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A New HPLC-PDA Method for the 
Analysis of Tyrian Purple Components
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Introduction

The chemical fingerprinting of molluskan Tyrian 
Purple pigments has advanced by quantum 
leaps in recent years. Until about a decade ago, 
the detection of a true purple pigment on an 
ancient dye vat potsherd, or the identification 
of a real purple dye on an archaeological textile, 
required the detection of the singular chemical 
‘biochemical-marker’ to indicate the bona fide 
pigment.1 This genuine purple ‘trademark’, 
the dye common to all authentic purples, is 
the famous doubly brominated indigo, a dark 
purple substance that can only be produced in 
nature from a molluskan source and not from 
a plant source. Ancient vegetal chicanery has 
‘faked’ this purple hue by double-dyeing wool 
with the blue plant-produced indigo dye and 
with a red dyestuff of plant or insect origin, or 
by dyeing an iron salt-mordanted woolen with 
such a red dyestuff.2 However, only a marine 
creature possesses the biochemical ability to 
produce dibromoindigo, commonly abbreviated 
as DBI, as well as other brominated colorants. 
The dye’s initial fame is due to Friedländer who 
in 1909 synthesized it and also isolated it from 
various purple-producing mollusks.3

Recent analyses have shown that modern and 
archaeological purple pigments from various 
molluskan species contain more components 
than the primary DBI.4 These colorants can be 

classified as isatinoids, indigoids, and indirubi-
noids, whose molecular structures are given 
in Figure 1. Thus, in order to obtain a more 
complete profile of that dyestuff, it is necessary 
to identify all the detectable colorants contained 
in the purple pigment. Such a multicomponent 
analysis will be able to produce a more detailed 
chemical characterization that should help in the 
determination of the geographical and zoolog-
ical provenance of purple dyestuffs.

In the course of the current method develop-
ment, it was found that while the HPLC method 
previously used for the detection of indigoidal 
dyes was satisfactory for detecting a number of 
key Tyrian Purple components,5 it was never-
theless not suitable for the identification of 
other important fingerprinting compounds. 
Specifically, this method lacked the ability to 
identify various isatinoids, and it did not possess 
the resolution required to produce a clear sepa-
ration between the singly brominated indirubins 
and the dibrominated indigo molecule.

This paper presents a new reverse-phase 
high-performance liquid chromatographic 
(HPLC) method for the well-resolved separa-
tion and identification of ten brominated and 
unbrominated indigoid dyes in 25 minutes. The 
linear gradient elution scheme is composed of a 
ternary aqueous acidic methanolic mobile phase, 
and the component detection is performed by 
way of a photodiode array (PDA) detector. This 
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is the first time that all of these components have 
been analyzed by a single elution method.

Phoenician purple pigments: a brief look 

The biogenesis and chemistry of the molluskan 
purple dyestuff, though not completely under-
stood, have been studied,6 and also reviewed.7 

Recently, natural dyeings were produced with 
dried Hexaplex trunculus (Murex trunculus) 
pigments reduced by cockles,8 as well as with 
fresh H. trunculus glands using an all-murex 
dye-bath.9 The pigment is produced from the 
colorless precursors contained in the hypo-
branchial glandular fluid of the living animal. 
These precursors consist of substituted and 
unsubstituted indoxyl sulfates, as well as their 

Figure 1 Molecular structures and common and abbreviated names of the isatinoids, 
indigoids, and indirubinoids.
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brominated and unbrominated counterparts. 
Purpurase, the enzyme required for the hydrol-
ysis of these indoxyl sulfates, is also present in 
the gland, although not in the same compart-
ment as the precursors. When the gland is punc-
tured, as in the excision process, or when the 
animal expires, the enzyme comes into contact 
with the precursors and hydrolyzes them. These 
hydrolyzates then undergo a series of spontan-
eous oxidative reactions to form indigoids and 
other products, such as tyrindoxyls and tyriv-
erdins. Solar radiation can photolyze the tyriv-
erdins to produce brominated indigoids. The 
increased temperature caused by the infrared 
portion of the solar radiation will accelerate all 
the reactions, and the rate of the photochem-
ical reactions is proportional to the radiation 
intensity.

Along the Levantine Mediterranean coasts 
of present-day Israel and Lebanon, three 
molluskan species have been associated with 
purple dyeing.10 These Muricidae sea snails, 
whose common familial approbation is – or 
was – Murex, consist of Hexaplex trunculus 
(Linnaeus, 1758, formerly Murex trunculus, 
Phyllonotus trunculus), Bolinus brandaris 
(Linnaeus, 1758, formerly Murex brandaris) 
and Stramonita haemastoma (Linnaeus, 1766, 
formerly Purpura haemastoma, Thais haemas-
toma). The industrial biochemical production of 
the royal purple pigment from these sea snails 
originated from as early as perhaps 4000 years 
ago.11

HPLC analyses of brominated colorants

Chromatography is a far superior instrumental 
tool for performing a multicomponent analysis 
than is a spectrometric technique alone. The 
former is a separatory technique, while the latter 
only provides an overlap of information, a total 
picture that is the sum of its parts.

Past HPLC analyses of brominated indigoid 
colorants have been applied to only some of the 
dye components that may be present in a shell-
fish (Tyrian) purple pigment. Table 1 (below) 
lists those molluskan-related colorants that have 
until recently been analyzed by HPLC, with the 
first such analysis performed nearly two decades 
ago. The commonly used elution method 
was originally published in a Chinese article 
describing the identification of vegetal indigo 
and indirubin;22 it was subsequently applied to 
brominated indigoids of a molluskan source.23 
The method consists of varying methanol and 
water compositions linearly whilst maintaining 
5 % w/v H3PO4 solution at a constant 10 % 
composition. For methanol, the cumulative 
times (and concentrations) are: 0–1 min (30 %), 
3 min (60 %), 15 min (90 %).

This method has been excellent for the 
detection of several key components of shell-
fish purple pigments. However, recent analyses 
of these dyestuffs have clearly indicated that 
other colorants, such as isatin and possibly other 
substituted isatinoids, are also present in purple 
Hexaplex trunculus pigments.24 Hence, a new 

Table 1 Molluskan-related indigoidal dyes analyzed via HPLC. 

Researchers (reference) Year
Method used 

(ref.)
Dyes investigated

IS 4BIS 6BIS IND INR MBI 6MBIR DBI 6′MBIRDBIR
Wouters and Verhecken (12) 1991 (13)
Wouters (14) 1992 (12) *
Koren (15) 1994 (12)
Koren (16) 1995 (12)
Koren (17) 1997 (12)
Clark and Cooksey (18) 1997 (not reported)
Cooksey (19) 2001 (not reported)
Cooksey & Withnall (20) 2001 (12)
Withnall, Patel, Cooksey, Naegel (21) 2005 (21)
Koren (current work) (see text)
*A ‘brominated indirubin’ was postulated, without precise molecular identification.
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HPLC method was needed for performing more 
detailed multicomponent analyses of purple 
snail pigments.

Experimental

Reagents and dyes

The ternary mobile phase consisted of methanol, 
water, and 5 % w/v phosphoric acid solution. 
The latter was prepared to yield a pH of 1.50 
at 25 °C. The standard dyes were synthesized 
and provided by Chris Cooksey (formerly of 
University College, London), except for indigo, 
which was obtained as ‘Indigo rein’ (BASF 
Chemicals).

HPLC system

The chromatographic system used consisted 
entirely of WatersTM equipment. The pump 
was a model 600E Controller and the detector 
was a 996 PDA, both controlled by Millennium-
32 software. The stationary phase consisted of 
a 3.0 × 150 mm C18 Symmetry column with 
5 μm particle and 100 Å pore diameters, respec-
tively. Sample solutions were injected manually 
through a 20-μL sample loop.

Extraction and sample preparation

Each dye was dissolved in dimethyl sulfoxide 
(DMSO) and processed under subdued lighting 
conditions as brominated indigoids can undergo 
photo-debromination. The sample was heated 

for 5 min at 100 °C, allowed to cool to room 
temperature for 15 min, and then filtered in 
an Alltech 0.45-μm micro-spin polypropylene 
centrifuge tube with nylon filter.

Elution methods

Two linear gradient elution methods with 
differing flow rates were applied, as indicated 
in Table 2; these are identical for the first 21 
minutes. The first method is more conventional 
in that it uses a constant flow rate (0.8 mL min–1)
throughout, while the second method devel-
oped consists of an accelerated flow rate from 
21 minutes in order to expedite the elution of 
the last remaining dye.

Results and discussion

Extracting solvent

Various solvents, such as dimethyl formamide 
(DMF, used warm25 and at 150 °C26) and pyri-
dine (100 °C),27 have been used for extracting 
indigoids. In the course of the author’s investi-
gations into the ‘purple problem’ it was found 
that an excellent solvent for the dissolution of 
these blue, red, and purple colorants is dimethyl 
sulfoxide (DMSO) at 100 °C or higher. It has 
certain advantages over these other solvents, as 
it can be used at higher temperatures (its boiling 
point is 189 °C, as compared with 153 °C and 
115 °C for DMF and pyridine, respectively)28 
and it does not possess the noxious pungent 
odor of pyridine. It has also been found to be 

Table 2 Linear HPLC gradient elution methods for the analyses of indigoidal dyes: 
constant (Method 1) and increasing (Method 2) flow rate methods.

Method Time (min)
Flow rate
(mL/min)

Methanol
( %)

Water
( %)

5 % H3PO4
(pH = 1.50)

( %)
Methods 1 & 2   0 →   3 0.8 30  →  75 60 → 15 10

  3 → 20 0.8 75 15 10
20 → 21 0.8 75 → 100 15 → 0 10 → 0

Method 1 21 → 30 0.8 100 0 0
Method 2 21 → 24 0.8 → 1.4 100 0 0

24 → 25 1.4 → 2.1 100 0 0
25 → 27 2.1 100 0 0
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the optimal extracting solvent for the red dye 
carthamin in red safflower dyeings.29

Constant flow-rate method

The flow rate of 0.8 mL min–1 was selected for 
this chromatographic system so that the initial 
column pressure was close to, but not higher 
than, about 3000 PSI, and did not increase 
during the run by more than about 10 %. This 
method (see Table 2) produced the chromato-
grams shown in Figure 2 for a DMSO-solution 
containing all of the ten standard dyes. The 
detection wavelengths are chosen to provide 
for the best visualizations of the peaks. The 
figure shows that this chromatographic method 
produces well-resolved peaks throughout. 

The elution order conforms to a logical 
progression due to molecular structure 
(polarity) and size. The three relatively small 
isatinoid molecules are the first to elute between 
about 3 and 7 min, with the small polar isatin 
(IS in Table 1) eluting first, but retained in the 
column for about 3 min, far away from the 
solvent front or hold-up time. The less polar 
and heavier isomeric bromoisatins are more 
retained and, though they elute close to each 
other, they are nevertheless clearly separated. 
The 4-bromoisatin (4BIS) is not a component of 

a molluskan purple pigment, but has been used 
in this study to show that the developed method 
is responsive enough to separate it from the 
isomeric component substituted in the 6-posi-
tion. Isatin and its 6-bromoisatin (6BIS) isomer 
may be found in the final pigment, as they are 
intermediates in the photo-oxidative pathway 
leading to the purple product.30 The advantage 
of this method over those previously published 
is that previous indigoid studies did not address 
the chromatographability of the isatinoids.

The second series of dyes elutes between 
about 10 and 13 min, and consists of dimer-
ized isatinoids, namely indigo (IND), indirubin 
(INR, the asymmetric isomer of indigo) and the 
singly brominated indigo (MBI), respectively.

The third group, eluting between about 18.5 
and 20.5 min, consists of more brominated, and 
thus higher molecular weight, dimers specifi-
cally the singly brominated asymmetric indirubi-
noids and the doubly brominated indigo. The 
dibromoindigo (DBI) component is sandwiched 
between the 6- and the 6′-monobromoindirubins 
(6MBIR and 6′MBIR), respectively. The method 
developed in this study produced a much better 
separation of these three ‘stubborn’ dyes than 
previously reported.31 The 6MBIR, DBI, and 
6′MBIR dyes were separated by a total of about 
2 min, compared with only 1 min as published 

Figure 2 Chromatograms of a DMSO solution of the ten indigoidal dyes 
visualized at 400 nm for the isatinoids (top) and at 594 nm for the indigoids 
and indirubinoids (bottom).
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earlier. It was found that the use of an acidic 
elution system maximized the separation of the 
latter two dyes, which in many chromatographic 
studies tend to elute together, to an average 
of about 45 seconds. Thus, though these two 
components elute close to one another, never-
theless, their respective peaks are both still 
clearly resolvable, as seen from the chromato-
gram (Fig. 2). Further, as the molecular weights 
of DBI and 6′MBIR are substantially different, 
additional mass spectrometric detection of these 
colorants would be helpful for future work.

The last eluting dye, the bulky asymmetric, 
doubly brominated indirubin (DBIR), is the most 
retained. Its chromatographic positioning far 
away from the other components was necessitated 
by the need to separate clearly previously eluting 
components from each other. It was found that 
DBIR’s elution could be hastened by maximizing 
the methanol composition to 100 % in the mobile 
phase, with a parallel reduction in the aqueous 
acidic phase from 10 % to 0 % phosphoric acid, 
as soon as the next-to-last dye (6′MBIR) washed 
out of the column (see Table 2). This condition 
prompted DBIR to elute at less than 28 min, as 
shown in the chromatogram (Fig. 2).

For each component, i, the average retention 
time (symbolized as RT or as tR) and relative 
retention time (RRT = RTi/RTindigo) are given 

in Table 3 together with the respective standard 
deviations (SD) and  % relative standard devia-
tions (RSD). The RSD is an important statistical 
property as it is a measure of the precision or 
reproducibility of the experimental results. It is 
the standard deviation relative to the average 
value (AVG), and as a percentage is defined 
as  %RSD = 100 × (SD/AVG).

It can be seen from Table 3 that the precisions 
in the average retention times of the dyes range 
from 0.11 to 0.83 % for the six runs performed 
in the same day. As expected, the reproducibili-
ties of the relative retention times of the dyes 
are even better. The RRT has been widely used 
as a characteristic retention quantifier in HPLC 
studies; in the current work, the RRTs have 
resulted in the highest degree of reproducibility 
of all the most common retention parameters. 
The precisions in the average RRTs range from 
0.04 to 0.76 %.

UV-visible spectra

The ultraviolet/visible spectra of these dyes, as 
produced by the photodiode array detector of 
the chromatograph, are presented in Figures 
3–5. For each spectrum, the wavelengths with 
maximal absorptions, λmax, are given together 
with the relative absorbances (or absorptivities, 

Table 3 Average retention times (RT) and relative retention times (RRT) for the indigoidal dye components and corre-
sponding standard deviations (SD) and  % relative standard deviations (RSD) for the two flow-rate methods (Table 2).

Dye 
component

Method 1: Constant flow rate
(Same day, n = 6)

Method 2: Increasing flow rate
(Same day, n = 6)

Retention times Relative retention times Retention times Relative retention times

AVG SD  %RSD AVG SD  %RSD AVG SD  %RSD AVG SD  %RSD

IS 3.11 0.0110 0.35 0.305 0.0008 0.25

4BIS 6.76 0.0107 0.16 0.663 0.0003 0.04
6BIS 7.32 0.0093 0.13 0.718 0.0006 0.09
IND 10.20 0.0161 0.16 1 0 0 10.15 0.0748 0.74 1 0 0

INR 12.19 0.0375 0.31 1.195 0.0019 0.16
MBI 13.26 0.0491 0.37 1.300 0.0030 0.23
6MBIR 18.58 0.1227 0.66 1.821 0.0093 0.51
DBI 19.70 0.1590 0.81 1.931 0.0124 0.64
6′MBIR 20.47 0.1691 0.83 2.006 0.0153 0.76
DBIR 27.46 0.0292 0.11 2.693 0.0031 0.11 25.04 0.0909 0.36 2.468 0.0092 0.37
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usually symbolized as ε or a) at those wave-
lengths. These values can be used in future 
work for the Beer-Lambert quantifications of 
the absolute concentrations of these dyes.

Accelerated flow-rate method

The retention time of DBIR was more than 
27 min with the constant flow rate method 
discussed above. In order to shorten its reten-
tion time further, the mobile phase flow rate 
was increased after 21 min, which is the time 
for the complete elution of the previously 
eluting component, 6′MBIR. As Table 2 indi-
cates, the flow rate was increased from a value 
of 0.8 to 1.4 mL min–1 over a 3-min interval, 
and then accelerated to 2.1 mL min–1 over a 
1-min period. These flow rates and intervals were 
chosen so that the column pressure would be less 
than 4000 PSI, which is near the upper pressure 

limit of most HPLC instruments. Figure 6 shows 
the variation of pressure throughout the run. 
For the first 21 min the two elution methods 
are identical. In the accelerated method, the 
pressure rises to about 3800 PSI, which is still a 
tolerable high-pressure value.

As indicated in Table 3, DBIR elutes at about 
25 min with this new method, more than 2 min 
faster than with the conventional constant flow 
rate. The average retention time of DBIR as 
well as its RRT, relative to indigo, are highly 
reproducible with  %RSD values of 0.36 % and 
0.37 %, respectively, for six same-day run-to-run 
experiments.

This chromatographic method can be 
summarized in Figure 7, which shows group 
separations according to chemical functionality 
as a time-dependent function of the percentage 
compositions of the eluents and of the flow rate. 
The isatinoid, indigoid, and indirubinoid dyes 

Figure 5 UV-visible spectra of the 
indirubinoids as determined by the 
PDA detector with local λmax values 
(and corresponding relative absorp-
tivities): (a) INR; (b) 6MBIR; (c) 
6′MBIR; (D) DBIR.

Figure 3 UV-visible spectra of 
the isatinoids as determined by 
the PDA detector with local 
λmax values (and correspon-
ding relative absorptivities): 
(a) IS; (b) 4BIS; (c) 6BIS.

Figure 4 UV-visible spectra of the 
indigoids as determined by the PDA 
detector with local λmax values (and 
corresponding relative absorptivities): 
(a) IND; (b) MBI; (c) DBI.
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investigated belong to the following chemical 
groups respectively: indole diones, 2,2′-biindole 
diones, and 2,3′-biindole diones. The small 
indole diones are the first to elute followed by 
the second group, composed of relatively simple 
biindole diones (indigo and indirubin) and the 
singly brominated indigo. The complex biindole 
diones, consisting of the doubly substituted 

indigo sandwiched between the singly substituted 
indirubinoids, is the third group to elute. The 
last eluting high molecular weight biindole 
dione, DBIR, is more asymmetric than its isomer 
DBI, and is the sole member of the last group to 
elute out of the chromatographic column. No 
other colorant has yet been detected to elute 
after DBIR.

Figure 6 Variation of pressure with time for the increasing flow rate method.

Figure 7 Group elutions of the isatinoids, indigoids, and indirubinoids 
based on the increasing flow rate method.
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Conclusion

This work has shown that more indigoidal and 
related components than previously analyzed 
can be chromatographed in about 25 min by a 
single elution method, which yields well-resolved 
peaks, homologous group separations, and 
quantifiable retention parameters. The method 
should therefore be able to predict and detect 
the chromatographic positions of other color-
ants that may be present in various molluskan 
purple pigments. For example, based on the 
‘road map’ of Figure 7, the logical position for 
other monomeric colorants, such as brominated 
and unbrominated sulfur-substituted isatinoids, 
would be after their unsulfurated complements, 
but before the dimeric indigo molecule.

This analytical scheme would thus be able to 
provide qualitatively and quantitatively a more 
detailed ‘biochemical fingerprint’ of modern 
pigments produced from various purple-
yielding marine species collected at different 
geographical locations around the world. Such a 
full multicomponent chemical characterization 
would thus aid in determining the zoological 
and geographical provenance of the sea snails 
used in producing the ancient royal and sacred 
pigments found on archaeological dye vat 
potsherds and on ancient textile dyeings. This 
method was recently applied to the analysis of 
the purple paint pigment on a 2,500-year-old 
marble jar belonging to King Darius I of ancient 
Persia.32
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