed samples UBihghotodegradation, based on the work of
Colombini et al. [40]. Samples dyed with an alternative source disfumadder were used for this work as they had
been demonstrated to have the greatest concentration of glycosides presenmesghttigeings when analysed with the
novel glucose method (Figure 6A). Dyeings were aged in a xenon ligimbeh for 400 hours and fading of the samples
was observed, although significant colour remained. Aged dyeingfsemtddyeings were subsequently extracted using
the HCI, TFA and glucose methods previously described herein and analysddras Considering the relative ratios of
lucidin primeveroside, ruberythric acid and alizarin, it was observedathtite aged samples extracted with the HCI and
TFA methods, only alizarin was observed and the glycosides not detebietl,compared exactly to samples before
ageing. For samples extracted using the glucose method, the raticidifi jprimeveroside:ruberythric acid:alizarin
extracted before ageing was 0.8:0.9:1.0, and the same ratio after agein@:@a100, so only minimal change was
observed. It is thought that the packing of the dyes on the filoface should not change considerably after ageing if
these dyes are present in the original textile; moreover, the preservatiengiycosides after artificial ageing in the
same ratio as alizarin, suggests that glycosides are able to form complexe® withrdlant metal, which is known to

improve light fastness [42], and demonstrates that alizarin glycosideasbbs to survive ageing. This work on aged
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samples demonstrates that this novel glucose method can be appli¢ortcahigxtiles, and work is ongoing in this area

to exemplify this on actual artefacts
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Figure 7. Concentration of anthraquinone glycosides (primarily ruberythricamducidin primeveroside) extracted

from wool samples in comparison with concentration of alizarin (@aihraquinone aglycon) extracted.

4. Conclusions

Extraction in aqueous glucose solution provides a highly effective chéhextraction of madder dyed wool on a 2 mg
scale, which would be applicable for museum textile artefei@sC-DAD analysis allowed conclusive identification of
each peak based on UV data and retention times obtained. Glucose solutmvoisrabile extraction medium due to its
ability to form extensive hydrogen bonding with dye molecules preseradden, particularly glycosides, to solubilise
the molecules for expeditious removal from fibre. It is extremely impbttet acid-sensitive molecules present in
madder, such as glycosides (lucidin primevergsideerythric acid, galiosin) and sensitive aglycons (lucidin), are
preserved in the textile extraction process to enable better-informed identifioktiom original dyestuff and dyeing
processAcid-sensitive anthraquinonoid colorants are either not present at all or amhalhamounts in the previously
studied textile back extractions, particularly those including acid in the meathedo their sensitivity. This new glucose
method offers an efficient process that preserves these sensitive motaulilissa step-change in analysis of madde
dyed textiles as it can provide further information about historical dgeapation and dyeing processes that current

methods cannot. The method also efficiently extracts glycosides in artifia@ly samples, making it applicable for
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museum textile artefacts. One suggested area for improvemaetglficose method is in the separation of the glycosides
in LC through the use of alternative methods, which would be iedlgeaseful to be able to separately quantify the

different glycosides present, especially those present in lower concentrations.

This technique is used to detect glycosides contained in the textile if theyeaemtpand does not have any
detrimental effect on these compounds and hence give more inforroatiie historical textile being examined. This
detection method is a very gentle method which could be used as a firi ditpct these acid sensitive compounds

followed by a stronger acidic back extraction to remove any aglycongftdh the textile.
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