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Abstract Quantitative HPLC and colorimetry are used to
study color variations in dyeings with indigo, 6-bromoindigo,
and 6,6′-dibromoindigo, the main components of the historic
dye Tyrian purple. For the first time, visible light is identified
conclusively as a cause of debromination of the leuco form of
6-bromoindigo. A dyeing run using 6-bromoindigo alone is
found to yield a dyed fabric containing large amounts of indi-
go, when the vat is exposed to visible light. The extent of
debromination is dependent upon the pH of the dye bath and
also the source of the visible light. This information allowed

development of a dyeing procedure which is demonstrated to
give consistent colors through two passes. Quantitative HPLC
analysis of extracts from the dyed fabrics indicates that the
leuco form of 6-bromoindigo vs. the leuco forms of indigo
and 6,6′-dibromoindigo has the strongest affinity for wool
fabric. This is postulated to be due to attractive electrostatic
interactions between the leuco form of 6-bromoindigo and
wool.
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Introduction

In the course of our recent studies [1, 2] of dyeing with the
indigoids indigo (IND), 6-bromoindigo (MBI), and 6,6′-
dibromoindigo (DBI), we became interested in color varia-
tions caused by types of illumination during the vatting pro-
cedure, and by altering the proportions of the three indigoids.
Dyeing with indigoids is complicated by their limited water
solubility. The colored form of the dye must be chemically
reduced in the dye vat to give the water-soluble leuco
(colorless) form (Scheme 1). In the lab, this is done with
sodium dithionite at high pH, resulting in the dianionic form
alone, or a mixture of the dianionic and monoanionic forms of
the leuco-indigoid [3]. Then, excess ammonium chloride is
added to adjust the pH to around neutral, because many fab-
rics cannot tolerate high pH levels. The leuco species is then in
its neutral form [3]. Finally, the fabric is dipped in the solution,
removed, and subjected to oxygen in the air, which causes
oxidation back to the colored form.

It is well-known that sunlight can cause debromination of
the leuco forms of brominated indigoids, resulting in indigo-
like blue dyeings [4, 5]. This photodebromination was used to
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confirm that ancient textiles were, indeed, really dyed with
shellfish purple. In the 1930s, Rudolf Pfister analyzed a
Coptic textile dating from the second or third century AD,
which is a fragment of a purple medallion decorated with
four-leafed motifs in gold thread and is now in the
Österreichisches Museum für angewandte Kunst in Vienna.
He used chemical methods: reduction of the dye with dithionite
followed by exposure of the solution to light and oxidation to
give a blue-violet color. He concluded that C’est. donc bien la
pourpre véritable; il s’agit d’un tissu particulièrement riche
puisque les fils d’or, également, sont très rare en Égypte [It is,
therefore, the true purple; it is a particularly rich fabric since
gold threads are equally very rare in Egypt.] [6]. A more recent
investigation has shown that the major colorant is MBI [7].
There are other examples from antiquity where MBI is the
major component [8]. This technique to identify genuine shell-
fish purple was still in use in the 1980s when it was used on a
thirteenth century BC pottery sherd [9]. Cooksey and Sinclair
[10] have reported that in a study of DBI dyeing of wool,
incandescent light does not cause a detectable level of
debromination, as judged by TLC. It has long been assumed
that ultraviolet light is needed to cause debromination of leuco-
indigoids [11]. On the other hand, some of us [1] have noted
that if leuco-MBI is exposed to standard fluorescent lighting for
an overnight period, the dyeings produced are indistinguishable
from IND dyeings. Another study [12] gives anecdotal evi-
dence that even the colored oxidized forms of brominated
indigoids are sensitive to light. It has also been reported [13]
that if the dye vat is protected from sunlight by red cellophane,
debromination of leuco-DBI is lessened dramatically. Whether
the light-sensitive species is the neutral leuco-bromoindigo, the
monoanion or the dianion, or some of all three, is not known. It
has also not been fully established whether visible light can
cause debromination.

DBI was first isolated from aMurex shell fish and identified
as the colorant in Tyrian purple by Friedländer over 100 years
ago [14]. Later, he also obtained from a different species a
more blue uncharacterized indigoid which was assumed to
be indigo [15]. Much later the minor bluer component was

identified by HPLC as MBI [16]. The shellfish pigment, often
known as Tyrian purple, has been found to contain a mixture
of brominated and unbrominated indigoids and indirubinoids,
the composition of which can vary according to the species of
mollusk, region where they are collected, and other factors
[17–23]. When the pure indigoids are used to dye wool, IND
gives a nearly pure blue color, and MBI produces a nearly true
purple shade (i.e. a roughly even mixture of red and blue),
while DBI yields a reddish purple shade [2]. However, if the
dye vat containing either MBI or DBI is very dilute, the dye-
ings can become blue [24]. The dye in a natural Tyrian purple
dyeing can consist of mainly DBI, or DBI can be mixed with
large amounts of MBI and IND, and a wool dyeing will still
show a reddish hue [25, 26]. In a mixed indigoid dyeing, the
question arises of whether the proportion of leuco-indigoids in
the vat is the same as the proportion of the colored forms on
the fabric. It has been suggested that leuco-DBI has a stronger
affinity than leuco-IND for wool, since the uptake of leuco-
DBI in the first pass appears to be greater than that of leuco-
IND [25]. This apparently led to an IND-rich second pass that
was more blue. However, extraction of the dye from wool and
HPLC analysis of the dye components subsequently revealed
that MBI may have been a major component in the dyeing
[26], so it is just as likely that it is leuco-MBI that has a great
affinity for wool, and which ultimately yielded the reddish
hue. Whether the main dye component is MBI or DBI, the
bluing of the second-pass dyeing could also be explained by
an aggregation effect upon dilution of the vat, which makes
late-pass dyeings appear bluer than earlier ones [24]. The dif-
fering affinity of leuco-indigoids for wool could be established
unequivocally by comparing the HPLC profiles of a dyeing
where the initial composition of dyes in the vat is controlled. If
there is a differential uptake of leuco-indigoids by fabrics, then
the proportions of indigoids initially produced from the mol-
lusk may not be indicative of the relative amounts on the dyed
fabric. An alternative explanation for the differing colors in
multipass dyeings is chemical reduction of the bromo com-
pounds in modern dye baths, but not in antiquity, by dithionite,
a powerful reducer in the dye vat.
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For years, the identity of the reductant of shellfish purple
pigment was in doubt. In the first century AD, Pliny suggested
that use of a lead or tin metal bath was required for a success-
ful dyeing. In modern times, it was conjectured that lead or tin
could be the reductant. These and other potential reducing
agents were investigated [27], including methanethiol, sulfur
compounds in wool, and glucose from grape juice. But none
was very convincing. The problem was resolved by a retired
engineer, John Edmonds (1931–2009), who had studied the
centuries-old woad vat in which IND is reduced to leuco-IND
by bacteria, specifically Clostridium isatidis [28]. Other spe-
cies of bacteria, apart from Clostridium, will do the reduction,
e.g., Alkalibacterium [29]. Edmonds demonstrated that DBI,
derived from mollusk sources, could be reduced in an exactly
analogous way using just mollusk flesh after 4 days at pH 9
and 50 °C [30]. Given this vital data, others were able to
successfully repeat this biochemical reduction [25, 31].

We report here the effect of visible light on the
debromination of leuco-MBI, in both its dianionic and neutral
forms. The knowledge gained allowed development of a pro-
cedure which gave consistent colors through two passes of a
dyeing run using wool fabric. This procedure was used in a
comparative study of the amounts of dye in IND, MBI, and
DBI dyeings, and dyeings produced from equimolar mixtures
of IND and MBI, and MBI and DBI. The dyeings were char-
acterized by CIELAB colorimetric data, which was then cor-
related with HPLC data from extracts of the wool dyeings.
Conclusions about differing affinities of the leuco-indigoids
for wool were then drawn.

Results and discussion

Effect of light on debromination of leuco-MBI

A short study was made of the effectiveness of light-
protection measures and what kind of light source will cause
debromination of the various forms of leuco-MBI. The dye vat
during leuco formation and the developing dyeings are nor-
mally covered with aluminum foil to prevent possible
debromination by stray light. We have found that the vat con-
taining leuco-MBI (after NH4Cl addition), while protected
from light in this fashion, undergoes very little debromination,
as judged by HPLC (Table 1). A three-pass dyeing run was
simulated by heating the vat at reflux for 1 h with no fabric
present, while either covering the vat or exposing it to light.
Then, the vat was opened to air, causing oxidation back to the
colored form of the dye, which was isolated by suction filtra-
tion. This protocol was used to determine the debrominative
effect of ambient fluorescent light on both the leuco-MBI
neutral form and dianion, and of incandescent light on the
leuco-MBI dianion (see “Dyeing procedures” section). The
amounts of dyes were estimated from the relative area

percentages of the peaks arising from the three indigoids, as-
suming similar detector responses. The analyses were done in
triplicate, and the standard deviations (SD) were low. The data
show that, with both the vat and the developing dyeings
protected from light, there is very little debromination.
However, when the leuco form in either its neutral or dianionic
forms is subjected to ambient fluorescent lighting, an appre-
ciable level of debromination to give leuco-IND occurs. Even
a low-wattage incandescent desk lamp, if put near the uncov-
ered reaction flask, can cause a large amount of debromination
of the dianionic form of leuco-DBI.

MBI dyeing: exposure of the vat to incandescent light

Then, a dye vat containing leuco-MBI was again exposed to
incandescent light, under the conditions of “Dyeing proce-
dures” section (corresponding to the last row of Table 1).
This time, a two-pass wool dyeing run was carried out after
the exposure, with the intention of extracting the dye from the
fabric and quantifying by HPLC [33]. CIELAB values of the
dyeings were also collected, to correlate color with amounts of
MBI and IND on the fabric (Table 2). Since the three indigoids
vary appreciably in their molecular masses, and it is the ratio
of the numbers of dye molecules of each kind on the fabric
which is likely to determine color in a mixed dyeing, the
masses of IND and MBI found by quantitative HPLC were
converted to micromoles. This allowed a more meaningful
correlation between color and amounts of the two dyes. The
first pass of the incandescent-light-exposed dyeing run
showed nearly 80% IND, on a molar basis. Not surprisingly,
this gave a fairly dark, nearly pure blue dyeing, as judged by
the CIELAB values (see the Online Resource file for
additional data). The second pass contained predominantly
IND as well and gave a lighter blue dyeing, starting to head
towards green.

Table 1 The effects of covering the leuco-MBI dye vat and of exposing
the vat to fluorescent or incandescent light

HPLC area %

Conditions DBI (SD) MBI (SD) IND (SD)

(Starting)a 5.0 92.5 2.0

Covered, neutb 3.6 (0.1) 90.8 (0.6) 5.6 (0.6)

Fluor, neutc 2.7 (0.2) 75.5 (2.1) 21.8 (2.2)

Fluor, diand 2.7 (0.1) 70.9 (0.8) 26.4 (0.9)

Incan, diane 1.9 (0.2) 48.3 (0.5) 49.8 (0.6)

a Purity (HPLC area %) of starting MBI [32]
bVat covered with aluminum foil; NH4Cl present
cVat exposed to ambient fluorescent light; NH4Cl present
dVat exposed to ambient fluorescent light; no NH4Cl present
eVat exposed to direct incandescent light; no NH4Cl present
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Comparing the IND/MBI ratio in the vat (last row of
Table 1) to the ratio of the two on the fabric after the first pass
in Table 2, it would appear that leuco-IND has a stronger
affinity for wool. The incandescent-exposure data of
Table 1, when converted to moles of IND and MBI, gives a
ratio of 1.4:1, in terms of actual numbers of molecules. On the
fabric, the IND/MBI ratio is 3.8:1, appearing to indicate that
leuco-IND was preferentially adsorbed by the fabric. But, the
data of Table 1 may only give a rough idea of mass ratios, as
the three indigoids may have differing detector responses.
Indeed, the HPLC chromatogram of the extracts from the
first-pass dyeing (corresponding to the first row of Table 2)
shows MBI with a greater peak area than IND (Fig. 1). Also,
reproducibility of the effect of exposure of the vat to incan-
descent light was not determined. So, possible differing affin-
ity of the leuco forms of the indigoids for wool remained an
open question, to be answered with further experiments.

IND, MBI, and DBI dyeings: affinity of leuco forms

for wool

With the effect of light on debromination of the leuco form
established, attention was turned to development of a dyeing
procedure which would give consistent colors, the ultimate
goal being to determine which leuco form of the dye has the
strongest affinity for wool. We have noted [1, 2] that the pro-
cedure of “Dyeing procedures” section when performed at
50 °C gave widely varying colors in the dyeings, especially
for DBI. The procedure performed at this temperature was

used to generate indigoid dyeings used in an earlier compara-
tive study [32]. We report here that a dyeing procedure where
the vat is heated at reflux [10] while protecting from light
gives reproducible dyed colors through two passes. The
third-pass dyeings for the brominated indigoids were often
highly mottled in appearance and thus did not give consistent
colors. Figure 2 shows the results of an average dyeing for
IND, MBI, and DBI (all three at the same molar amount in the
vat), and two 1:1 mixtures which will be discussed later.
Noteworthy are the progressive increase in redness on pro-
ceeding from IND to DBI first passes, the lack of change in
hue of indigo dyeings upon dilution, and the marked bluing of
MBI dyeings resulting from dilution of the vat. The bluing of
brominated indigoid dyeings upon dilution has been ascribed
to inadvertent debromination [32], but now that we have
established here that very little debromination occurs, the ex-
planation [24] based on changes in size of dye aggregates is
more likely.

The consistency of the dyeing procedure is illustrated by
three identical two-pass dyeing runs using an equimolar mix-
ture of MBI and DBI (Table 3). (The full sets of colorimetric
data for the other dyeings shown in Fig. 2 are in the Online
Resource file.) The CIELAB values from the fabric are given
from dyeing runs done in triplicate. The standard deviations
within a run are the result of at least ten measurements on
various parts of the fabric. These low standard deviations in-
dicate an evenly colored fabric. The color differences (ΔEab*)
between runs are insignificant. We have found that the colors
of two dyed fabric samples are indistinguishable from each
other if theΔEab* value is less than 4. The third passes of the
brominated indigoid dyeings tend to be highly mottled in ap-
pearance, and thus the colorimetric data show a high amount
of variability.

The first-pass MBI dyeing of Fig. 2 looks darker and richer
in color than the corresponding IND and DBI dyeings. But,
does this mean that wool has the greatest affinity for leuco-
MBI? We present here HPLC data from extracts of dyeings

Table 2 Quantitative HPLC data of extracts from wool produced by an
incandescent-light-exposed two-pass MBI dyeing run and colorimetric
data from the fabric

Dye amt. (mg/g wool) CIELAB values

Pass mg (SD) μmol L* a* b*

1st IND 1.0 (0.02) 3.8 38 0.2 −20
MBI 0.3 (0.02) 0.9

2nd IND 0.75 (0.005) 2.9 47 −2.0 −18
MBI 0.4 (0.001) 1

Fig. 1 HPLC chromatogram of extracts from the first-pass dyeing of
Table 2

Fig. 2 Composite photograph of dyeings from five three-pass dyeing
runs: (1st–5th columns) DBI, 1:1 DBI:MBI, MBI, 1:1 MBI:IND, IND;
top-row squares are first-pass dyeings
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that unequivocally establish that leuco-MBI has the strongest
affinity for wool. Table 4 shows quantitative HPLC data of
extracts from the three one-component dyeings of Fig. 2. Also
shown are the colorimetric data for each pass. After one pass,
only one third of the original amount of MBI remains in the
vat. The vats of the other two still retainmost of the leuco-dyes
after one pass. Also, after two passes, the MBI vat is nearly
completely exhausted, while the other vats are less than half
so. The colorimetric data bear out what is seen by the eye: The
MBI dyeing is darkest and highly saturated in color, through
both passes.

Mixed indigoid dyeings: competition experiments

The strong affinity of leuco-MBI for wool was confirmed by
direct competition experiments. Two two-pass mixed dyeing
runs using equimolar starting dye ratios (18 μmol each dye/g
of wool) were performed, one with INDmixed with MBI, and

another with DBI mixed with MBI. Table 5 shows the color-
imetric data for the four dyed fabric samples and quantitative
HPLC data for extracts from each. The first-pass data clearly
show that, when equal numbers of each dye’s leuco form are
present in the vat, the uptake of leuco-MBI is preferred over
both leuco-IND and leuco-DBI. Colorimetrically, the dyeings
behave as a hybrid: While there is no clear trend in lightness
differences between the hybrid and pure dyeings, the redness
and blueness values of the hybrids are between their respec-
tive pure-dyeing values (see Table 4). This can be discerned
qualitatively from Fig. 2.

Conclusions

The strong affinity of leuco-MBI for wool may be due to its
polarity. Leuco-MBI is the only one of the three leuco-
indigoids that has a molecular dipole. Theoretical calculations
using Gaussian09 [34] at HF/6-31G** level of theory predict
a molecular dipole moment of 2.76 debye for leuco-MBI,
while the molecular dipole moments for both leuco-IND and
leuco-DBI are zero. Thus, leuco-MBI may be expected to be
more strongly attracted to the highly polar surface of wool
fibers. That the concentrations of leuco-indigoids in the dye
bath may be different than what is seen on the dyed fabric
indicates that caution is needed in interpreting data from
dyed-wool extracts.

Also demonstrated here for the first time unequivocally
is the high sensitivity of leuco-MBI (and by a highly
probable extension, leuco-DBI as well) towards light in
the visible region of the spectrum. The light-sensitivity is
slightly dependent on the pH of the dye bath: The leuco
dianion appears to be more prone to debromination than
the protonated form.

Ancient dyers knew that exposure of the Tyrian purple dye
vat to sunlight would cause a bluer dyeing. For over 70 years
since the chemical basis of this effect was discovered, it had
been assumed that ultraviolet light was the sole culprit that
caused debromination. We conclude here that the leuco form
of MBI, either at a high or neutral pH level, is extraordinarily
sensitive to debromination by visible light.

Table 3 Colorimetric data of
fabric from three identical two-
pass equimolar MBI/DBI mixed
dyeing runs

Pass Value Run 1 SD Run 2 SD Run 3 SD Avg. SD ΔEab*

1st L* 33.8 1.1 36.4 0.7 34.8 0.5 35.0 1.3 2.7 (Run 1, run 2)

a* 25.3 0.3 25.5 0.1 28.2 0.1 26.3 1.6 3.4 (Run 2, run 3)

b* −22.9 0.4 −23.4 0.5 −24.6 0.3 −23.6 0.9 3.5 (Run 1, run 3)

2nd L* 51.3 1.1 49.1 0.5 48.9 0.4 49.8 1.3 2.2 (Run 1, run 2)

a* 21.6 0.1 21.4 0.1 23.2 0.1 22.1 1.0 2.1 (Run 2, run 3)

b* −22.0 0.6 −22.3 0.3 −23.4 0.2 −22.6 0.7 3.2 (Run 1, run 3)

Table 4 Amounts of dye extracted from the fabric of three two-pass
one-component wool dyeing runs and colorimetric data from the fabric

CIELAB values

Dyeing Amt.a (SD) % exh.b L* a* b*

IND Max.c 9.3

First pass 2.5 (0.01) 27%d 37 −2.2 −20

Second pass 1.8 (0.01) 46%e 41 −2.5 −21

MBI Max.c 12

First pass 7.9 (0.1) 66%d 28 27 −27

Second pass 3.7 (0.25) 97%e 39 25 −28

DBI Max.c 15

First pass 5.0 (0.05) 33%d 39 28 −21

Second pass 1.9 (0.03) 46%e 54 22 −19

amg dye/g wool
b% exhaustion: amount of dye on fabric compared to amount of leuco-
dye in the vat before dyeing
cMaximum amount of dye on fabric if all of the leuco form had been
absorbed in one pass
dAmount on fabric after 1st pass compared to max. amount
eTotal amount absorbed after two passes compared to max. amount
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Materials and methods

Chemicals and materials

HPLC-grade dimethyl sulfoxide (DMSO), trifluoroacetic acid
(TFA) (assay >99.0%), tetrahydrofuran (≥99.9%, inhibitor-
free), and sodium hydrosulfite (sodium dithionite; technical
grade, 85%) were obtained from Sigma-Aldrich (USA).
HPLC-grade acetonitrile and water were obtained from
ChemLab (Belgium). Wool fabric was obtained from Akn
Fabrics Inc. (New York City, USA).

Indigo was purchased from TCI (Japan) (>98% purity) or
Sigma-Aldrich (95% purity). DBI was synthesized by the pro-
cedure of Tanoue et al. [35], and MBI was prepared by the
procedure of Clark and Cooksey [24]. Purity was established
by NMR and TLC analysis of the N,N′-bis(trifluoroacetyl)
derivatives [24, 36] and by HPLC [32].

Instrumentation and analysis methods

Colorimetric analysis

CIELAB data were collected with a Konica Minolta Color
Reader CR-10 tristimulus colorimeter, with a 10-mm/8-mm
aperture/viewing area, 8° illumination angle with CIE stan-
dard illuminant D65, and CIE 10° viewing angle with diffuse
viewing. All samples were backedwith an opaque white back-
ground. Averages were taken of at least 10 measurements
from different spots on the fabrics. In the indigo dyeings,
approximately 90% of the area of the fabric was of an even
color for all three passes, while approximately 75% of the area
of the fabric was of an even color in the first and second passes
of brominated indigoid dyeings. Measurements were taken
from evenly colored areas of all dyeings. The third passes of
MBI and DBI dyeings were highly mottled in appearance, and
therefore the third-pass data were not useable.

In the CIELAB color space [37], a color is characterized by
three attributes: the lightness, L*, the hue, which is given by
two values, a* and b*, and the saturation, which is indicated
by the absolute values of a* and b*. The L* value varies from
0 (black) to 100 (white), while the a* value is positive for

redness and negative for greenness, and the b* value is posi-
tive for yellowness and negative for blueness. High absolute
values of a* and b* signify a highly saturated or vivid color,
while low absolute values of these mean a color towards gray.
The ΔEab* value [37] is a measure of the difference between
two colors and is the Euclidean distance between two points in
the three-dimensional color space. The formula for ΔEab* is
the square root of the sum of the squares of the changes in L*,
a*, and b* values. We have found that a color change in these
samples is just noticeable for ΔEab* values around 4.

HPLC analysis

Instrumentation The HPLC-DAD system (Ultimate 3000,
Dionex) consisted of a LPG-3000 quaternary HPLC pump
with a vacuum degasser, a WPS-3000SL autosampler, a col-
umn compartment TCC-3000SD, and a UV–Vis Diode Array
Detector (DAD-3000). Analyses were carried out by injecting
20 μL in to an Al l t ima HP C18 Grace co lumn
(250 mm × 3 mm i.d., 5 μm particle size; Alltech Associates
Inc., USA) at a stable temperature of 35 °C. Data acquisition
was carried out via the Chromeleon software, version 6.80
(Dionex).

HPLC method and sample preparation The original ver-
sion of the applied chromatographic method [38] was recently
improved [22] and validated [33]. Two solvent reservoirs,
containing (A) 0.1% (v/v) TFA in H2O and (B) 0.1% (v/v)
TFA in CH3CN, were used for chromatographic separation,
under a gradient which is described in detail elsewhere [37].
The monitoring wavelength of the detector was 288 nm.

Prior to HPLC, the samples were solubilized in DMSO by
heating at 80 °C for 15 min, followed by centrifugation at
3000 rpm for 3 min. The injected supernatants were clear.

Analys is of samples from “Effect of l ight on

debromination of leuco-MBI” section HPLC analyses were
performed in triplicate, i.e., three subsamples were generated
from each of the four given samples and analyzed separately.
For each sample, an amount of around 200 μg was dissolved
in 3 mL of hot DMSO and analyzed as described above. The

Table 5 Amounts of dye
molecules on the fabric of two
equimolar mixed dyeings and
colorimetric data

Dye amounts (SD) (μmol/g wool) CIELAB values

Dyeing Pass IND MBI MBI/IND L* a* b*

1:1 IND/MBI 1st 6.9 (0.01) 8.8 (0.03) 1.3 31 11 −24

2nd 5.0 (0.03) 4.1 (0.04) 0.82 41 5.7 −25

DBI MBI MBI/DBI

1:1 MBI/DBI 1st 1.9 (0.02) 2.6 (0.04) 1.4 35 26 −24

2nd 1.5 (0.005) 2.2 (0.005) 1.5 50 22 −23
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injected supernatants were clear. Integrated areas were mea-
sured at a detector wavelength of 288 nm.

Analysis of samples from “MBI dyeing: exposure of the

vat to incandescent light,” “IND, MBI, and DBI dyeings:

affinity of leuco forms for wool,” and “Mixed indigoid

dyeings: competition experiments” sections The standard
additions method was adopted by fortifying aliquots of a pooled
sample, whichwas derived by blending equal quantities (100μg)
of the investigated samples, subsequently dissolved in 1 mL of
DMSO and heated according to the “sample preparation” proce-
dure described above. Five 100-μL aliquots of the clear super-
natants were spiked with 100 μL of standard multicomponent
mixtures of the analytes (IND,MBI,DBI), in order to obtain final
added concentrations of 0.1, 0.2, 0.3, 0.5, and 1.5μg/mL. For the
preparation of the blank sample, to a 100-μL aliquot of the
pooled sample, 100 μL of DMSO was added. The blank and
the fortified aliquots were measured in triplicate. Calibration
curves were constructed by plotting the means of peak areas
against added concentrations of the analytes.

Linearity and accuracy of HPLC method Linearity was
evaluated by calibration using spiked samples in order to com-
pensate for matrix effects (Table 6). Calibration curves were
constructed by plotting the coloring compounds’ peak areas
against concentrations. Linear least squares regression was
applied for the calculation of slopes (b), intercepts (a), and
correlation coefficients (r). The limits of detection (LOD)
and limits of quantification (LOQ) were calculated as 3·3Sa/
b and 10Sa/b, respectively, where Sa is the standard deviation
of the y-intercept and b the slope of the regression equations.

According to the results of Table 6, linearity was obeyed in
the range 0.1–1.5 μg/mL with LOD and LOQ ranging be-
tween 0.03 to 0.04 μg/mL and 0.09 to 0.12 respectively, for
the three detected compounds. The linearity, expressed as the
correlation coefficient of the calibration curves, was higher
than 0.999 in all cases. LODs and LOQs reported in Table 6
are in excellent agreement with a previously published report
[33] where shellfish purple samples were quantified using the
same HPLC-DAD method applied herein.

For the assessment of the accuracy of the method, the re-
covery of the analytes from spiked samples was calculated by
means of the standard additions method calibration. The ac-
curacy was determined with the percentage recovery using the
spiked pooled samples, at three concentration levels of the
analytes. The accuracy was calculated as the percentage of
the [(mean measured − initial)/added] concentrations of the
analytes. The experimental findings are summarized in
Table 7. The recoveries were acceptable in all cases, ranging
between 92 and 100%.

Dyeing procedures

Equimolar MBI/DBI dyeing A 250-mL three-neck round-
bottom flask fitted with a water condenser was swept with N2

and kept under a positive pressure of N2 during the dyeing.
Distilled water (100 mL) and THF (15 mL) were introduced,
followed by NaOH (0.50 g, 13 mmol). The solution was
brought to reflux (75–80 °C) with magnetic stirring, and
Na2S2O4 (0.50 g, 85% purity, 2.4 mmol ) was added, followed
immediately by DBI (10.5 mg, 0.0250 mmol) and MBI
(8.5 mg, 0.025 mmol), both of which had been finely ground
in an agate mortar. At this point, the window shades were
drawn, and the flask was wrapped in aluminum foil. The fluo-
rescent room lights were kept on. A yellow-green solution,
containing a small amount of dark particles, was obtained after
15min at reflux. Addition of NH4Cl (2.0 g, 37mmol) gave the
protonated leuco form of the dye. Wool fabric (1.4 g), which
had been soaked in dilute soap solution, was introduced. The
stirring rate was reduced, and the solution was heated at reflux
for 15min. From this point until color had fully developed, the
fabric was handled with gloves. The fabric was removed from
the flask and exposed to air, underneath a shield of aluminum
foil. After at least 30 min of air exposure, the fabric was rinsed
in aqueous 1% aqueous HOAc solution and allowed to dry.
Second and third passes were made in the same manner with
additional fabric.

The equimolar IND/MBI dyeing run was done in the same
fashion. The other dyeing runs using only one of the three
indigoids were done by the same procedure, using 0.050mmol
of the dye.

Table 6 Linearity data, limits of detection (LOD), and limits of quantitation (LOQ) of the HPLC method

cpd Regression equation y = (a ± SDa) + (b ± SDb)x Correlation
coefficient (r)

LOD(μg/mL) LOQ (μg/mL)

IND y = (0.2739 ± 0.0256) + (2.5635 ± 0.0386)x 0.9995 0.03 0.09

MBI y = (0.5881 ± 0.0276) + (2.5092 ± 0.0416)x 0.9995 0.04 0.12

DBI y = (0.1722 ± 0.0149) + (1.6486 ± 0.0224)x 0.9996 0.03 0.09

y and x values were measured in spiked samples

y peak area (n = 3), x concentration (μg/mL), a intercept, b slope, SDa and SDb standard deviations of intercept and slope, respectively
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Isolation of MBI from oxidation of the dye vat containing

neutral leuco-MBI A dye vat of leuco-MBI monoanion was
prepared as above, using 34 mg (0.10 mmol) of MBI and
doubling the amounts of the other reagents and solvents.
After addition of NH4Cl (4.0 g, 74 mmol), the vat was heated
at reflux while protecting from light for 1 h, to simulate a
three-pass dyeing run. The vat was opened to the air, while
protecting from light. After an overnight period of stirring
completely in the dark, the blue fine precipitate which had
formed was isolated by suction filtration, washing with dis-
tilled water. Isolated was 13 mg of fine blue powder.

Partial debromination of neutral leuco-MBI with fluores-

cent light A dye vat of leuco-MBI monoanion was prepared as
above, using 34 mg (0.10 mmol) of MBI and doubling the
amounts of the other reagents and solvents. After the NH4Cl
was added, the vat was uncovered and exposed to ambient fluo-
rescent light for 1 h, keeping the vat at reflux. The vat was
opened to the air, while protecting from light. After an overnight
period of stirring completely in the dark, the blue fine precipitate
which had formed was isolated by suction filtration, washing
with distilled water. Isolated was 15 mg of fine blue powder.

Partial debromination of leuco-MBI dianion with fluores-

cent light A dye vat of leuco-MBI dianion was prepared as
above, using 34 mg (0.10 mmol) of MBI and doubling the
amounts of the other reagents and solvents. After the 15-min
reflux period and before the NH4Cl was added, the vat was
uncovered and exposed to ambient fluorescent light for 1 h,
keeping the vat at reflux. NH4Cl (4.0 g, 74 mmol) was added,
and the vat was protected from light again. After another hour
at reflux to simulate the time of a three-pass dyeing, the vat
was allowed to cool to ambient temperature and opened to the
air, while still protecting from light. After an overnight period
of stirring completely in the dark, the blue fine precipitate

which had formed was isolated by suction filtration, washing
with distilled water. Isolated was 14 mg of fine blue powder.

Partial debromination of leuco-MBI dianion with incan-

descent lightA dye vat of leuco-MBI dianion was prepared as
above. After the 15-min reflux period and before the NH4Cl
was added, the vat was uncovered and exposed to a 50-W
small desk lamp (approx. 6-in separation between lamp and
vat) for 1 h, with all other lights off, keeping the vat at reflux.
The vat immediately turned a deep red color upon exposure to
the light. NH4Cl (4.0 g, 74 mmol) was added, causing a color
change to dark green, and then the vat was protected from
light again. After another hour at reflux to simulate the time
of a three-pass dyeing run, the vat was allowed to cool to
ambient temperature and opened to the air, while still
protecting from light. After an overnight period of stirring
completely in the dark, the fine blue precipitate which had
formed was isolated by suction filtration, washing with dis-
tilled water. Isolated was 15 mg of fine blue powder.
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