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Abstract: Ultrahigh performance liquid chromatography coupled to tandem mass spectrometry
(UHPLC-MS/MS) was used to analyze a colorant and silk, which were prepared and dyed using
shellfish (Hexaplex trunculus L.) purple. Solutions of colorant and silk extracts were analyzed im-
mediately after preparation (fresh samples) and after storing them in the dark for thirty days (aged
sample I). Moreover, a silk sample was subjected to artificially accelerated ageing under UV radiation
(aged sample II). The application of the UHPLC-MS/MS method leads to the detection of (i) the
major coloring components of shellfish purple, which are indigotin, indirubin, 6-bromoindigotin,
6′-bromoindirubin, 6-bromoindirubin, 6,6′-dibromoindigotin, 6,6′-dibromoindirubin; (ii) four minor
indigoid components in shellfish purple (compounds A, B, C and D), which belong to the same
structural class as indirubin, and whose identification has been reported only once in the past; and
(iii) eight degradation products (isatin, degradation products DP3, DP4, DP5, DP6, DP7, DP9 and
DP10). The latter were also detected in stored indigotin solution, except for DP 6, which was used as
reference sample. The method development was assisted by a new solution preparation approach for
investigating compound fragmentation, using a solvent system compatible with direct infusion ESI.
This system replaceddimethyl sulfoxide, which inhibits detection through electrospray ionization.

Keywords: Hexaplex trunculus; Tyrian purple; shellfish purple; cultural heritage; liquid chromatography;
tandem mass spectrometry

1. Introduction

Shellfish (Tyrian) purple has a long history, which has been documented for 4 millennia,
according to archaeometric studies [1–3]. For certain historical periods, purple textiles
and objects were used only by the royal family and priests of high status, stressing the
important role of the material in cultural heritage [1]. Shellfish purple has been used since
antiquity as pigment in paintings and other heritage objects (e.g., [4–7]), as dye for textiles
(e.g., [8–12]) and for medicinal purposes [13,14] in different areas all over the world [1]. For
example, in the Mediterranean area, shellfish purple was systematically used up to the
conquest of Constantinople by the Ottomans in 1453 CE [1,3], whereas in South America, it
was used in the Middle Preclassic period 1000–400 BCE [15]. The production of the purple
colorant and its use in textiles continued in Late Horizon period [16] and continues to exist
in Mexico to this day [15,17]. However, the systematic use of shellfish purple globally has
been abandoned due to the development of inexpensive synthetic purple colorants [15]
and the decrease of the populations of mollusk species, which is accelerated by the climate
change [18].
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More than twenty species of mollusks, which can be found around the world, are
sources of the purple colorant [1]. In the Mediterranean basin, however, there are only three
species: Hexaplex trunculus L. (Murex trunculus), which is the most abundant,
Bolinus brandaris L. (Murex brandaris) and Stramonita haemastoma L. (Thais haemastoma).

The purple color spans from dark blue to violet shades and it is highly affected by the
relative composition. Several research groups reported that seven major coloring compounds
are included in shellfish purple, which are indigotin (IND), indirubin (INR), 6-bromoindigotin
(MBI), 6′-bromoindirubin (6′MBIR), 6-bromoindirubin (6MBIR), 6,6′-dibromoindigotin (DBI)
and 6,6′-dibromoindirubin (DBIR) [19,20]. However, Nowik et al. (2011) detected four new
analogues of indirubin [21], which were later characterized by Surowiec et al. [22]. After
these early studies [21,22], the identification of these four compounds (named as com-
pounds A, B, C and D) in shellfish extracts has never been confirmed.

Furthermore, only few studies have investigated the degradation products of the
brominated compounds of shellfish purple [20,23,24]. It has been reported that the main
degradation products of DBI are bromoisatin [20,23] and bromoisatoic anhydride [23].
Considerable attention has been drawn to the degradation of IND [25–29]. Mass spectrom-
etry [25,26], high pressure liquid chromatography coupled to mass spectrometry [25,27,29]
and gas chromatography coupled to mass spectrometry [28] showed that the main degrada-
tion products of IND are isatin (IS), isatoic anhydride, anthranilic acid tryptanthrin [26,27,30]
and 2-benzyl-3-indolinone [28]. Witkos et al. identified ten degradation products of in-
digotin, indirubin and isoindigo using HPLC-MS/MS. The first six degradation products,
isatin, isatoic anhydride (DP3), N-methoxycarbonyl-anthranilic acid (DP7) and DP4-6 [29]
contain one nitrogen atom and are formed by the cleavage of the double bond of indol struc-
tures in indigotin. DP9-10 [29] have two nitrogen atoms and a higher mass of indigotin [29].

The goal of the present study was twofold. First, it aimed to detect and confirm the
presence of the A, B, C and D compounds in Hexaplex trunculus extracts, a result which
has been reported only once [22]. Second, it aimed to investigate the degradation products
of the purple colorant. For this reason, two aging procedures were applied. Solution
extracts of the purple colorant and silk dyed with Hexaplex trunculus were stored in ambient
conditions in the dark for thirty days. In addition, the dyed silk samples were subjected to
accelerated UV radiation. After these aging treatments, the samples were analyzed using
ultrahigh performance liquid chromatography coupled with tandem mass spectrometry
(UHPLC-MS/MS). Finally, IND solution was included in the study, as its degradation has
been extensively studied in the past, and therefore a direct comparison of our results with
previously published data was possible.

2. Materials and Methods
2.1. Reagents and Materials

Indigotin (IND) was obtained from TCI (TCI Chemicals, Pvt. Ltd., Tamil Nadu, India).
Whereas indirubin (INR), 6-bromoindigotin (MBI), 6-bromoindirubin (6MBIR),
6′-bromoindirubin (6′MBIR), 6,6′-dibromoindigotin (DBI) and 6,6′-dibromoindirubin (DBIR)
were synthesized as previously described [30]. These compounds were used as standards
for determination purposes. In previous published studies, silk dyed and prepared with
colorant extracted from Hexaplex trunculus was produced [30]. HPLC-grade dimethyl
sulfoxide (DMSO) (>99.0%) and acetone were obtained from Sigma-Aldrich and Chem-Lab
(Zedelgem, Belgium), respectively. HPLC-grade acetonitrile (ACN), methanol (MeOH)
and formic acid (FA) (99%) were all of LC-MS grade and were purchased from Chem-Lab.
Ultrapure water with a resistivity of 18.2 MΩ-cm was produced using a Milli-Q Direct-Q®3
UV Millipore Purification System (Millipore Corporation, Burlington, MA, USA) at 25 ◦C.
In order to minimize the risk of contamination, all laboratory glassware was washed with
Milli-Q water, acetone and methanol. During storage, they were covered with parafilm to
prevent contamination from suspended particles of plasticizers.
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2.2. Stock Solution Preparation for Direct Infusion

Preliminary direct infusion experiments using DMSO as the solvent for the standard
compounds were unsuccessful. It was suspected that the compounds would not ionize, pos-
sibly due to DMSO’s incompatibility with the specific ion source. Therefore, it was decided
to follow a different dilution approach. The stock solutions of the coloring components
of shellfish purple were prepared by diluting 0.2 mg initially in 500 µL of 1.2 M NaOH
aqueous solution and ultrasonicated in an ultrasonic bath at 30 ◦C until the deagglomera-
tion of the solid particles. Subsequently, 4 mL of 1:1 water–methanol solution was added
gradually over the course of 10 min. After 10 min, the temperature was raised to 40 ◦C and
an additional 6 mL of water–methanol solution were added gradually within 20 min, to
allow a final concentration 20 µg mL−1. After each addition of the water–methanol mixture,
the solution was briefly vortexed. The pH of the final solution was 8. An aliquot from the
upper clear phase was further diluted in 1:1 water–methanol to a final concentration of
10 µg mL−1. The solution was then infused in the mass spectrometer using a Hamilton 500 µL
syringe pump operating with a flow of 10–20 µL min−1.

2.3. UHPLC-MS/MS Analysis

UHPLC-MS/MS analysis was carried out using an Accela UHPLC coupled to a TSQ
QuantumTM Access MAX mass Spectrometer (Thermo Scientific, San Jose, CA, USA). The
UHPLC was equipped with an Accela 1250 pump, an Accela autosampler and an Accela
column oven. Chromatographic separation was carried out on an ACQUITY UPLC BEH
C18 (1.7 µm, 2.1 × 150 mm) column (Waters, Eschborn, Germany). MS was performed
using an electrospray ionization (ESI) Ion Max source with a HESI-II probe (Thermo Scientific,
San Jose, CA, USA). XCalibur v. 4.1 and TSQ Tune v. 2015 (Thermo Scientific, San Jose, CA, USA)
software was used for data acquisition.

2.4. Chromatographic Conditions

The mobile phase consisted of solvent A: water—0.1% (v/v) formic acid and solvent
B: ACN—0.1% (v/v) formic acid. Standard solutions and colorant extracts were analyzed
using a gradient elution program during a time course of 38 min, as shown in Table 1.
The flow rate was 300 µL min−1. The injection volume was 10 µL, and the column tem-
perature was set to 40 ◦C. An analytical run was always followed by the injection of a
blank sample (DMSO), to ensure that no endogenous peaks or carry-over effects that might
interfere with the indigoid compounds were detected.

Table 1. Gradient elution program.

Time
(min)

Flow
(mL min−1) A (%) B (%)

0 0.3 95 5
3 0.3 95 5
13 0.3 70 30
19 0.3 40 60
22 0.3 40 60
37 0.3 5 95

37.01 0.3 95 5
38 0.3 95 5

A: H2O + FA 0.1% (v/v); B: ACN + FA 0.1% (v/v).

2.5. MS/MS Conditions

MS detection was performed by selected reaction monitoring (SRM). The ESI was
operated in positive mode (ESI+) for the coloring components of shellfish purple (IND,
INR, MBI, 6MBIR, 6′MBIR, DBI, DBIR, compounds A, B, C and D [22]) and in negative
mode (ESI-) for isatin (IS) and the degradation products of IND, DP3, DP4, DP5, DP6, DP7
DP9 and DP10 [29]. Table 2 shows the retention time and mass measurements of [M+H]+
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and [M−H]− ions for the degradation products and the minor coloring components.
The source was operated at negative mode with the following parameters: spray voltage,
2500 V; capillary temperature, 380 ◦C; vaporizer temperature, 340 ◦C; sheath gas pressure,
40 arbitrary units (Arb); aux gas pressure, 10.0 Arb and collision gas pressure, argon, at
1.5 mTorr. The parameters in the source for the positive mode were as follows: spray voltage,
3000 V; capillary temperature, 380 ◦C; vaporizer temperature, 340 ◦C; sheath gas pressure,
40 arbitrary units (Arb); aux gas pressure, 10.0 Arb and collision gas pressure, argon, at
1.5 mTorr. The collision energies and tube lens voltages were optimized for each target
compound using direct infusion of a 10 µg mL−1 standard solution of each compound.

Table 2. Retention time and mass measurements of [M+H]+ and [M+H]− ions for main and minor
coloring components [22] of shellfish purple and degradation products [29].

Compounds Chemical
Formula Rt (min) Ion

Mode
Precursor
Ion (m/z) Fragment Ion (m/z) and CE (V)

IS C8H5NO2 6.47 − 146 118.03 (14) 42.45 (21) 90.10 (23)
DP3 C8H5NO3 7.52 − 162 118
DP4 C8H13NO3 9.01 − 164 120
DP5 C9H15NO4 9.06 − 194 136
DP6 C9H13NO3 9.51 − 178 134
DP7 C9H13NO4 13.55 − 194 118
DP9 C16H10N2O4 16.81 + 293 146
DP10 C15H12N2O6 16.76 − 327 135
Co A C16H11ON3 12.42 + 262 219235 245
Co B C16H10ON3Br 14.39 + 340 218 260 297
Co C C16H10ON3Br 15.05 + 341 219 260 297
Co D C16H9ON3Br2 16.39 + 418 232 311 339
IND C16H10O2N2 17.9 + 262.8 218.81 (25) 234.51 (25) 189.75 (37)
INR C16H10O2N2 18.8 + 262.8 218.79 (24) 189.83 (36) 234.63 (22)
MBI C16H9O2N2Br 20.16 + 342.3 261.62 (28) 204.76 (49) 340,1 (14)

6′MBIR C16H9O2N2Br 20.8 + 341 296.32 (25) 204.93 (46) 340,1 (10)
6MBIR C16H9O2N2Br 21.08 + 341 261.56 (19) 233.72 (27) 204.76 (51)

DBI C16H8O2N2Br2 22.35 + 419 184.84 (22) 340.83 (6) 63.14 (36)
DBIR C16H8O2N2Br2 24.08 + 419 282.6 (29) 255.1 (35) 189.2 (38)

2.6. Sample Preparation

Samples of dyed silk with shellfish purple and the shellfish purple colorant, which
was produced from the hypobranchial glands of H. trunculus L. mollusks, collected in
Tunisia and prepared as described previously [30], were treated with DMSO, following
a procedure described previously [31]. In particular, weighed amounts (1.0–1.2 mg) of
the samples were immersed in 200 µL of DMSO, which was heated at 80 ◦C for 15 min,
followed by vortex-mixing for a few seconds. The clear supernatants were injected into the
UHPLC system.

2.7. Aging Process

A silk textile sample dyed with shellfish purple (from Hexaplex trunculus L.) was
subjected to accelerated aging conditions for 25 days. In particular, the textile sample
was placed in a homemade chamber equipped with four 25 W UV lamps at 250 nm. The
distance between the textile and the lamps was 30 cm. After treatment for 25 days, a fresh
sample (t = 0) and the final aged sample (t = 25 days) were studied in order to reveal the
effects of the UV radiation.

3. Results

Indigoids are generally difficult to analyze in ESI, mainly due to the low intensity
of their signals [32]. Better ionization of indigoids and their brominated derivatives can
be achieved in the positive ion mode, as reported in the literature [32–40]. In general,
ESI conditions are individually optimized for each compound by direct infusion of low
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concentration standard solutions, preferably using an ESI compatible hydro-organic solvent
system [41]. Initial direct infusion ESI experiments, performed by diluting each of the
coloring compounds in DMSO (the most common solvent for these compounds) and
infusing them into the mass spectrometer, gave no signal for any of the coloring compounds,
something that we have encountered on many occasions when using DMSO as a solvent in
the past. Thus, a new solution preparation approach was developed in order to enhance the
individual optimization of the ESI parameters for each compound. The developed solution
preparation approach, as described in Section 2.2, enables the dissolution of the coloring
components in a 1:1 methanol:water solvent system, which is directly compatible with
direct infusion ESI. The optimized parameters tube lens and ion breakdown curve of IS
and IND, INR and their brominated derivatives are shown in Figure S1 in Supplementary
Materials. IND, INR and their brominated derivatives are detectable in positive ion mode
and IS in negative ion mode. The ion masses obtained for IS, IND, INR, MBI, 6MBIR,
6′MBIR, DBI and DBIR were 145.939, 262.833, 262.835, 340.848, 340.849, 340.870, 418.857
and 418.556 Da, respectively.

In Table 2, the retention times (obtained using HPLC, as detailed in Section 2.4 and
also below) and mass measurements of [M+H]+ and [M−H]− ions for the indigoid stan-
dard components are shown. The fragment ion of IS is at m/z 118 due to the loss of -CO
[M+H−28]− [29,32,39]. There are ions at m/z 235 ([M+H−28]+) and 219 ([M+H−44]+),
corresponding to the subsequent loss of -CO and -NH2, respectively [25,32,33,36,39,40].
Molino et al. suggested a fragmentation mechanism for m/z 219 in IND and INR, which
involves the nucleophilic attack of the hydroxyl group on the carbonyl bond, allowing
for decarboxylation to take place subsequently. This process leads to the formation of an
8-membered heterocyclic ring. Proton migration and decarboxylation result in the forma-
tion of highly fused isomer cyclic structures for IND and INR with m/z 219 (C15H11N2) [25].
The product ion of protonated 6′MBIR at m/z 296 was attributed to the loss of -CO2 [22].
The selected fragment ion of protonated MBI, 6MBIR was determined experimentally by
the software at m/z 262 and is probably due to the loss of a bromine radical [22,32]. As
shown in Table 2, the 6′MBIR compound (Rt = 20.8 min) is detected close to the 6MBIR
(Rt = 21.08 min) and differs from the MBI and 6MBIR compounds in the product ions.
The product ions of protonated DBI and DBIR at m/z 341 were attributed to the loss of a
bromine radical [22,32].

In view of the above, a mobile phase consisting of solvent A: water—0.1% FA (v/v)
and solvent B: ACN—0.1% FA (v/v) was tested in gradient mode, and it resulted in the
acceptable retention and peak shape of the seven main coloring components of shellfish
purple (IND, INR, MBI, 6MBIR, 6′MBIR, DBI, DBIR) and IS; the separation is shown in
Figure S2, which illustrates the chromatograms for these components at a concentration of
10 µg mL−1. The ESI positive and negative ion runs of the stock solution at 10 µg mL−1

generally showed acceptable chromatographic peaks.
The degradation products of shellfish purple were studied in three separate experi-

ments. In the first, a silk sample dyed with shellfish purple underwent accelerated ageing
under UV radiation for 25 days (aged 2), whereas in the second and third solutions of IND,
shellfish purple colorant and dyed silk were left at room temperature, with no light, for
30 days (aged 1). An overall summary of the results is prepared in Table 3.

Table 3. Overall results of the study; degradation products and coloring components.

Compounds
IND Solution Shellfish Purple

Pigment Silk Dyed with Shellfish Purple

FRESH AGED 1 FRESH AGED 1 FRESH AGED 2 AGED 1

IS + + +
DP3 + + +
DP4 + + + + + +
DP5 +
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Table 3. Cont.

Compounds
IND Solution Shellfish Purple

Pigment Silk Dyed with Shellfish Purple

FRESH AGED 1 FRESH AGED 1 FRESH AGED 2 AGED 1

DP6 + +
DP7 +
DP9 + +
DP10 + + + + +
Co A ++ ++ ++ ++
Co B ++ ++ ++ ++
Co C ++ ++ ++ ++
Co D ++ ++ ++ ++
IND +++ +++ +++ +++ +++ +++ +++
INR ++ ++ ++ ++ ++
MBI +++ +++ +++ +++ +++

6′MBIR + +
6MBIR + +

DBI +++ +++ +++ +++ +++
DBIR ++ +

1 Aged 1: The sample was in solution form and was left in the dark at room temperature for 30 days.
2 Aged 2: The sample was subjected to accelerated ageing under UV radiation for 25 days; +++ main com-
pounds; ++ minor compounds; + traces.

3.1. Degradation Products of Indigotin (IND) in Standard Solutions

In order to study the degradation products of shellfish purple, a stock solution of
IND, used as a reference sample, at the concentration of 50 µg mL−1 was left at room
temperature in the dark for 30 days (aged 1). After 30 days, the solution was analyzed
using UHPLC-MS/MS. A fresh solution of IND was also analyzed for comparison.

According to the results (Table 3), the indigoid degradation products isatin (IS), isatoic
anhydride (DP3), N-methoxycarbonyl-anthranilic acid (DP7), DP4, DP5, DP6, DP9 and
DP10, as identified in a previous study [29], were detected in the aged sample of the
standard solutions of IND. The degradation products DP3, DP4, DP5, DP6, DP7, DP10 and
IS were detected in negative ion mode, and the degradation product DP9 was detected
in positive ion mode. Figure 1 illustrates the chromatograms of IND solutions following
30 days at room temperature without light, in which the degradation products of the
component appear.

3.2. Coloring Components and Degradation Products in Hexaplex trunculus L. Pigment

Fresh solutions of Hexaplex trunculus L. extracts from Tunisia, prepared as described
earlier [31], were analyzed, leading to the detection of eleven coloring components and
degradation products, as shown in Table 3. The seven major coloring components (IND,
INR, MBI, 6MBIR, 6′MBIR, DBI, DBIR), detected in our earlier work using HPLC-DAD [31],
and minor compounds A, B, C and D [22] have been identified herein using UHPLC-
MS/MS. The presence of the four minor compounds A–D, which were detected by Surowiec
in Hexaplex trunculus L. extracts, is confirmed by the results presented in Table 3.

The compounds A, B, C and D belong to the same structural class as non-, mono-
and di-brominated indigoids, and their relative molecular masses, which were exhib-
ited in MS, are one unit lower than their respective calculated molecular masses. In the
chemical formula of compound A, a CO group in INR is substituted by a CNH, whereas
compounds B, C and D are derivatives of compound A [22]. Degradation products 4 (DP4)
and 10 (DP10) [29] were also identified in traces in the fresh sample, probably as a result of
the colorant preparation [30]. Figure 2 shows the chromatogram of fresh shellfish purple
solution (from Hexaplex trunculus L.). The complete list of substances detected in the aged
dyestuff solutions is illustrated in Figure S3 and provided in Table 3.
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3.3. Degradation Products in Dyed Textiles

A silk sample dyed with the shellfish purple (Hexaplex trunculus L.) [31] was artificially
aged under UV radiation, and the extract was analyzed by UHPLC (aged 2). Moreover,
the extract of the fresh dyed silk sample was left for 30 days at room temperature in the
dark (aged 1) and then analyzed for comparison. The results are presented in Table 3
and Figure S4.

Figure S4 illustrates the chromatograms of the degradation products of shellfish
purple of dyed silk, including four coloring compounds, A, B, C and D [22], in a fresh
solution and in the solution after 30 days of aging. As shown in Figure S4 and Table 3,
the DP4 and DP10 [29] were identified in the freshly dyed silk sample with shellfish
purple. These degradation products appear both in the fresh solution of shellfish purple
colorant (Section 3.2) and in the unaged and aged silk samples dyed with the shellfish
purple colorant, which can probably be attributed to the preparation of the dyestuff [31].
Degradation products DP3-6 and IS appeared in the extract of the dyed silk sample that was
left at room temperature for 30 days without light. In this sample, the coloring components
6′MBIR, 6MBIR and DBIR were not detected.

The four compounds, A, B, C, D [22], and coloring components 6′MBIR, 6MBIR and
DBIR were not detected after UV aging, indicating their instability towards UV irradi-
ation and their initial small quantities in the unaged sample. In the dyed silk sample,
it is observed that the coloring components found in the fresh sample in exceptionally
low concentrations, such as 6′MBIR, 6MBIR and DBIR, are not detected after both aging
experiments: aged 1 (left at room temperature with no light for 30 days) and aged 2 (accel-
erated ageing under UV radiation for 25 days). Furthermore, the four compounds A, B, C
and D [22] detected in the fresh and aged solutions (aged 1) are not found in the samples
subjected to UV radiation (aged 2).
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(b) 

Figure 2. Chromatograms of the fresh shellfish purple colorant solution (from Hexaplex trunculus L.).
The compounds A–D [22] (a) and traces of DP4 and DP10 [29] (b) are provided above, as extracted
from sample chromatograms (Table 3).
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4. Discussion

Artificially accelerated experiments have been carried out for several decades to study
the fading of natural colorants under light aging [42–46]. Colorimetry has been employed to
monitor the artificially accelerated fading of textiles and indigoid colorants on fibers [43,46].
The ageing process of the coloring components of the indigoids is being investigated by the
use of HPLC [25,27–29]. IS and isatoic anhydrite (DP3) are two well-known degradation
products of IND [23,25–29,32]. IS is produced form the acidic degradation of IND [25].
In addition, IND has been shown to be completely degraded after exposure to light or
ozone, with IS and isatoic anhydride (DP3) being the reaction products [23,26]. Losses
of CO and CO2 from the indol carbonyl and carboxyl group of IND are observed in the
degradation products DP4, DP5, DP6 and N-methoxycarbonyl-anthranilic acid (DP7) [29].
The degradation products DP9 and DP10, which probably are indigotin’s photooxidation
products, exhibit a larger relative molecular mass than IND [29]. Various of these degra-
dation products were identified in DMSO [27,29], DMF [27] and dichloromethane [26]
solutions of IND, INR, isoindigotin [29] and indigo colorant [26–29]. For the first time
herein, several degradation products were detected in shellfish purple colorant and in aged
textiles (silk) dyed with shellfish purple (Table 3).

Regarding the ageing experiment of the fresh shellfish purple colorant solution after
30 days at room temperature without light (aged 1), the coloring components IND, INR, MBI,
DBI and coloring compounds A, B, C and D [22] were detected. However, the coloring
components 6MBIR, 6′MBIR and DBIR disintegrated almost entirely below the levels of
detection, while the degradation products IS, DP3, DP4, DP6 [29] were apparent (Table 3,
Figure S3).

Regarding the artificial accelerated experiments in textiles under radiation, the amounts
of coloring components from textiles were rapidly decreased during the first days of their ex-
posure to light, while longer light treatment had a minor effect on their amounts [24,42–44].
Furthermore, the dibrominated components of shellfish purple (DBI, DBIR) appear to be
less stable than IND and MBI [24]. The photodegradation of indigoids in textile fibers
leads to the formation of degradation products. The main degradation products of in-
digo colorant identified in archaeological and historical textiles are DP4, DP5, DP7 (N-
methoxycarbonyl-anthranilic acid) and DP10 [29], DP3 (isatoic anhydrite) [28,29], IS [27,28]
and 2-benzyl-3-indolinone [28]. Degradation products DP3-6 [29] and IS were revealed in
the extract of the dyed silk sample that was kept at room temperature for 30 days without
light, while no traces of the coloring components 6′MBIR, 6MBIR and DBIR were found
(Table 3, Figure S4). Following UV ageing, the four compounds A, B, C and D [22], as
well as the coloring components 6′MBIR, 6MBIR and DBIR, were not detected (Table 3),
indicating their instability towards UV irradiation and their initial small quantities in the
unaged sample.

5. Conclusions

A UHPLC-MS/MS analytical method is presented for the detection of eleven main and
minor coloring components (IND, INR, MBI, 6′MBIR, 6MBIR, DBI and DBIR, compounds
A, B, C and D [22]) and eight degradation products (IS, DP 3,4,5,6,7,9 and 10 [29]) of
shellfish purple, utilizing direct infusion fragment ion investigation. Dimethyl sulfoxide,
a solvent widely used to dissolve low solubility substances, hindered detection in ESI;
thus, a novel solution preparation approach was developed for the direct infusion analysis
of the standard compounds and the optimization of detection parameters. It is the first
simultaneous identification of 19 compounds that can be found in shellfish purple colorant.
The four compounds A, B, C, D and the coloring components 6′MBIR, 6MBIR and DBIR
were not detected after UV aging in the silk sample, indicating their instability towards UV
irradiation and their initial small quantities in the unaged sample. 6′MBIR, 6MBIR, and
DBIR found in the fresh sample of shellfish purple colorant solution in exceptionally low
concentrations were not detected after ageing experiments. The eight indigoid degradation
products were detected in at least one aged sample. The application of the proposed
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method in accelerated aging experiments showed that the degradation products differ
depending on the initial colorant used, the textile and the aging conditions, indicating that
further research on the degradation products could contribute to archaeological research
regarding shellfish purple characterization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/heritage7040092/s1. Figure S1: The optimizing tube lens
and breakdown curve of ion of isatin, indigotin, indirubin and their brominated derivatives; Figure S2:
The chromatograms for the components at a concentration of 10 µg mL−1; Figure S3: The degradation
products and four coloring components of the solution of shellfish purple colorant that was left at
room temperature for 30 days; Figure S4: Chromatograms of silk samples dyed with shellfish purple;
(a) four coloring components and (b) degradation products in fresh solution and (c) degradation
products in the solution after 30 days.
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