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Abstract: The fugitive nature of the colorants obtained from sappanwood (Caesalpinia sappan L.)
or the South American species commonly known as ‘brazilwoods’ (including other Caesalpinia
species and Paubrasilia echinata (Lam.)) makes the identification of brazilwood dyes and pigments
in historic artefacts analytically challenging. This difficulty has been somewhat alleviated recently
by the recognition and structural elucidation of a relatively stable marker component found in
certain brazilwood dyes and pigments—the benzochromenone metabolite urolithin C. This new
understanding creates an ideal opportunity to explore the possibilities for urolithin C’s localization
and identification in historical artefacts using a variety of analytical approaches. Specifically, in this
work, micro-destructive surface-enhanced Raman spectroscopic methods following a one-sample
two-step (direct application of the colloid and then subsequent exposure of the same sample to
HF before reapplication of the colloid) approach are utilized for the examination of four historical
brazilwood dyed textiles with the results confirmed via HPLC-DAD analysis. It is shown that
characterization of reference urolithin C is possible, and diagnostic features of this molecule can also
be traced in faded historical linen, silk and wool textiles, even in the presence of minor quantities of
flavonoid, indigoid and tannin components. The exploitation of the same micro-sample through a
series of SERS analyses affords a fuller potential for confirming the characterization of this species.

Keywords: urolithin C; brazilein; brazilwood marker component; historical textile

1. Introduction

Brazilwood dyestuffs and pigments are derived from a number of closely related and
often historically confused species of trees of the Leguminosae family. Heartwood from
the so-called ‘soluble redwoods’, sappanwood (Caesalpinia sappan L.) from Southeast Asia
and several South American species commonly called brazilwoods (including Caesalpinia
brasiliensis L. and Paubrasilia echinata (Lam.)), contain brazilin, the main colorant in brazil-
wood dyes. Brazilin (Figure 1a) is a tetracyclic homoisoflavonoid which converts to a more
deeply red colored molecule, brazilein, through autoxidation of a hydroxyl group into a
carbonyl group (Figure 1b). Other phenolic components isolated from brazilwood include
xanthone, coumarin and various chalcones, flavones and other homoisoflavonoids [1].

The fugitive nature of brazilwood has been documented since the Middle Ages, and
its use as both a dyestuff and a pigment has been regulated or proscribed as a result,
particularly for use as a sole colorant [2]. It was, however, less expensive than other

Heritage 2021, 4, 1415-1428. https:/ /doi.org/10.3390 /heritage4030078

https:/ /www.mdpi.com/journal/heritage


https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0002-9326-2143
https://orcid.org/0000-0002-3585-8555
https://orcid.org/0000-0002-7928-6763
https://doi.org/10.3390/heritage4030078
https://doi.org/10.3390/heritage4030078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/heritage4030078
https://www.mdpi.com/journal/heritage
https://www.mdpi.com/article/10.3390/heritage4030078?type=check_update&version=1

Heritage 2021, 4

1416

natural red dyestuffs and gave an attractive color when fresh, so found great use as a
textile dye, an organic lake pigment in manuscripts (where light exposure was less of
an issue) and in paintings. Evidence of the use of brazilwood-derived lake pigments
has been found in paintings by a diverse range of artists, from Raphael to Rembrandt
and Van Gogh [3-5]. For textiles, the dyestuff was generally extracted in neutral or basic
aqueous solutions to which the mordanted textile was added. To prepare brazilwood
lake pigments, various recipes are known. In some, the dyestuff is extracted from the raw
material under alkaline conditions, then added with alum to precipitate the pigment from
the solution. Alternatively, the dyestuff could be extracted in a slightly acidic solution (e.g.,
alum solution) and the pigment precipitated on addition of an alkaline solution or of a
source of calcium carbonate or sulphate [1,6,7].

The analytical examination of brazilwood’s main colorants is generally straight-
forward for the characterization of unaltered homoisoflavonoid constituents by non-
destructive FT-Raman and Infrared spectroscopies as well as micro-destructive chromato-
graphic methods alike [8-10]. However, accurately identifying aged and faded brazilwood-
based dyes and pigments in historic artworks is challenging. Brazilwood’s renowned lack
of permanence has limited the identification of severely faded brazilwood in artefacts,
in the heritage science domain, to only the most sensitive and specific micro-destructive
techniques, such as HPLC with spectrophotometric or mass spectrometric detection [11].
Such studies have indicated the presence of a minor non-dyestuff component that appears
to be a brazilwood marker, highlighted by Nowik [10]. This marker component has been
recently identified as 3,8,9-trihydroxy-6H-benzo[c]chromen-6-one, urolithin C (Figure 1c),
and unequivocally linked to brazilwood by Peggie et al. [12].

Figure 1. Molecular structures of (a) brazilin, (b) brazilein and (c¢) marker component urolithin C.

Urolithin C had initially been thought to be a degradation product of brazilein, yet
its natural and unquantified presence in the heartwood has been highlighted, suggesting
its unrelated presence [13]. Furthermore, observations by Peggie et al. have established
a link between an alkaline extraction method and the increased presence of urolithin C
in brazilwood dyes and lake pigments. Tamburini has subsequently noted that a sample
dyed with sappanwood at alkaline pH showed a higher relative abundance of urolithin C
than in a sample dyed at neutral pH, but also highlighted therein a much lower abundance
of protosappanins [14]. Such deductions may provide information as to the origins of
urolithin C within these dyes and pigments. In nature, tannin constituents play a major
role in the formation of the urolithin metabolite. Studies have observed that in animal guts
microbia can metabolize ellagitannin and ellagic acid into dibenzopyran-6-one derivatives
with different hydroxyl substitutions, through the loss of one of the two lactones present
in ellagic acid (lactonase/decarboxylase) followed by subsequent removal of hydroxyls
through dehydroxylase activity [15,16]. In the context of the study of historical textiles and
pigments, what is of particular interest is that urolithin C appears to be relatively stable,
and still persists in degraded samples of brazilwood dyes or pigments even when other
colorant components have been lost [13]. This provides an ideal opportunity for further



Heritage 2021, 4

1417

analytical methods to be examined to assess their suitability in determining the presence of
urolithin C.

Surface-enhanced Raman spectroscopy (SERS) is an ideal candidate for such studies,
and is being increasingly adopted for the investigation of natural and synthetic organic
dyes (and pigments derived from such colorants) associated with historical artefacts by
combining Raman spectroscopy’s fingerprinting ability with plasmonic-enabled enhanced
sensitivity. The SERS effect is due to a combination of an electromagnetic (EM) enhancement
associated with plasmon excitation in metal particles and a chemical (CHEM) enhancement
associated with the transfer of electrons from the analyte molecule to/from the metal
particles in both ground and excited states, often forming a metal—molecule bond. The
application of SERS techniques has expanded in key application areas of heritage science
in the last twenty years [17] and is nowadays competitive in terms of sample requirements
to HPLC for ultra-sensitive and selective constituent identifications with current in situ
potential. The construction of in-house databases and optimized analytical protocols help
to improve the reproducibility of measurements for the characterization of the low quanti-
ties and /or unknown components that are typically encountered in the analysis of historic
samples. Although still a micro-destructive and qualitative technique when used for the
analysis of real, historical samples, the versatility of SERS methodologies can allow a single
sample to be used in a series of sequential analyses. First, a single micro-sample can be
mixed with an activated colloidal solution and investigated as such. Following drying of
this same sample, it can undergo suitable acid-based pre-treatments such as treatment with
nitric acid or controlled exposure to hydrofluoric acid vapors before examination [18]. SERS
screening methods are therefore potentially of great value for the investigation of naturally
aged artefacts suspected of containing low concentrations of brazilwood dyestuffs and
pigments which are of historical relevance and which necessitate less destructive investi-
gations or even in situ analyses when sampling is prohibited, or where chromatographic
methods are unavailable. The use of conventional SERS methodologies is most likely to
be successful in cases where the brazilwood colorant is potentially present in the most
superficial layer. The use of this technique when analyzing paint samples is, however,
much more complicated, as high degrees of heterogeneity can be expected, given that the
brazilwood is present as a lake pigment that may have been mixed with other pigments.
The embedding of such samples in resins or other materials as cross-sections further adds
to the complexity. The use of SERS methodologies thus seems most viable, at this stage, as
a first approach, to use during the examination of textiles dyed with brazilwood, even in a
faded condition.

In this work a reference sample of urolithin C was examined by classical Raman and
colloidal SERS to understand whether characteristic features of the relatively persistent
urolithin C marker component can be successfully distinguished. Based on the results of
this study and additional work on reference samples, colloidal SERS was used to examine
four historical textiles (with pre-treatments as necessary). Samples of the four textiles had
been previously analyzed by HPLC-DAD during restoration campaigns (data included
in the restoration documentation stored by the corresponding institutions) and were all
known to contain urolithin C together with varying proportions of surviving brazilwood
colorant components, other dyestuffs and a range of other molecules typical of historical
dyed textile samples.

2. Materials and Methods

Urolithin C was purchased from Dalton Research Molecules, 349 Wildcat Road,
Toronto, Ontario, M3J 25#11, Canada, purity greater than 95% by HPLC, and used as
such. Brazilin was purchased from ICN Biomedical Inc. Cat #205613. The powdered
brazilwood lake reference was prepared at the National Gallery in 2003 from Sappan
Lignum (Caesalpinia sappan), no further details of the recipe are available. Details of the
four historical textile samples, two from tonacelles (ecclesiastical garments) and two from
tapestries examined, are given in Table 1.
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Samples S#11 and S#5 belong to the series of the Valois Tapestries, woven in Brussels in
the sixteenth century and belonging to the Gallerie degli Uffizi, Florence, directed by Eike
Schmidt. The series consists of eight sixteenth-century tapestries, representing Catherine
de Medici and her family observing courtly festivities, collectively known as The Valois
Tapestries [19]. The samples were collected during the restoration performed by Restauro
Tessile di Bayer e Perrone da Zara, Florence, Italy, directed by Alessandra Griffo (Gallerie
degli Uffizi) and funded by the Friends of the Uffizi, chaired by Maria Vittoria Colonna
Rimbotti, with the contribution of Mrs. Veronica Atkins. Samples S#27 and S#9 are part
of a collection of eighteenth-century Italian ecclesiastical garments belonging to a public
authority, which was subjected to a restoration campaign in 2011-2012 during which the
private company ‘Giordano Passarella” was appointed, who performed the sampling.

Table 1. Outline of samples investigated in this work.

Sample Abbreviation

Provenance Description

S#5

S#11

S#27

S#9

Valois Tapestries, Whale, c. 1576, based on a design by
Antoine Caron, woven under the direction of Master MPG,

Valois Tapestries, Fontainebleau, c. 1576, based on a design
by Antoine Caron, woven under the direction of Master Brown wool

MPG, Brussels (Gallerie degli Uffizi, Florence)

Pale orange silk core fiber of a golden

Brussels (Gallerie degli Uffizi, Florence) metal thread

Ecclesiastical garment Red-brown linen tunic support
Ecclesiastical garment Orange-brown silk chenille

2.1. High Performance Liquid Chromatography (HPLC-DAD/HPLC-ESI-Q-ToF-MS)

For HPLC-DAD analyses, a HPLC system 2089 quaternary gradient with a diode array
spectrophotometric detector MD-2010 was used, equipped with an AS-950 autosampler
(Jasco International Co., Tokyo, Japan). Injection volume was 20 pL. ChromNav software
was used to carry out data acquisition and data analysis. The chromatographic separation
was performed on an analytical reversed-phase column TC-C18 (2) (250 x 4.6 mm, 5 um
for samples S#27 and S#9 and 150 x 4.6 mm, 5 um for samples S#11 and S#5) with a TC-C18
(2) pre-column (12.5 x 4.6 mm, 5 um), both from Agilent Technologies (Palo Alto, Santa
Clara, CA, USA). The eluents were A, trifluoroacetic acid (TFA 0.1% v/v) in bidistilled
water, and B, trifluoroacetic acid (TFA 0.1% v/v) in HPLC-grade acetonitrile. The flow rate
was 1.0 mL/min and the program was 15% B for 5 min, then to 50% B in 25 min, then to
70% B in 10 min, to 100% B in 1 min and then hold for 5 min; re-equilibration took 13 min.
The separation took place at room temperature (25 °C). The detector operated with spectra
acquisition in the range of 200-650 nm every 0.8 s with 4 nm resolution.

For HPLC-ESI-Q-ToF analyses, a HPLC 1200 Infinity coupled to a Jet Stream ESI-Q-ToF
6530 Infinity detector was used, equipped with an Agilent Infinity autosampler (Agilent
Technologies, Palo Alto, Santa Clara, CA, USA). Injection volume was 4 pL for S#27 and
10 uL for S#9 and S#5. MassHunter® Workstation Software (B.04.00) was used to carry
out mass spectrometer control, data acquisition and data analysis. The chromatographic
separation was performed on an analytical reversed-phase column Poroshell 120 EC-C18
column (3.0 mm x 75 mm, 2.7 um particle size) with a Zorbax Eclipse plus C-18 guard
column (4.6 mm x 12.5 mm, 5 um particle size), both from Agilent Technologies (Palo
Alto, Santa Clara, CA, USA). The eluents were A, formic acid (FA 1% v/v) in LC-MS-grade
water, and B, formic acid (FA 1% v/v) in LC-MS-grade acetonitrile. The flow rate was
0.4 mL/min and the program was 15% B for 2.6 min, then to 50% B in 13 min, to 70% B in
5.2 min, to 100% B in 0.5 min and then hold for 1 min; re-equilibration took 10 min. During
the separation, the column was thermostated at 30 °C. The mass spectrometer operated
in ESI ionization in negative mode and the working conditions were: drying gas (N,
purity > 98%) temperature 350 °C and 10 L/min flow; capillary voltage 4.5 KV; nebulizer
gas pressure 35 psig; sheath gas temperature 375 °C and 11 L/min flow; and fragmentor
voltage 175 V. High-resolution MS and MS/MS spectra (CID voltage 30 V) were acquired
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in negative mode in the range 100-1000 m/z at a scan rate of 1.04 spectra/sec (N, purity
99.999%). Auto-calibration was performed daily using Agilent tuning mix HP0321 (Agilent
Technologies) prepared in acetonitrile.

All samples were treated with 200 uL of 0.1% Na;EDTAaq/DMF (1:1, v/v) and
extracted at 60 °C for 60 min in an ultrasonic bath; the extract was filtered on PTFE
(0.45 um) prior to injection.

2.2. Surface-Enhanced Raman Spectroscopy

SERS measurements were carried out utilizing modified Lee and Meisel citrate-
reduced silver colloids by the reduction of silver nitrate (Aldrich silver nitrate 99.9%)
with sodium citrate (Aldrich sodium citrate dehydrate 99%) [20]. The colloid has a char-
acteristic absorption maximum at 426 nm and FWHM of 110 nm, as measured with a
Hewlett Packard 8453 photodiode array UV-Vis spectrometer (following a 1:9 dilution
with ultrapure water to observe maximum absorbance within the instrumental range).
SERS measurements were firstly carried out by adding a 5 uL drop of colloid aggregated
with magnesium sulphate directly onto micro-samples. On drying, the same micro-samples
were subsequently exposed to hydrofluoric acid vapors for 5 min in a closed Eppendorf,
then dried and examined again with a 5 pL. drop of aggregated colloid [18]. Spectra were
recorded using a laboratory Jasco NRS#3100 spectrophotometer with an argon laser emit-
ting at 514 nm (grating 1200 lines/mm), and spectra could be obtained between 2 and
10 min after addition of the colloid and remained constant in quality until the evaporation
of the liquid. Data were collected over the range 150-1800 cm ™! with exposure times from
1-7 s and 3-10 accumulations. Laser power was maintained between 0.6 and 2 mW with
an overall spectral resolution of ~4 cm~1. Polystyrene was used for instrument calibration.
Raw data are shown, free from any manipulation other than being overlaid in graphs for
reasons of clarity.

3. Results and Discussion
3.1. Brazilin Reference and Brazilwood Pigment

SERS spectra could be readily obtained from the brazilin reference sample, the main
constituent in brazilwood dye sources, utilizing the conventional colloidal SERS approach
at pH quasi neutral (Figure 2i) and reported in Table 2. In order to obtain a higher quality
SERS spectrum from a reference sample of a brazilwood lake pigment, it was instead
necessary to routinely pre-treat the sample with HF acid vapors to liberate the main dye
constituent from its inorganic substrate, an action that allows for a greater adsorption of
dye molecules onto the SERS active substrate (Figure 2ii). On comparison of these spectra,
and on account of the differing SERS experimental procedures, spectral behaviors such
as frequency shifts and peak intensity fluctuations can be noticed. Such behavior is due
to the varied chemisorption of the dye/hydrolyzed components on the silver colloidal
surfaces on formation of a complex. This can lead to a modification of the polarizability and
vibrational modes and may also enable charge transfer to occur. The change in intensity
of bands in the SERS spectra can be attributed to the relative orientation of the analyte
with respect to the silver. A broad background remains observable in both spectra due to
residual intrinsic fluorescence, impurities or the SERS continuum of undefined physical
origin [21].
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Table 2. Bands observed in the Raman and SERS spectra (in cm™

1 excited at 532 nm) and tentative band assignments.

Marker bands for the recognition of each material are given in bold.

Brazilin Reference Braz;,livgvr(;(;it]ﬂake Urolithin C Urolithin C Tentat{l;‘; OIZSZS_lgzlments
SERS SERS on Hydrolysis SERS Raman
1619 1616 v (C=C) +v(C=0)
1562 1564 }ggg v(C=C) + 6(OH)
1530 1530 1(C=C) and v45(0-C-O)
1515 1500
1497
1429 v (C=C) + 4(ring) + 6(COH)
1395 v(C-C) and 5(HCC)
1377 C=C(=0)=C=C
1352 1354 v(C-0), 6(0OCC) + $(CH2)
1335 1313 Usy(OCO)
1259 1255 1252 v (C-0) + v(C-C) + 6(CHy)
1219 1227 1208 v (C-0) + v(C-C)
1168 1176 1167 1167 &(C-H) and v(C-C)
1028 in-plane 6(CH)
990 987 v (C=C) + v(C=0)
958 p (CHy)
925 935
813
715 728 704 719 v (CO) + v(CH)
676 661 v (CH) + 6(CC-0O)
623 611 v (CH)
549 549 550 def.(ring)
466 467 469 def.(ring)
390
370

v: stretching; : bending; y: out-of-plane bending; as: asymmetric; and sy: symmetric.

The intense broad band at 1562—4 cm ™! attributed to aromatic ring vibrations with

8(OH) and v(C=C) contributions together with the ring deformations at 466-7 cm !

are

present in both spectra and represent the diagnostic SERS bands indicative of colorants in
brazilwood. The v(C=C(=0)-C=C) system located at 1377 cm™~! for the brazilwood pigment
is attributed to its brazilein content, and it is unobservable for the brazilin reference which
instead has a peak at 1352 cm ™! attributed to the v(C-O), §(OCC) and §(CH2) modes. The
peak at 1619 cm™~!, apparent in the hydrolyzed lake samples, is possibly again due to
brazilein and attributed to v(C=C) and v(C=0) and can also be seen as a weak shoulder
(marked with an asterisk) in the brazilin reference. This could in fact indicate a small
amount of brazilein in the brazilin reference sample due to natural oxidation. It is likely
that the brazilwood constituents are attached to the silver colloidal surface via the C=0

and OH groups, similar to the flavonoid class of molecules [23].

Further weak peaks (marked by asterisks in Figure 2ii), which appear at 1515 and
1497 ecm ™! in the brazilin reference and which possibly relate to the 1(C=C), are replaced by
a small shoulder at 1518 cm~! in the hydrolyzed lake. The band at 549 cm ™!, attributed to
the 8(ring), appears less intense in the brazilwood pigment. Other spectral regions instead
show pronounced frequency shifts possibly governed by changes in the polarizability of
the analyte-metal complexes. The §(CCH) and v(C-C) bands shift from 1168 cm ™! in the
brazilin reference to 1176 cm ™! for the brazilwood pigment. The weak 715 cm~! band for
the brazilin, attributed to the y(CO) + y(CH), is shifted to 728 cm~! in the pigment. The
bands at 1219 cm ™! (1(C-O) + v(C-C)), 1259 cm~! (v(C-O) + v(C-C) + 5(CH2)), 1028 cm !
(in-plane §(CH)) and 676 cm~! (y(CH) + §(CC-O)) are all instead only observed in the

brazilin [13,25,26].
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SERS Intensity

r— T * & ' T _ =& 1T £ T * & & 1T
1600 1400 1200 1000 800 600 400

-1
Wavenumber/cm

Figure 2. SERS spectra of (i) reference sample of brazilin reference (regular colloidal SERS) and (ii) a
brazilwood pigment (pre-treated with HF). Reproducible peaks which vary widely in intensity are
denoted with an asterisk.

3.2. Urolithin C Standard

Although fluorescence was relatively high, adequate classical Raman scattering of the
brazilwood marker component, urolithin C, could be recorded using laser excitation at
514 nm as shown in Figure 3a with main bands highlighted in Table 2. Bands resulting
from the phenanthrene skeleton can be tentatively assigned to the v(CC) and v(CO) at
1616 cm~! and to the 1(CC) and 1455(O-C-O) at 1530 cm ! [24]. Bands visible at ~1400 cm !
may be due to the v(C-C) and $(HCC) and the out-of-plane CH modes at 719 cm~ 1. SERS
measurements of the same micro-sample of urolithin C reveals two predominant spectra as
given in Figure 3b and reported in Table 2. Fluctuations for the bands at 1589 and 1569 cm~!,
related to v(C=C) + 6(OH) modes, could be observed during spectra collection as there
was a constant movement of colloidal/urolithin C particles within the examined aqueous
droplet. While this can be related to the common blinking phenomenon, the reproducibility
of the spectra could actually indicate a changeable interaction of the hydroxyl groups with
the silver surface [27-29].

The bands at 1530, 1167 and very weak 990 cm ™! (ring breathing vibration) visible
in the Raman spectrum are the only ones also featured in the SERS spectra without any
great shift. Significant differences in the relative intensity and position of peaks can be
observed when the spectra shown in Figure 3a,b are compared. These are the result of SERS
surface selection rules and are due to a combination of the orientation of the analyte on the
colloidal surface and specific Raman mode symmetry, and very likely in the formation of
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the surface complex where Raman modes in the molecule disappear on interaction with
the surface and instead other modes or new modes may be activated [21].

No bands at higher wavenumber than 1600 cm~! are visible under SERS condi-
tions, although there is a large enhancement of the 1530 cm ™! band (v(CC) and tentatively
Vassym (OCO)), accompanied by a band at 1335 cm~ L possibly attributed to the Vsymm (OCO).
The 1167 cm~! SERS band results from v(C-C) and 5(CH). Multiple strong bands at low
wavenumbers are due to out-of-plane deformation modes of C=C bonds with a visible
8(C=0) in the range 600-660 cm~!. All this data collectively provides information as to
the orientation of urolithin C when chemisorbed or in close interaction with the silver. It
is possible that the overall behavior of urolithin C, interacting with the silver colloid via
both the carbonyl and hydroxyl functional groups, may be related directly to concentra-
tion effects. Possibly at lower concentrations urolithin C can initially orient somewhat
flatter, while instead at higher concentrations (near to and above monolayer coverage) it is
possibly forced to adsorb end-on due to crowding, resulting in the aforementioned signal
fluctuations [30].

(o]
(52
w
s

Raman Intensity
—+1569

=

SERS Intensity

T T T ¥ T T T B T

T T T T T T ' T ' T " T X T L T = T 5 T
1800 1600 1400 1200 1000 800 600 1800 1600 1400 1200 1000 800 600 400

Wavenumber/cm’ Wavenumber/cm’

Figure 3. Spectra of urolithin C (A 514 nm) by (a) classical Raman and (b) SERS (regular colloidal
SERS) with reproducible yet fluctuating intensity of bands as highlighted by * in main traces i and ii.

3.3. Historical Textile Samples

The aforementioned spectral features and behaviors of both of brazilwood’s main
colorant components, and the marker component, urolithin C, were used to guide the
interpretation of the SERS spectra obtained from micro-samples of historic brazilwood-
dyed linen, silk and wool textiles.

In order to provide a validation of the results obtained through SERS, the historical
textile samples had previously been investigated by chromatographic methods (HPLC-
DAD) and were all known to contain urolithin C. In some samples additional colorants,
namely flavonoids, indigoids and tannins, could be identified. All HPLC results are
summarized in Table 3 and are described in more detail below in relation to the SERS results.
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Table 3. Description of historical samples with main components identified by HPLC-DAD and SERS (* = minor species not
detected by DAD but confirmed by tandem mass spectrometric detection).

Dyestuffs and Other Components Identified

Sample Abbreviation SERS
HPLC-DAD and HPLC-ESI-Q-ToF
Colloidal HF Pre-Treatment
S5 Brazilwood (Urolithin C, sappanol *); Urolithin C Urolithin C
4-hydroxybenzoic acid 4-hydroxybenzoic acid 4-hydroxybenzoic acid
Brazilwood (Urol%thm O); El%aglc acid; . Urolithin C
S#l11 young fustic (sulfuretin); Urolithin C Ellagic acid
4-hydroxybenzoic acid &
. . . .
Brazilwood (Urolithin (;, sappanol *, brazﬂem Urolithin C .
*); logwood (hematein *, hematoxylin *); ) Urolithin C,
S#27 . ! Neoflavonoid- .
ellagic acid; o . Logwood-Haematin?
. . Brazilein/haematin?
4-hydroxybenzoic acid
Brazilwood (Urolithin C, sappanol *); young
fustic (sulfuretin, sulfuretin-glucoside *, fisetin Urolithin C, Urolithin C,
S#9 *); flavonoid dye (luteolin); indigo or woad Luteolin, Luteolin,
(indigotin); Flavonoid-fustic? Flavonoid-fustic?

4-hydroxybenzoic acid

In the chromatogram (insert Figure 4a) of the extract of the brown wool sample S#5,
shown at 275 nm, the peak for urolithin C could be detected together with very low
quantities of sappanol, a molecular marker of redwood-type dyes [14,31]. A component
of tannin dyes but also a known degradation marker of both flavonoid compounds and
protein-based threads, 4-hydroxybenzoic acid, was also detected [32].

S#5 was investigated by colloidal SERS directly on the sample, which was followed
with hydrofluoric acid pre-treatment, the resulting spectra shown in Figure 4a(i,ii), respec-
tively. The well-resolved spectrum of S#5 with direct colloidal SERS can be seen in Figure 4
ai where the bands associated with urolithin C (1530, 1340, 1167, 987 and 654 cm ™) can be
observed. Following HF pre-treatment—and unlike the other samples described below—
there is no improvement in the quality of the SERS response (Figure 4a(ii)), although weak
bands associated with urolithin C can still be observed at 1530 and 660 cm ™. It is likely
that in the spectra for this sample the 4-hydroxybenzoic acid identified by HPLC analysis
can be observed. Although there is a partial overlap with the marker component, the
bands at 1618, 1390, 1017 and 830 cm ! correspond to those reported in the literature for
this molecule [33]. The results obtained from this sample confirm that urolithin C can be
detected by SERS in samples where little or no brazilwood colorant components survive,
even in samples containing high proportions of 4-hydroxybenzoic acid as is commonly
observed in historical textile samples.

In the chromatogram of the extract of the orange silk sample S#11 (insert Figure 4b)
shown at 275 nm, ellagic acid is the most intense peak, followed by urolithin C, fisetin and
4-hydroxybenzoic acid. This suggests that S#11 had been dyed with brazilwood and young
fustic, consistent with previous studies [34] performed on silk core fibers of golden metal
threads. Ellagic acid could have been added to the dye bath to improve the final color, used
as a mordant or may have been co-extracted from the bark used when dyeing with young
fustic.

In Figure 4b(i,ii), a noisy spectrum was obtained for the direct colloidal SERS where
the bands related to the presence of the urolithin C marker component, namely 1530 and
660 cm !, can be observed. Following acid pre-treatment of this sample, a much more
defined spectrum is obtained (Figure 4b(ii)) and the signals identifying the urolithin C
constituent can be better appreciated (1530, ~1330 and ~660 cm~!). The presence of strong
bands in the lower wavenumber range attributed to the ring v(CC) perhaps indicate a
more planar orientation in relation to the colloidal surface. Further bands with reasonable
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intensity at 1605, 1470 and 1287 cm ™ can be ascribed to the co-presence of ellagic acid in
this sample [35], as highlighted by the HPLC analysis. The bands at 1567, 1370, 885 and
548 cm~! collectively provide information regarding the presence of flavonoid materials
but do not permit determination of the specific dye source [25]. No bands exclusively
pertaining to 4-hydroxybenzoic acid could be identified. This result highlights the selective
nature of SERS when multi-components of varying solubilities and concentrations can
interact with the Ag colloid, and where some components are likely preferentially adsorbed
over others. In this case, implementing a further SERS extraction step with methanol/HCl

could be of some benefit.
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Figure 4. SERS spectra obtained (i) with regular colloidal interaction and (ii) following HF pre-
treatment respectively for samples: (a) wool S#5, (b) silk S#11; (c) linen S#27 and (d) silk S#9. The
corresponding HPLC-DAD chromatograms of the extracts of the samples @275 nm are inserted with

abbreviations: pHBA = 4-hydroxybenzoic acid; EA = ellagic acid; UC = urolithin C; LUT = luteolin;
and SUL = sulfuretin and are available enlarged in supporting information S1.
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In the chromatogram (insert Figure 4c) of the extract of the linen sample S#27 shown
at 275 nm, the peak for urolithin C is the most intense, while several other dye materials
are also present. These include minor components typical of brazilwood and logwood
dyes (sappanol; hematein; brazilein; hematoxylin; and 4-hydroxybenzoic acid) [14,31]. This
sample also contains ellagic acid, suggesting the co-presence of tannins, again either used
to modify the color or as a mordant during dyeing [7].

For the linen sample S#27, acquisitions performed with the colloidal SERS directly on
the sample and after the hydrofluoric acid pre-treatment gave rise to the spectra shown in
Figure 4c(i,ii), respectively. By direct colloidal SERS, the main features—albeit quite noisy—
of the brazilwood marker urolithin C can be seen, with a band at 1530 cm ™! accompanied
by broad bands at 1589, 660 and 990 cm~! (very weak). The band at 1350 cm ™! possibly
indicates the co-presence of brazilin/brazilein or even haematin from logwood, a further
neoflavonoid which would not have been taken into consideration had it not been for
the HPLC results. Following HF pre-treatment, the bands at 1566, 1357 and 467 cm ™! are
slightly shifted from the characteristic bands reported here for brazilin/brazilein (shown
in Figure 2), and the peak at 1377 cm ™! attributed to brazilein cannot be observed. It is
plausible to hypothesize the presence of logwood also given the similarity of the SERS
spectral features [25]. A few further weak bands can be seen in Figure 4c(i,ii), namely
those in the 1470-1490 cm~! range, and a band at 1270 cm~! seen only in Figure 4c(i).
These bands cannot be specifically assigned, but most likely belong to the additional minor
components, 4-hydroxybenzoic acid and ellagic acid, as identified by HPLC. In this sample
the urolithin C component is readily available to interact with the colloid without any pre-
treatment steps and despite the confirmed presence of other coloring components. Once
these other components were subsequently liberated from the mordant/textile complex
following acid hydrolysis, they can be preferentially observed and distinguished. This
underlines the necessity of the two-step process for a fuller sample characterization.

In the chromatogram of the extract of the deeper orange silk sample S#9 (insert
Figure 4d) shown at 275 nm, urolithin C is the most intense peak. In addition, sappanol
and 4-hydroxybenzoic acid are identified, as are sulfuretin, a sulfuretin-glucoside and
fisetin, all ascribable to the use of young fustic [36]. Luteolin was also observed, suggesting
the co-presence of a second yellow flavonoid dye. The presence of indigotin suggests that
indigo or woad was also used to obtain the desired hue.

The SERS spectra obtained from S#9 can be observed in Figure 4d(i,ii) for direct
colloidal SERS and after HF pre-treatment, respectively. Interestingly, in both spectra the
main bands of urolithin C (1530, ~1335 and ~660 cm™!) can be observed. In this case,
the acid pre-treatment does not enhance the quality of the spectra. Given the delicate
nature of the substrate and acid hydrolysis conditions, it is worth nothing that no bands
relating to the protein content of the silk matrix are observed by SERS [37]. Furthermore,
no bands attributable to brazilein are apparent either. Beyond the marker component, a
number of other weaker bands can be observed relating to the flavonoid content in the
sample highlighted by HPLC analysis. Specifically, in Figure 4d(i), the bands at 1573 and
1240 cm ™! relate to luteolin, the band at 844 cm ™! is suggestive of components with a
flavonoid structure, while those at 587 and 620 cm ™! are features which correlate with
the suggested fustic content [26]. HPLC analysis also indicates the presence of indigo,
which could be observed instead by conventional Raman pre-SERS (spectrum not shown).
The identification of the marker component is apparent in this sample in the presence
of flavonoid and indigoid dyes and is evidence of the use of brazilwood even when the
brazilwood colorants have not survived.

4. Conclusions

In this work, the spectral features of the brazilwood marker component urolithin C
have been characterized by conventional and surface-enhanced Raman spectroscopy, and
compared to those of the main brazilwood chromophores in the pure reference material
and in a brazilwood lake pigment sample. The results obtained suggested that the SERS
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approach was suitable for use on historical textile samples and it was subsequently success-
fully applied to minute samples from four historical linen, silk and wool textiles dyed with
brazilwood and showing varying degrees of fading. The SERS findings were correlated
with HPLC-DAD and HPLC-ESI-Q-ToF-MS analyses which offered a full description of
the major and minor components in each sample. The combined use of the direct col-
loidal approach followed by a HF pre-treatment was demonstrated to provide a fuller
characterization protocol than using either approach alone. Using direct colloidal SERS
methods, it was possible to observe the presence of the marker component, urolithin C, in
each textile sample even when no brazilwood colorant survived and in the co-presence
of other dyestuffs and textile degradation products such as 4-hydroxybenzoic acid. The
additional acidic hydrolysis pre-treatment has been shown to promote the release of any
remaining colorants from the mordant/textile fiber which allowed characterization of mi-
nor tannin (ellagic acid) and flavonoid dyestuff components (luteolin, fisetin) also present
in the samples, although this treatment could make it harder to detect the brazilwood
marker component. The results presented here confirmed the original use of brazilwood in
each textile even when a further neoflavonoid-based dye, logwood, is hypothesized. This
SERS methodology has the potential to be used as an in situ method for the examination
of textiles where brazilwood colorant is potentially present at the fiber surface. Other
artefacts where a brazilwood-based colorant is suspected in exposed surface layers could
be examined using a similar approach.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4030078/s1. Figure S1: The HPLC-DAD chromatograms featured in Figure 4.
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