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Abstract Indigoid dyes are well known as vat dyes. In their
oxidized dichetonic form they are stable and insoluble in wa-
ter, whereas in their reduced form, commonly known as leuco,
they are soluble in water and able to be attached to fabric for
dyeing purposes. These blue dyes are usually easily detectable
in art objects by means of Raman spectroscopy by adopting
for analyses a laser line at a high wavelength, such as a 785 nm
diode laser. Unfortunately, in ancient artworks, that are often
highly degraded, it is not always possible to collect high qual-
ity Raman spectra, which makes the analysis and identifica-
tion of these compounds particularly challenging. In this
work, we present a tailor-made methodology for the extraction
and the recognition of indigoid dyes in works of art, which
exploits the solubility of these compounds in their reduced
form. Excellent Raman and surface enhanced Raman spec-
troscopy (SERS) spectra of indigo were acquired after
micro-extraction on ancient and reference textiles, confirming
the reliability of the presented procedure. Moreover, the meth-
odology has been applied also for the extraction of the
indigoid dye Tyrian purple on a reference textile, showing
excellent results. This analytical method has been found to
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be extremely safe both for the reference textiles and the inves-
tigated ancient textiles, thus being a promising procedure for
the selective analysis and detection of indigoid compounds in
objects of artistic relevance.
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Agar gel - Ag nanoparticles

Introduction

Natural indigoids, such as indigo and Tyrian purple, were
employed since ancient times both as pigments and dyes.
Indigo, whose main chromophore is the molecule indigotin,
is one of the most stable natural organic dyes because of its
high light-fastness. It was extracted by fermentation of the
leaves of the plant species Isatis tinctoria (woad), cultivated
in Europe and extensively adopted from the 12™ to the 17™
century, and of the Asian species Indigofera tinctoria. The
quality of indigo extracted from the Asian species was much
brighter because of the higher concentration of indican
(indoxyl-3-D-glucoside) precursor [1, 2]. Tyrian purple, also
known as “Royal purple,” was the most precious and expen-
sive indigoid dye, known since pre-Roman times by the an-
cient Phoenicians. Its main chromophore, 6,6’-
dibromoindigo, was extracted from the hypobranchial gland
of sea snails of the family Muricidae in the Mediterranean
Sea, and one shellfish was able to provide only few drops of
the valuable secretion [3]. Indigoids belong to the class of vat
dyes. As a matter of fact, since their dichetonic form is insol-
uble in water, they must be reduced to a water-soluble form,
called leuco, in order to be attached to a fabric for dyeing
purposes. In particular, the /euco species exists in three forms,
identified respectively as vat acid (neutral form), mono-ionic,
and di-ionic. The mono-ionic form, which exists at 10-11 pH
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values, is the one presenting the strongest affinity for the fabric
fiber [4, 5]. Indigo dye is usually easily detectable in disper-
sive conditions by means of Raman spectroscopy by adopting
for analyses laser lines at high wavelength [6], which are suf-
ficient to quench the fluorescence background and to detect
the molecule. Unfortunately, the recognition of this compound
may be quite difficult when analyzing ancient artworks, as for
instance textiles, where the dye is present at very low concen-
trations, or paint layers, where the colorant is generally incor-
porated within complex pigment mixtures [7-9]. Moreover,
degradation processes or bad state of conservation of the art
object may further affect the analyses of the blue dye. In the
last decade, the successful application of the high sensitive
surface enhanced (resonance) Raman spectroscopy
[SE(R)RS] for the detection of organic dyes in works of art
has strongly improved the possibility of identifying fluores-
cent organic dyes according to minimal invasive [10—14] and
microdestructive approaches [15—17]. Up to the present, the
majority of the developed SERS procedures dealt mainly with
the detection of red and yellow dyes [15-26], whereas only a
few works have investigated the characterization of indigoids
by means of SERS/SERRS. One of the main problems is that
indigo is insoluble in the aqueous silver colloid dispersion and
it must be treated by specific solvents prior to SERS analyses.
The first semiquantitative study of indigo using SERS/SERRS
was reported by Shadi et al. [27], who investigated methanolic
solutions of the blue dye combined with silver colloidal dis-
persions aggregated by means of HCI. In the specific case of
cultural heritage applications, SERS-based detection of indigo
has been reported for the analysis of paintings [28], textiles [8,
29, 30], and archaeological objects [31]. Recently, a
pioneering application of tip enhanced Raman spectroscopy
(TERS) has also been presented for the in situ identification of
indigo in paper artworks [32].

In this work, we present a new methodology concerning
the minimally invasive extraction of insoluble indigoid dyes
in textiles and textile fibers of artistic relevance. In particular,
the extraction process is achieved by means of an agar hydro-
gel cube of a few millimeters size, which is loaded with a drop
of solution of leuco-reagents (NaOH/Na,S,0,) that works as a
vehicle for the dye extraction. The use of /euco-reagents is
able to trigger the inverse dyeing process of the indigoids. In
this manner, controlling the reagents concentration and con-
tact time, a few molecules are converted into their reduced
water-soluble form (leuco), and are easily absorbed by the
gel matrix during the extraction procedure. The extracted
dye is subsequently revealed by means of Raman or, in order
to obtain higher quality spectra, by means of SERS, by the
introduction of silver nanoparticles (AgNPs) in the gel’s struc-
ture, which are able to enhance the Raman scattering. The
high compatibility of agar hydrogel with the artwork’s surface
is well documented in the field of conservation, where it was
widely and successfully applied for cleaning purposes [33].
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This work demonstrates also that the structure and morpholo-
gy of agar gel is not affected by the presence of the AgNPs
within its structure. For this purpose, the nanocomposite ma-
trix was observed for the first time by a helium ion microscope
(HIM), in order to obtain an accurate evaluation of the pores’
structure of the gel, and the size, aggregation, and spatial dis-
tribution of the AgNPs. In order to further improve sensitivity
of the applied methodology, we adopted for the collection of
the Raman spectra the excitation laser line at 514 nm. This
wavelength is well above the first electronic transition of
indigoids, allowing to work under resonance Raman condi-
tions and near the plasmonic absorption band of the AgNPs.
The described approach is a tailored procedure specific for this
class of dyes and has a high potential as a valid tool for the
extraction and recognition of indigoids in mixtures. The safety
of the methodology was assessed by means of X-Ray fluores-
cence (XRF) and colorimetric analyses that confirmed the
suitability of the technique for the identification of indigoids
in textiles. The developed protocol is extremely fast and easy
to be applied, and the extraction process has the advantage of
being performed in situ. Moreover, using a gel as a medium
for the solvent mixture allows for a more localized and con-
trolled micro-extraction essay, which involves the analysis of
extremely small areas of the object under study. The procedure
was tested first on reference laboratory textiles dyed
with indigo and, subsequently, once the safety of the
procedure was assessed, it was applied on ancient tex-
tile fibers of artistic relevance. The methodology was
also applied on a reference textile dyed with Tyrian
purple showing excellent results.

Materials and methods

High purity natural indigo and Tyrian purple were purchased
from Zecchi, Florence, Italy (Fig. 1). Tyrian purple was ob-
tained from the hypobranchial gland of the mollusk Murex
trunculus harvested in the area of Dubrovnik, Croatia.
Sodium hydroxide (NaOH) and sodium dithionite
(Na,S,04) were provided by Merck (Darmstadt, Germany).
AgNO;5 (99.9 %), trisodium citrate, and tridistilled water
(HPLC gradient grade) were purchased from Sigma-Adrich
(St. Louis, Missouri, USA). Common grade agar-agar in
flakes was used for the synthesis of the hydrogel.

Three textiles of artistic relevance were investigated. A
precolombian piece of cotton textile (private collection), a
fragment of a XV century cotton tablecloth of Italian manu-
facture (Museo del Tessuto, Prato, Italy), and a blue thread of a
Medici’s tapestry in wool, silk, silver, and gilded silver of the
XVI™ century (cartoon of Bronzino) depicting Joseph
escaping from Potiphar’s wife (Palazzo Vecchio, Sala
dei Duecento, Florence, Italy restored by Opificio delle
Pietre Dure, Florence).
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Fig. 1 Indigoids’s molecular structures: (a) indigo; (b) 6,6’
dibromoindigo

Indigo

Pieces of cotton were dyed according to the recipe reported by
Schweppe [34]. The dyeing liquor was prepared by stirring
15 g of indigo powder with 75 mL of warm water in a beaker
glass until it formed a paste. In a second vessel, 30 g of sodium
hydroxide, NaOH, were dissolved in 120 mL of warm water;
60—70 mL of this solution was poured over the indigo paste,
stirring vigorously. Then, 30 g of sodium dithionite, Na,S,0,,
was added with continuous stirring, and 1 L of warm
water was added stirring carefully. This mixture was
heated to 55 °C. Undyed pieces of cotton were im-
mersed in warm water until the fabric was thoroughly
wet. The fabric was then put inside the dyeing liquor
and kept in the dye-bath for a few minutes. The pieces
of cotton were then taken out of the vat, squeezing the
liquor out thoroughly. When the fabric comes out of the
vat, it has a typical green-yellow color, which turns blue
when exposed to air.

Tyrian purple

The dyeing procedure adopted was similar to the previous one
used for indigo, using a colorant/NaOH/Na,S,0, ratio
equal to 1:2:4. Since Tyrian purple is a mixture of bro-
minated indigoids, 6-bromoindigo (MBI) and 6,6’
dibromoindigo (DBI), it is subject to debromination be-
cause of the action of UV-light. For this reason, when
the reagents were heated to 55 °C, the light was turned
off and the flask was wrapped in aluminum foil. A
yellow-greenish homogeneous solution was obtained,
and the wet fabric was put into the dye-bath for
15 min. Then it was removed from the flask and ex-
posed to air, while still protected from light. After 1 h
of air exposure, the fabric was rinsed in aqueous solu-
tion and allowed to dry.

Agar and Ag-agar gel synthesis

Glassware was cleaned with HNO;. Agar gel was synthesized
according to the procedure previously published [10]. In brief,
0.2 g of agar-agar in flakes was mixed in a beaker with 10 mL
of water or with silver colloidal water dispersion to obtain the
agar gel or the Ag-agar gel, respectively. The mixture was then
heated in a common microwave oven for a few seconds at the
lowest heating power and then poured into a Petri dish. Once
cooled, the Petri dish containing the gel was stored in the dark
inside a sealed glass container. In these storage conditions, the
gel was found to be stable for up to 6 mo. The colloidal
solution used for the synthesis of Ag-agar gel was prepared
according to the Lee and Meisel procedure [35].

Ag-agar gel preparation for HIM imaging

Ag-agar gel was sliced into a pellet of 5x 5x 5 mm?® in a way to
expose the inner structure. In order to minimize sample per-
turbation and maximize the preservation of the gel structure,
the section of Ag-agar gel was dehydrated in a graded ethanol
series from water through 50 %-75 %-95 %-100 %-100 %
ethanol. Subsequently, the sample was dried by liquid CO,
replacement of ethanol in a K850 (Quorum Technologies,
Laughton, East Sussex, UK) critical point drying apparatus.

Micro-extraction procedure by means of leuco-reagents

In order to accomplish the micro-extraction (Fig. 2), a small
cube of about 4 x4 x4 mm?>, easy to handle, was cut off from
the agar hydrogel by means of a spatula. A smaller agar cube
can also be used for the micro-extraction, being the
microRaman analysis area about 2 um. A drop of 20-30 uL
of leuco solution (NaOH/ Na,S,04 1:2 w/w) was then added
on the top of the cube and, after a couple of seconds, placed on
the point of interest of the artwork surface. During the dye’s
extraction, the gel cube was covered with a container in order
to avoid dehydration. After the time required for extraction,
the gel cube was removed from the artwork surface, placed
bottom-side-up on a microscope glass slide, and allowed to
dry. The drying process usually takes place in about 30 min,
and a water loss of 92 % is measured. The resulting sample
becomes very thin with an area of about 3 x3 mm? still easy to
manipulate. SERS measurements were taken on the dried Ag-
agar gel. It is crucial in terms of SERS signal enhancement
that measurements are taken on the dried cube, since by
shrinking it increases the AgNPs and the analyte’s concentra-
tion [9]. Also, this process creates a high-density distribution
of NPs within the dried nanocomposite matrix that possibly
improves the substrate’s enhancement efficiency because of
the strong electromagnetic local field produced.
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Fig. 2 Extraction procedure by means of leuco-reagents on Ag-agar gel
Instruments

The Raman/SERS spectra were recorded with a micro-Raman
Renishaw RM2000 spectrometer using a 514.5 nm excitation
laser line. A 50% objective of a Leica (Milano,Italy) micro-
scope was used for both excitation and signal collection (180°
scattering geometry). Laser power at the surface of the agar
gel’s cube was estimated to be ~20 uW. The time constant for
signal accumulation was typically 10 s and the laser spot di-
ameter was about 2 pm.

High resolution morphological characterization of the Ag-
agar gel was achieved by using a helium ion microscope
(HIM, Orion Plus; Carl Zeiss located at Consorzio GRINT)
equipped with an Everhart-Thornley detector. Images were
acquired in secondary electron mode with an acceleration
voltage of 25 kV with a probe current ranging from 0.2 to
0.8 pA. Neutrality of the samples was maintained through
the use of a low energy electron flood gun properly synchro-
nized with the imaging beam.

Results and discussion
Ag-agar gel imaging

The high resolution characterization of the morphology of the
Ag-agar gel structure was performed by means of the HIM
setup described above. Using a HIM system avoids any pre-
liminary sample metallization; moreover, it provides the im-
aging of insulating samples without producing any change on
the surface. This aspect offers remarkable advantages to thor-
oughly understand the properties of the employed Ag-agar
matrix used as SERS substrate. It is well known that the agar
gel is characterized by a porous structure with pore size of
about 100200 nm [36, 37]. Our measurements show that
the size of the pores ranges between 50 and 250 nm whereas
the pore wall thickness is about 30 nm, in good agreement
with the previous reports (Fig. 3). HIM images also showed
how both the single and the aggregated AgNPs are homoge-
neously distributed within the gel structure. AgNPs sizes,
ranging between 50 and 450 nm, are in accordance with the
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UV-Vis absorption spectrum, which has a maximum at
418 nm and a full width at half maximum of about 100 nm.

The HIM images of Ag-agar gel matrix suggest that the gel
shrinkage upon drying process reduces the distance between
the AgNPs, almost isolated in the hydrogel, favoring the gen-
eration of high plasmonic electromagnetic fields.

Leuco-extraction of indigo on reference sample

The use of the leuco-reagents, sodium hydroxide and sodium
dithionite, triggers an inverse dyeing process when the gel is put
in contact with the textile: the dichetonic molecules of indigo
are converted into their reduced form, well known as leuco-
indigo. The latter is water-soluble and less stable than indigo
in its oxidized form. Following the reduction process, mole-
cules of leuco-indigo are free to move to the gel cube which,
working as a sponge, absorbs them. After the extraction, when
the gel starts to dry, molecules of leuco-indigo are converted
again into their oxidized form by atmospheric oxygen, and
subsequently revealed by Raman measurements. The Raman
spectra have been further improved by using the Ag-agar gel
cube, in order to collect SERS spectra of the extracted indigoid
dye. The minimum extraction time required for the detection of
indigo in the gel cube was 5 min. The Jeuco-extraction proce-
dure was at first applied on a cotton reference textile dyed with
indigo in order to evaluate the efficiency and the safety of the
proposed methodology. Figure 4 reports a comparison among
the SERS and Raman spectra recorded after the leuco-extrac-
tion on the agar gel cube with or without the presence of AgNPs
(Fig. 4a and b, respectively) and the Raman spectrum collected
on the reference cotton textile dyed with indigo (Fig. 4c). These
spectra clearly show all the characteristic bands associated to
the molecule of indigotin, the Raman spectrum of which is
available in the Electronic Supplementary Material (ESM,
Fig. S1). Table 1 reports the assignment of fundamental
Raman bands in the analyzed spectral region.

Moreover, as no unassigned bands are present in the
Raman/SERS spectrum of extract, we do not have evidence
for presence of by-products attributable to the action of the
leuco-reagents on the sample.

In order to assess the safety of the method, X-ray fluores-
cence (XRF) and colorimetric analyses were performed in
correspondence of the analyzed points of the textile. XRF
was chosen in order to reveal transfer of AgNPs and sulphur
from the extraction gel to the textile. No evidence for Ag
presence was detected whereas the presence of sulphur, attrib-
utable to the sodium dithionite present in the leuco-solution,
was noticed only for extraction times longer than 20 min (see
ESM, Fig. S2). Colorimetric measurements did not reveal any
appreciable fading of the investigated area, further corroborat-
ing the safety of the proposed method. (Table S1 in the ESM)

The spectrum reported in Fig. 5, obtained immediately after
a 5’ extraction on agar gel cube, is the reduced form of indigo,
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Fig. 3 HIM images of a section
of Ag-agar gel at different
magnifications

leuco-indigo. The sample, after 15', in the presence of oxygen,  carbonyl stretching vibration v(C=0) present in indigo around

turns from yellowish back to blue, and on repeated measure- 1699 cm ', among the most important spectral changes with
ments, the observed spectrum is again the one of indigo.  respect to indigo worth mentioning are the shifts of v(C-C)
Leuco-indigo is a high conjugated system with a higher delocal-  and 8(C—H) bands of the benzene ring centered, respectively,

ization of 7 electrons that explains the shifting of the Raman  at 1577, 1484, and 1450 cm ' [40]. The stretching vibrations C—
bands to lower wavenumbers. Besides the disappearance of the O bonds explain the bands around 1120 and 1100 cm .

Fig. 4 (a) SERS spectrum
collected on Ag-agar gel follow-
ing leuco-extraction on the refer-
ence textile dyed with indigo; (b)
Raman spectrum of indigo col-
lected on the agar gel cube fol-
lowing leuco-extraction; (c) Ra-
man spectrum of the reference
textile dyed with indigo
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Table 1 Main experimental (Raman and SERS) wavenumbers
(obtained by 514.5 nm exCitation) of indigo spectra and relative assign-
ments based on literature [38, 39]

Raman wavenumbers (cm ')* Band assignments®

Raman (powder) SERS on Ag-agar gel

1704 s 1699 s vC=C, vC=0 (8N-H)

1633 s 1628 sh dC-Ciing, VC-C, 8N-H
1611 s

1580 vs 1579 vs vC=C, (vC=0 ON-H)

1489 m 1486 m 8C-H, 8N-H, 8C-Ciipg

1462 m 1462 m 8C-H, 8C-Cyipg (ON-H)

1364 s 1364 s ON-H, 6C-H

1315 m 1310 m OC-H (6C=C)

1253 s 1252 s OC-H, 6C=C, 5N-H

1222 w 1225 w ON-H, 6C-H

1147 w 1147 m/w 5C-C, 6C-H

1100 w vC-H

1013 w 1010 w YC-H (yC-Ciing)

940 w 938 w vC-H, yC=C (yC-C)

860 vw 860 vw 8C-C, 8C-N

761 w 760 w dC=C, 5C-N (YC-Cring)

675w dC-Ciing, ON-H, 5C=C, 6C=0

602 m 599 w 8C-Cyipg, OC-N

547 m 545w dC=C-CO-C, 5C-N

465 vw 465 w yC=C, yC-H, yC=0

252w yC=C

 The experimental wavenumbers are marked as s (strong), m (medium),
w (weak), sh (shoulder), and v means ‘very’

® The vibrational modes are reported as v (stretching), 5 (in-plane bend-
ing), v (out-of-plane bending)

Fig.5 Raman spectrum of leuco- 20000

indigo collected on the agar gel
cube following extraction by
means of leuco-reagents

Raman Intensity (Arbitr. Units)

The dyeing process of the fabrics goes into different inter-
action mechanisms between the dye and the fiber. Indigoids
become water soluble after the reaction with a reducing agent
(leuco form), and then, once attached to the fabric, the leuco
form is oxidized into the blue insoluble and colored form. A
further dyeing example regards the case of anthraquinonic
mordant dyes, which are (partially) water soluble, and are
attached to the fiber attributable to the presence of metal ions.
We have already reported in a previous work that it is possible
to extract anthraquinonic dyes by adopting as a solvent for the
extraction, an aqueous solution of a chelant reagent [11].

In order to confirm the specificity of the extraction mech-
anism proposed, we tried to use the same extraction protocol
on a cotton reference textile dyed with anthraquinonic mor-
dant dye, alizarin. As expected, alizarin being a mordant dye,
we were not able to extract any dye molecule from the fabric.
The experimental result is shown in Fig. S3 in the ESM.

Leuco-extraction of indigo on real samples from artworks

Once the suitability of the /euuco-methodology for indigoids in
textiles fibers was assessed, it was applied to three different
samples of artistic relevance: a precolombian textile, a cotton
tablecloth of the XV century, and a Medici’s tapestry in silk,
wool, and silver of the XVI™ century. The Raman spectrum
collected on the blue area of the pre-Columbian piece of tex-
tile, and the Raman and the SERS spectra acquired on the dry
gel cube following extraction on the same sample by means of
leuco-reagents are shown in Fig. 6.

The Raman spectra collected on the cotton fiber (Fig. 6¢)
and on the agar gel cube following extraction on the textile
(Fig. 6b) present a strong fluorescence background that covers
any possible Raman spectrum. Conversely, an excellent SERS
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Fig. 6 (a) SERS spectrum
collected on Ag-agar gel follow-
ing leuco-extraction on the blue
area of the precolombian textile;
(b) Raman spectrum of indigo
collected on the agar gel cube
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spectrum (Fig. 6a) has been collected, which reports the char-
acteristic bands of indigo.

Excellent SERS spectra of indigo were also observed after
the analysis of the nanocomposite gel cube following extrac-
tion on the XVI™ century tablecloth fragment (Fig. 7), provid-
ed by the Museo del Tessuto in Prato, Italy.

The methodology was confirmed to be extremely valuable
also for the identification of the blue dye on a thread of a
Medici’s XVI™ century tapestry designed by Bronzino,
depicting Joseph escaping from Potiphar’s wife (Palazzo
Vecchio, Sala dei Duecento, Florence, Italy, restored by
Opificio delle Pietre Dure, Florence). As illustrated in Fig. 8,
although the Raman spectrum collected on the fiber (Fig. 8a)
did not allow for the immediate detection of the dye, the SERS

T T T T T T T T T T T 1
800 1000 1200 1400 1600 1800

Raman shift (cm")

spectrum acquired on the Ag-agar gel following extraction by
means of leuco-reagents allowed for the detection of indigo,
showing the typical frequencies of the blue dye. The relative
intensity fluctuation can be explained by the presence of a
different chemical environment or by the effect of aging pro-
cesses concerning the ancient textile.

Leuco-extraction of natural Tyrian purple on reference
sample

In order to assess the suitability of the leuco-extraction for the
detection of other indigoid dyes, the methodology was also
applied on a reference textile dyed with Tyrian Purple, which
is a mixture of brominated indigoids, such as 6-bromoindigo

Fig. 7 (a) SERS spectrum 6000 - 1464 1611
collected on Ag-agar gel follow- a 1313 1584 / 1699
ing leuco-extraction on the thread 1252 1364\ 1486 / aef—
of a XV century tablecloth; (b) 15 763 I
Raman spectrum of indigo col- z 543
lected on the agar gel cube fol- g 0 Smm
lowing leuco-extraction; (c) Ra- - 200 400 600 800 1000 1200 1400 1600 1800 2000
man spectrum acquired on the g 2000
blue area of the fragment of textile - b
of the tablecloth E

g - LAMWWM
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g 200 400 600 800 1000 1200 1400 1600 1800 2000 |

g 2000

3 Cc
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200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)
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Fig. 8 (a) SERS spectrum of indigo collected on Ag-agar gel cube following extraction by means of leuco-reagents on the blue thread of the XVI™
century Medici’s tapestry; (b) Raman spectrum collected directly on the blue tapestry’s thread

(MBI) and 6,6’ dibromoindigo (DBI). Different types of mol-  further conjugated with an aromatic ring, is at 1625 cm ',
lusks provide dyes of different composition. Excellent Raman ~ whereas this band is weaker in the spectrum of indigo where
and SERS spectra were acquired following leuco-extraction of it appears as a doublet at 1628/1611 cm ™.
the reference textile (Fig. 9). In order to get comparable quality, The 308 cm ' band is attributed to the C-Br stretching
the reported Raman spectrum is the average of 20 acquisitions.  vibration, fingerprint frequency of compounds with bromine
The spectral region between 1580 and 1700 cm ™" is char-  atom [9]. The band assignments confirm the presence of 6,6'-
acteristic of v(C=C), v(C=CH), and v(C=0) stretching mo-  dibromoindigotin as the principal component of purple. In
tions and is typical of indigoid molecules even if significant ~ particular, as evidenced in the reported spectrum,
changes are induced by the halogen substituents in the ring  debromination processes of the molecule were not observed,
quadrant modes. The vibration attributed to a v(C=C) in con-  confirming the safety of the leuco-solution for extraction pur-
jugation with the two carbonyl group, each of which is itself ~ poses of the insoluble dye.

Fig. 9 (a) SERS and (b) Raman [ *  Na.S,0/NaOH P "
spectra of 6,6'-dibromoindigotin . O i O :e;u:ﬁon o O \ ) O
acquired on agar gel cube LI — o

following leuco-extraction on a 20000 a oxidation 1302
reference textile dyed with high 1361

purity Tyrian purple. SERS and 210 1251
1444
305 628 /
1133\

Raman spectra are acquired at the
200 400 600 800 1000 1200 1400 1600 1800 2000

1315

same experimental conditions. In
order to get comparable quality,
the reported Raman spectrum is
the average of 20 acquisitions

b 1305 1320 1584
1254 1366

Raman Intensity (Arbitr. Units)
&
S
]

— - 15 [ % ¢ T L T & T & % ]
200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)
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Conclusions

To date, the reliable and unambiguous detection of indigoids
in art objects has proven to be challenging. In this work, we
focused on the development of a new methodology for the
selective extraction and identification of indigoids in the typ-
ical concentration used in textiles by means of an
ecocompatible homogeneous nanostructured matrix.

The extraction system was modulated according to the
chemical properties of the target analyte by choosing appro-
priate reagents for the extraction and optimizing the extraction
time. The adoption of /euco-reagents (sodium hydroxide/
sodium dithionite), which helps the conversion of the water-
insoluble dichetonic form of indigo into its reduced (water
soluble) form, called leuco-indigo, has allowed the trapping
of indigo molecules into the agar-gel and Ag-agar gel.
Excellent indigoid Raman and SERS spectra of indigoid dyes
were obtained after micro-extraction by means of 514.5 nm
excitation wavelength, which is intermediate between those of
the dye’s first electronic transition and of AgNPs’ visible plas-
monic band. The presence of AgNPs offers the advantage of
gathering excellent SERS spectra of dyes by enhancing the
Raman signal while quenching fluorescence, thus removing
the fluorescence background problem usually occurring in
resonance Raman spectra.

The effectiveness of the method is further confirmed by the
fact that the Raman and SERS spectra recorded on the gel
following extraction by means of leuco-reagents are quite
similar: as a matter of fact, no significant changes in the band
positions and their relative intensities were observed. On the
contrary, an electromagnetic contribution to the enhancement
factors explains the higher intensity of the SERS features. A
more detailed evaluation about the SERS enhancement mech-
anisms will be carried out in a new study.

Moreover, no chemical transformation (e.g.,
debromination processes) of the Tyrian purple indigoid dye
was noticed, confirming the safety of the developed extraction
method for labile vat dyes.

The technique has been found to be extremely suitable and
valuable for the minimal invasive detection and the recogni-
tion of indigoid dyes. In particular, the efficacy of methodol-
ogy has been widely demonstrated by its application on sev-
eral textiles of artistic relevance, validating the suitability of
the proposed method on the investigated samples.

The high efficiency of this methodology confirms that the
tailored gel extraction is a promising nondestructive technique
for SERS identification of dyes.
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