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A B S T R A C T   

Shikonin, Shk, is a molecule of colour characterized by its natural phenolic-based compound composition, 
belonging to the naphthoquinone family. It is known for its low solubility in water and limited resistance to 
lightfastness. Shk is present in variable amount in the dried roots of Lithospermum erythrorhizon, Lithospermum 
officinale, and Alkanna tinctoria. The dyestuff extracted from these plants has historically been employed in Asia 
and Europe for textile dyeing, producing various shades of purple. Despite the historical significance of this dye, 
it has received limited attention in the context of cultural heritage studies. In the present work, Shk and model 
hydroxynaphthoquinone dyes were irradiated with polychromatic and monochromatic light in solution and in 
the solid state, mimicking paint mock-ups, to evaluate their photochemical stability. Low photoreaction quantum 
yield values (ϕR < 10− 5) were observed in solution, providing quantitative evidence for the high stability of this 
molecule to light exposure. Chromatographic-mass spectrometric analyses carried out on the irradiated solutions 
and extracts from artificially aged Shk paint mock-ups, detected 5,8-dihydroxy-2-(1‑hydroxy-3-oxo-4-methyl-4- 
pentenyl)-l,4-naphthoquinone as degradation product, together with newly identified intermediate species 
involved in the complex photodegradation process. These indicate that, both in solution and in the solid state, the 
photoreaction of Shk proceeds with a similar mechanism. In the context of heritage science, this work con-
tributes to highlight the potentialities of the adopted noninvasive approach, corroborated by results collected by 
chromatographic-mass spectrometric techniques, in identifying Shk in historical and archaeological specimens 
through its absorption and emission features and/or by detecting its degradation products which are, for the first 
time, characterized in terms of their UV–Vis absorption and emission spectral properties.   

1. Introduction 

Shikonin is a purple dye present as a primary colored component in 
the extracts from the dried roots of Lithospermum erythrorhizon, also 
known as gromwell [1-4]. The habitat of this plant is situated in China, 
Korea, Russia, and Japan. Shikonin is also found in another plant, 
Alkanna tinctoria, which is native to Central Europe and Mediterranean 
region [5]. However, Alkanna tinctoria contains a smaller amount of 
dyeing material and, in addition to shikonin, also includes the R-enan-
tiomer of Shk, known as alkannin [6,7]. 

The extract from gromwell roots produces a deep purple dyestuff that 
has been extensively used from ancient times in many Asian regions, for 

dyeing silk with beautiful colors ranging from lilac to violet [6]. Known 
as zi cao dye, it was popular in China as far back as the Warring States era 
(circa 475–221 BCE) [8-10]. In Japan, in the Nara period (710 – CE 794), 
only the royal family and the highest ranking officials were allowed to 
use the extract of the gromwell roots, known as murasaki dye, as a source 
of violet for dyeing silk [10]. Analytical studies based on chromato-
graphic techniques have identified the presence of this dye in historical 
textiles, and in particular in a Japanese manchira [11], in a Chinese 
purple stripe from the Tang Dynasty (618 – CE 907) [12] and in various 
samples dated back to the 19th century collected in Western countries, 
where it was known as “Tokyo violet” [6,12]. Despite there is no 
experimental evidence on the exploitation of Shk as a pigment, its use in 
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other paint objects, not yet studied, cannot be fully excluded. 
Beyond Shk application as dyeing material, the curative and bene-

ficial properties of gromwell root’s extracts have been exploited since 
time in Traditional Chinese Medicine thought they have been just 
recently characterized. Indeed, it has been demonstrated that Shk pre-
sents antioxidant, anticancer, antidiabetic, anti-inflammatory and anti- 
microbial activity [4,13]. Additional studies on Shk and related mole-
cules, have been carried out by Raman and SERS techniques [7,14,15], 
while its photophysical characterization has been performed in solution 
through UV–Vis spectroscopic techniques [16]. Moreover, the sensi-
tivity of extracts of Lithospermum erythrorhizon to gamma irradiation has 
been also investigated [17]. 

Due to the interest in pharmacological field, some studies examined 
the thermal and photochemical degradation of shikonin [17-20]. The 
formation of a photo-oxidative product ((-)− 5, 
8-dihydroxy-2-(1‑hydroxy-3-oxo-4-methyl-4-pentenyl)− 1,4-naph-
thoquinone) after one month of sun light exposure, whose structure 
retains the main skeleton of 5,8-dihydroxy-l,4-naphthoquinone, has 
been identified according to NMR, IR and FTIR data [18]. The effect of 
solvent polarity, pH and ionic strength on the photochemical decom-
position of Shk in solution was also reported [19], together with a study 
on the stability towards light and temperature on the extracted dye [20]. 
However, concerning the basic knowledge of the Shk photochemistry, 
all the published works used polychromatic irradiation thus providing 
exclusively qualitative and comparative considerations. To have a 
deeper comprehension of shikonin’s light sensitivity and to provide a 
univocal and quantitative description of its photoreaction efficiency, the 
determination of its quantum yield, using monochromatic light and 
accurately evaluating the fraction of absorbed light, would have to be 
performed. 

Furthermore, in the case of Shk, literature lacks data on absorption 
and emission spectral information regarding changes induced by irra-
diation. On the other hand, it has been widely demonstrated that a 
noninvasive identification of natural dyes on artworks through UV–Vis 
spectroscopic techniques requires a deep knowledge of their spectral 
behavior in different media and under various environmental conditions 
[21,22]. Since exposure to light is one of the major causes of degradation 
of these colored substances in polychromatic works of art, it is essential 
to know how their spectral features evolve following irradiation. To fill 
this gap, in this paper a detailed study on the photophysical and 
photochemical behavior of Shk in solution and solid-state through 
UV–Vis absorption and fluorescence spectroscopy together with a 
quantitative determination of photoreaction quantum yield, is presented 
for the first time. To investigate the role of the different molecular 
moieties of Shk on the spectral changes induced by irradiation, three 
differently substituted naphthoquinones have also been investigated. 
The spectral characterization, both in absorption and emission, has been 
first carried out in solution and then to dye powder to monitor the 
eventual effect of aggregation on spectral behavior. Finally, paint 
mockups have been studied to evaluate potential modifications due to 
interactions of the dye with a micro-environment like what could be 
found in artwork. Moreover, the changes induced in the spectral prop-
erties of the dye by both poly- and monochromatic light have been 
investigated first in solution, the simplest environment in which peculiar 
and quantitative parameters can be obtained, and then in paint mockups 
where the information previously obtained in solution are extremely 
useful in evaluating similar and/or different properties related to the 
environment in which the dye is embedded. The photoproducts formed 
during irradiation experiments, most of them never detected, have been 
identified through high-performance liquid chromatography coupled 
with high resolution mass spectrometry (HPLC–HRMS). 

2. Experimental section 

2.1. Materials 

Shikonin (Shk) and 5‑hydroxy-1,4-naphthoquinone (5HNQ), were 
purchased from Sigma-Aldrich, whereas 5,8-dihydroxy-1,4-naphthoqui-
none (DHNQ) was from TCI and acetylshikonin (AcShk) from BOC 
Sciences. Barium sulfate with a purity of 99.998 % was obtained from 
Aldrich. Gum Arabic was obtained from Windsor & Newton and used 
dissolved in water to prepare the binder. All the materials were used 
without any further purification. 

For the mock-up extraction for chromatographic analyses, ethyl-
enediaminetetraacetic acid disodium salt (EDTA, Fluka, USA) and 
dimethylformamide (DMF; 99.8 % purity, J.T. Baker, USA) were used 
while PTFE syringe filters (4 mm thickness and 0.45 μm pore diameter, 
Agilent) were employed to filter the extract prior to chromatographic 
injection. The eluents for HPLC-ESI-Q-ToF were water and acetonitrile 
both LC-MS grade (Sigma Aldrich, USA) and added with 0.1 % v/v 
formic acid (FA; J.T. Baker, USA). 

2.2. Solution samples preparation 

A non-polar solvent, cyclohexane (Cx), and a polar protic solvent, 
ethanol (EtOH), were chosen and both solvents were spectroscopic 
grade. To detect photochemical changes induced by light exposure, so-
lutions with absorbance values of ca. 1 were prepared. Prior to data 
acquisition, all samples were stirred to obtain a complete solubilization 
of the dye. 

2.3. Solid samples preparation 

The powder and paint mock-ups were both considered as solid 
samples. Powder samples were prepared by mixing the naphthoquinone 
dye with barium sulphate, with a BaSO4:naphthoquinone (Ba:NQ) ratio 
of 96:4 w/w. Barium sulfate, having a negligible absorption in the 
UV–Vis spectral range, was chosen as a white non-luminescent medium 
to dilute the color of naphthoquinone powders to avoid saturation 
threshold in reflectance spectra and strong self-absorption in fluores-
cence profiles of NQs [23,24]. The paint layers were prepared by adding 
Arabic gum in a ratio of 85:15 (w/w) to the previously prepared powder 
mixture (Ba:NQ), and then a thin layer was cast on a polycarbonate 
plastic support. 

2.4. Equipment 

2.4.1. Absorption measurements 
UV–Vis absorption spectra were recorded on a UV/Vis/NIR spec-

trophotometer (V-570 JASCO, Tokyo, Japan) equipped with Spectra 
Manager V-500 software. The spectra were acquired in the 200 – 800 nm 
range, with a 2 nm slit width; for the solution experiments, a 1 cm op-
tical path length cuvette was used. 

2.4.2. Fluorescence measurements 
Fluorescence spectra were recorded using a Fluoromax+ spectroflu-

orometer (Horiba Scientific) using FluorEssence V3.9 software. The 
sample holder was adjusted according to the sample type, whether 
liquid or solid (powder and paint layer). All spectra were corrected for 
the instrumental response and acquired with a 3 and 10 nm spectral 
resolution for liquid and solid samples respectively. For the acquisition 
of emission spectra in solid state samples, different longwave pass filters 
were placed in front of the emission monochromator to avoid the 
entrance of reflected excitation light in it. 

2.4.3. Reflectance measurements (portable equipment) 
Reflectance measurements were performed using a portable spec-

trophotometer assembled as a prototype from separate Avantes 
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(Apeldoorn, The Netherlands) components already described in a pre-
vious paper [25] and equipped with a bifurcated quartz fiber optic 
system. The reflected light was collected at 21◦ respect to the surface, 
using a 0/0 geometry, thus avoiding most of the specular reflected light. 
A 99 % Spectralon® diffuse reflectance standard (Labsphere, North 
Sutton, USA) was used for calibration. The instrument provides an 8 nm 
spectral resolution whereas the fiber optic probe allows a surface area of 
about 2 mm2 to be analyzed. 

2.4.4. Light irradiance measurements 
For all the poly- and mono-chromatic irradiation experiments per-

formed an irradiance calibrated AvaSpec-2048–2 spectrometer 
(Avantes, NL) provided with a 200 μm diameter optical fiber (FC- 
UVIR200–2 ME, Avantes) and an 8 mm active area cosine corrector (CC- 
UV–VIS/ NIR, Avantes) was employed. The spectrometer operates in the 
200–1100 nm range (300 lines per mm grating) and is equipped with an 
AvaBench-75 optical bench, a 25 μm slit which produced 1.2 nm FWHM 
spectral resolution and a 2048-pixel CCD detector. 

2.4.5. Irradiation procedure 
This procedure is divided in three steps. First, the samples were 

irradiated with a xenon lamp filtered by a water and glass filter (the 
former cuts most of the infrared radiation thus preventing sample 
heating, the latter cuts off the UV-B light fraction) with a total irradia-
tion time of approximately fourteen hours (14 h) producing a total 
irradiance exposure of 5.5 × 103 [Watt/cm2]. Air equilibrated solutions 
were irradiated in a capped cuvette (1 cm optical path length) without 
stirring. The changes induced in the absorption and emission properties 
were monitored in the same irradiated cuvette at each time interval by 
homogenizing solution before any spectral acquisition. This procedure 
was applied to all the compounds, in both cyclohexane and ethanol. For 
degraded samples, also a monochromatic irradiation experiment was 
performed to obtain a photo-degradation quantum yield (ϕR). This 
second irradiation experiment was performed using ultra-compact diode 
laser sources (Toptica Photonics AG, DE), providing different irradiation 
wavelengths, i.e. 375, 448, and 532 nm. All the samples were irradiated 
in both solvents for approximately sixteen hours (16 h) with a total 
irradiance exposure of 60 [Watt/cm2] for 375 nm, 1.2 × 103 [Watt/cm2] 
for 448 nm and 2.9 × 103 [Watt/cm2] for 532 nm. For the mono-
chromatic irradiation experiments, the irradiated cuvette area was 0.28 
cm2, while for polychromatic experiments 0.38 cm2. Third, an irradia-
tion experiment was performed on the surface of the painting layer. The 
samples were placed in the same set-up used for polychromatic irradi-
ation of solutions according to the first step and were irradiated for 
approximately eleven hours (11 h) with a total irradiance exposure of 
4.3 × 103 [Watt/cm2]. 

2.4.6. Determination of photodegradation quantum yield 
To be correctly quantified according to a reaction yield, a photore-

action must be studied in its initial phase when its degree of progress is 
limited and accessory secondary processes can be excluded. 

Schematizing the process under study as a generic photoreaction: 

A ̅→
hv B  

where A is the reactant subjected to irradiation, and B is the photo-
product, the photoreaction quantum yield can be obtained by Eq. (1): 

ϕR =
number of B molecules formed

number of photons absorbed by A
(1) 

The first needed parameter, namely the number of photons absorbed 
by A during the irradiation time, is obtained by Eq. (2): 

Number of photons absorbed by A = TNF × Fisos nm (2)  

where TNF is the total number of photons per second that arrive to the 

solution and Fnm is the fraction of light absorbed by A. The total number 
of photons can be obtained from the radiometric measurements, 
providing the number of photons per second, and the selected irradia-
tion time, Δt, according to Eq. (3): 

(TNF) =
n of photons

sec
× Δtirradiation

sec (3) 

The light fraction absorbed, Fnm, by A during the selected irradiation 
time, Δt, is obtained by the Eq. (4): 

Fisos nm =
(
1 − 10− Absisos nm

)
(4)  

where AbsA is the average absorption of the reagent A at the irradiation 
wavelength. In the first step of the reaction, the decrease in concentra-
tion of the disappearing reactant A can be reasonably considered linear. 
Since the irradiation wavelength has been selected at the isosbestic point 
(where both the reactant A and the photoproduct B have the same molar 
extinction coefficient), to have a constant total absorbance during the 

irradiation time, the AbsA
isos can be obtained by the Eq. (5): 

Abs
A
isos =

AbsA,t=0
isos + AbsA,t=i

isos

2
(5)  

where AbsA,t=0
isos is the absorbance, at t = 0, of A at isosbestic and, AbsA,t=i

isos 
is the absorbance, at t = i, of A at isosbestic. Considering that one mole of 
B is formed for each mole of A reacted, CB

formed = CA
reacted, so the absor-

bance of A at the isosbestic point at t = i is obtained by Eq. (6): 

AbsA,t=i
isos = AbsA,t=0 − AbsB,t=i = AbsA,t=0 −

(
CB

t=i × εisos
)

(6) 

Considering that in the spectral evolution we have the part at higher 
wavelength where only A absorbs, CB

t=i can be obtained in terms of 
decreasing in absorbance value of A after an irradiation time t = i at the 
wavelength where only A absorbs 

(
ΔAbsA

nm
)

divided by the molar 
extinction coefficient of A at the same wavelength 

(
εA

nm
)

according to the 
Eq. (7): 

CB
t=i =

ΔAbsA
nm

εA
nm

(7)  

considering that, all the values of molar extinction coefficients of the 
reagent A are known values simply obtained from a quantitative ab-
sorption spectrum of A in the desired solvent. 

The last experimental parameters needed for the quantum yield 
determination, namely the number of B molecules formed, is obtained 
by the Eq. (8): 

Number of B molecules formed = CB
t=i × Virradiated

L × N (8)  

where CB
t=i is the concentration of B formed at t = i, Virradiated

L is the so-
lution’s irradiated volume in liters and, N is Avogadro’s number. 

2.4.7. High performance liquid chromatography coupled with high 
resolution mass spectrometry (HPLC–ESI–Q‑ToF) 

An HPLC 1200 Infinity coupled to a Jet Stream ESI-Q-ToF 6530 In-
finity detector, and equipped with an Agilent Infinity autosampler 
(Agilent Technologies, Palo Alto, CA, USA) was used. MassHunter® 
Workstation Software (B.04.00) was used to carry out instrument con-
trol, data acquisition and analysis. The mass spectrometer operated in 
ESI negative ionization mode and the working conditions were: drying 
gas N2 (purity >98 %) temperature 350 ◦C and 10 L/min flow; nebulizer 
gas pressure 35 psi; capillary voltage 4.5 KV; sheath gas temperature 375 
◦C and 11 L/min flow; fragmentor voltage 175 V; nozzle voltage 1000 V; 
skimmer voltage 1000 V; octapole RF voltage 750 V. High resolution MS 
and MS/MS spectra were acquired in negative mode in the range 100 – 
1700 m/z at 1.04 spectra/sec scan rate (CID voltage 30 V, collision gas 
N2, purity 99.999 %). The FWHM (Full Width Half Maximum) of 
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quadrupole mass bandpass used during MS/MS precursor isolation was 
4 m/z. Auto-calibration was performed daily using Agilent tuning mix 
HP0321 (Agilent Technologies) prepared in acetonitrile. 

The chromatographic separation was performed on an analytical 
reversed-phase column Poroshell 120 EC–C18 (3.0 × 75 mm, particle 
size 2.7 μm,) with a pre-column Zorbax (4.6 × 12.5 mm, particle size 5 
μm) both Agilent Technologies (Palo Alto, CA, USA). The eluents were A: 
formic acid (FA 0.1 % v/v) in water and B: formic acid (FA 0.1 % v/v) in 
acetonitrile. The flow rate was 0.4 mL/min. The program was as follow: 
15 % B for 2.6 min, then to 50 % B in 13.0 min, to 70 % B in 5.2 min, to 
100 % B in 0.5 min and then hold for 6.7 min; re-equilibration took 11 
min. During the separation the column was thermostated at 30 ◦C. The 
injection volume was 5 μL. 

The ethanol extracts were filtered with PTFE syringe filters (0.45 µm) 
and then injected in the chromatographic systems without any dilution. 

3. Results and discussion 

The spectral characteristics (absorption and emission maxima 
together with Stokes shifts values) of the studied naphthoquinone mol-
ecules before irradiation, are listed in Table 1; data in cyclohexane can 
be found in ref [16]. The reported results and the relative Shk spectra 
displayed in Fig. 1 (in ethanol) and Fig SI1 (in cyclohexane) show that 
the absorption and emission features and the Stokes shift do not change 
significantly in relation to solvent, within the spectral resolution. 

The photodegradation study of shikonin (Shk) and of model 
hydroxynaphthoquinone dyes, 5-hydroxynaphthoquinone (5HNQ), 5,8- 
dihydroxy-1,4-naphthoquinone (DHNQ), and acetylshikonin (AcShk) 
(Scheme 1) was performed. The molecules were irradiated with xenon 
polychromatic source (with spectral distribution close to the solar 
spectrum, see Section 2.4.5) in organic solvents, cyclohexane (Cx) and 
ethanol (EtOH). To estimate the photo-degradation reaction quantum 
yield (ϕR), monochromatic irradiation experiments were also performed 
at 375 nm, 448 nm, and 532 nm in the two organic solvents. These 
specific wavelengths correspond to the isosbestic points observed in the 
absorption spectral evolutions obtained under polychromatic irradia-
tion; they have been chosen because the total absorbed light does not 
change during the selected irradiation time. Furthermore, in the first 
step of the reaction the light is absorbed only by the starting naph-
thoquinone molecule. Finally, the solid-state characterization of the 
powder and a polychromatic irradiation experiment of paint mock-ups 
were undertaken. 

The reaction kinetics was monitored by acquiring the UV–Vis ab-
sorption / reflectance and fluorescence emission spectra of both solution 
and paint layers. The resulting photoproducts detected in Shk solutions 
and in painting layer extracts were further characterized by 
HPLC–ESI–Q‑ToF. 

3.1. Photochemical behavior of Shikonin and naphthoquinones parent 
compounds in solution 

The spectral evolution of Shk in EtOH under 14 h of polychromatic 
light exposure (inset a) compared with those under dark conditions 
(inset c) are reported in Fig. 1. The absorption band of Shk in the range 
450 – 600 nm decreases as the irradiation proceeds (orange arrow in 

Fig. 1a) while a broad absorption feature at 330 – 450 nm increases (a 
gray arrow in Fig. 1a). Three isosbestic points at 221 nm, 285 nm and 
442 nm are maintained over the first 8 h of irradiation indicating the 
formation of a single photoproduct. In the subsequent hours of light 
exposure, the isosbestic points are not preserved suggesting the forma-
tion of other different photoproducts. 

As far as the fluorescence behavior is concerned, by exciting at λexc =

400 nm and 516 nm, a progressive intensity reduction of the long 
wavelength emission band (orange arrow in Fig. 1b) – due to the 
reducing absorption of the chromophore – and a concomitant increase of 
the short wavelength emission band (gray arrow in Fig. 1b) – likely 
ascribable to the formation of photo-product(s) – resulting from light 
exposure, are observed. A similar behavior is also noticed in Cx, for Shk, 
Fig. SI1. On the contrary, in the dark, no relevant changes in the ab-
sorption spectra are detected (Fig. 1c), whereas small modifications in 
the fluorescence profiles are experienced (Fig. 1d), negligible with 
respect to the high variations observed under light exposure. This dif-
ference should be attributed to the increased sensitivity of spectro-
fluorimetry compared to spectrophotometry. 

A plot of the variation of Shk absorbance and fluorescence emission 
intensity as a function of irradiation time at different wavelengths is 
shown in Fig. 2. The same experimentbut performed under dark con-
ditions (acting as a control), shows that the absorption and fluorescence 
emission values remain constant over time, regardless of the solvent 
used. On the other hand, upon light exposure, the maximum absorbance 
and emission values of the chromophore decrease while those of the 
possible photoproduct(s) increase. In particular, the absorbance of Shk, 
after ca. 5 h irradiation halves regardless of the solvent (see Fig. 2a for 
Cx at ■522 nm, and Fig. 2b for EtOH at ■517 nm). 

Quite similar spectral changes were observed when 5HNQ and 
AcShk solutions were exposed to polychromatic light irradiation in both 
EtOH and Cx (see Figures SI2 to SI5) whereas no significant changes 
were detected for DHNQ (Figs. SI6 and SI7). Peculiar is the behaviour of 
5HNQ in EtOH (Fig. SI2), where the absorption and emission features of 
the chromophore almost disappear after 12 h of irradiation, indicating a 
lower stability of this molecule to polychromatic light. In Cx (Fig. SI3), 
in contrast to EtOH (Fig. SI2), the intensity of emission spectra increase, 
especially as regards the band at lower emission wavelength (with 
maxima at ~ 460 nm). This does not happen for Shk (Fig. 1 for EtOH and 
Fig. SI1 for Cx) and for AcShk, where in EtOH (Fig. SI4) and in Cx 
(Fig. SI5) there is a similar behaviour with irradiation, i.e. an increase of 
the lowest emission band with irradiation. These data seem to indicate 
that 5HNQ has a different behaviour, especially in EtOH, compared to 
the other hydroxynaphthoquinone derivatives studied. 

The so far obtained results leads to assume that the studied molecules 
follow an equivalent photochemical pathway except for DHNQ that 
shows higher stability to light irradiation. This stability is due to the six 
membered ring, involving the hydroxy and carbonyl group in close 
proximity, which facilitate a very fast Excited State Intramolecular 
Proton Transfer (ESIPT) reaction. This is common to other hydrox-
y‑carbonyl systems such as 3-hydroxyflavone derivatives [26-28]; yet, it 
does not necessarily involves a six membered ring, but a close proximity 
between OH (or NH) and C = O groups [22,29]. This ESIPT, which also 
acts as a very effective radiationless deactivation channel, although 
present in all compounds, appears to be more effective in 5HNQ than in 
Shk, AcShK, as reflected by the lower fluorescence quantum yield of 
5HNQ and the high internal conversion quantum yield of the diacety-
lated compound (99 %) [16]. 

To obtain the photo-degradation quantum yield (ϕR), solutions of the 
studied compounds were exposed to monochromatic irradiation with 
wavelengths corresponding to the isosbestic points observed in the ab-
sorption profiles attained under polychromatic irradiation (375 nm only 
for 5HNQ, 448 nm and 532 nm). The calculated values (Table 2) are 
quite low (in the range 10− 4 – 10− 5) for all the studied naphthoquinone 
derivatives indicating low efficiency of the primary photochemical 
event. The values for DHNQ were not determined since the absorbance 

Table 1 
Absorption (λAbs, max) and fluorescence emission (λEm, max) wavelength maxima 
(nm) and Stokes shift (ΔSS, cm− 1) of 5HNQ, DHNQ, Shk and AcShk, in ethanol.  

Compound/solvent EtOH  

λAbs, max λEm, max ΔSS 

5HNQ 424 613 7272 
DHNQ 519 618 3087 
Shk 516 618 3199 
AcShk 519 622 3191  
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variations induced by polychromatic light were negligible with respect 
to those of other compounds: the molecule can be considered stable. In 
all conditions (different solvents and excitation wavelengths) Shk dis-
plays the lowest ϕR values (in all cases 10− 5), whereas 5HNQ has 
photoreaction quantum yields one order of magnitude higher than the 
parent molecules (Table 2). 

For comparison, a photochemical study performed on indigotin in 
the presence of oxygen, reported ϕR values of about 10− 4 [30]. In gen-
eral, the spectral trend in absorption and emission observed during the 
experiments in monochromatic light is the same as that detected by 
irradiating with polychromatic light, but the changes observed are much 

more contained due to the lower intensity of incident (and consequently 
of absorbed) light. As an example, spectral changes induced by mono-
chromatic irradiation of Shk in EtOH are reported in Fig. SI8. 

3.2. Photochemical behavior of Shikonin and naphthoquinones parent 
compounds in the solid state 

To investigate if changes in micro-environment can play a role in 
determining the photophysical and photochemical behavior of the 
studied naphthoquinones (NQ), polychromatic experiments were also 
performed on powders and paint mockups. Shk, 5HNQ, DHNQ and 
AcShk were first mixed with barium sulfate to “dilute” /attenuate the 
color intensity. This is needed to avoid the signal reaching a saturation 
level when reflectance spectra are collected and to minimize self- 
absorption contribution in fluorescence signals [23,24]. Arabic gum 
was chosen as a binder for the preparation of paint layers due to its low, 
or even negligible, absorption and emission contribution in the spectral 
range explored during irradiation experiments. Furthermore, unlike 
other binders, it neither undergoes polymerization or cross-linking nor 
interacts significantly with the dye, thus minimizing any binder inter-
ference on the degradation study of the dye. 

Finally, considering the above-mentioned hypothesis of Shk as 
pigment, the painting on paper is the most common technique in which 
organic natural dyes have been applied without being precipitated or 
mixed with additives, and in which natural gums have been commonly 
used as binders. Fig. 3 shows the absorption (k/s values) and fluores-
cence spectra of the studied compounds in BaSO4:NQ blends and in 
BaSO4:NQ:gum Arabic pictorial layers before light irradiation. No sig-
nificant differences have been observed for the two studied systems 
except for a slight bathochromic shift in absorption profiles of 5HNQ 
and DHNQ mockups with respect to the corresponding powder blends. 
Moreover, although the spectra are characterized by broader and less 
structured shapes than those observed for the same dyes in solution, the 
positions of the absorption and emission maxima neither change 
significantly nor new bands are observed. This indicates that the pho-
tophysical behavior of the studied dyes in the solid state and in pictorial 

Fig. 1. Left-hand column, absorption (a, c) spectra and right-hand column, fluorescence emission (b, d) spectra acquired for Shk in ethanol at different time in-
tervals, and with excitation wavelength (λexc) of 400 and 516 nm. The spectra c and d were obtained under dark conditions while the spectra a and b, under 
polychromatic irradiation. 

Scheme 1. Chemical structures and acronyms of shikonin (Shk), 5-hydroxy-
naphthoquinone (5HNQ), 5,8-dihydroxy-1,4-naphthoquinone (DHNQ), and 
acetylshikonin (AcShk). For Shk numbering of the carbon atoms is showed. 
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layer closely resemble that observed in solution. This experimental ev-
idence suggests that the chemical interaction of each studied dye with 
itself and with the binder is very poor. 

Photo-aging of the pictorial mockups was carried out under poly-
chromatic light irradiation over approximately 12 h. The Kubelka-Munk 
and the fluorescence emission spectra at different irradiation times 
(shown in Fig. 4 for Shk) do not show a regular trend as was instead 
observed in solution (Figs 1 and 2). 

This behavior, very common in the solid state, is generally ascribed 
to a superficial inhomogeneity of the sample and difficulty in recording 
spectra exactly on the same spot at each irradiation time interval. 
However, similarly to what was found in solution, the polychromatic 
irradiation of paint mock-ups globally leads to an increase of absorption 
in the blue wavelength range (Fig. 4a) and, at the same time, to the 
appearance of a new emission band at shorter wavelengths (Fig. 4b). In 
fact, the fluorescence emission spectra, acquired with λexc = 470 nm 
(Fig. 4), shows a decrease of the chromophore fluorescence band 
centered at ca. 650 nm (orange arrow Fig. 4b) with a concurrent in-
crease (marked with the gray arrow, centered at ca. 550 nm) of a fluo-
rescence emission ascribable to the formed photoproduct(s). Thus, when 
exposed to light, Shk presents a similar behavior regardless of the 
chemical environment. Light irradiation induces the degradation of Shk 
and the formation of photoproduct(s) characterized by specific absorp-
tion and fluorescence emission bands always detected at lower wave-
length values compared to those of the starting dye. This agrees with 
mass spectrometric data that allowed the identification of the same 
photoproducts both in solution and in solid state (see Section 3.3). 

3.3. Characterization by HPLC–ESI–Q‑ToF of the photoproducts of Shk 
formed in solution and in the paint layers 

To perform the characterization of the photoproduct(s) by HPLC-ESI- 
Q-ToF, four solutions of Shk in EtOH, non-irradiated (and stored in the 
dark) and irradiated with polychromatic light for different time intervals 
(1 h, 3 h and 5 h) in which the isosbestic points are maintained, were 
analyzed. Despite the presence of the isosbestic point in the spectral 
evolution, the following described results highlight the presence of 
several products, suggesting a more complex reaction pathways for Shk 
compared to what already described in the literature. 

In Fig. 5, the HPLC-ESI-Q-ToF Extract Ion Chromatograms (EICs) of 
the molecular ions of Shk and the four identified photoproduct(s) from 
the extracts of non-irradiated and 5 h – irradiated samples, are 
displayed. 

Table 3 summarizes all compounds detected in the different extracts. 
This includes Shk [15,31] and photoproduct(s) mass data and different 
tentative formula for the same molecular ion. Some of the hypothesized 
products (p1 – p4) retain the same naphthoquinone core of Shk and they 
just differ for modifications relative to the linear chain bound to C2 
(double bonds and oxygen atoms), however open structures implying 
the breakdown of the naphthoquinone backbone cannot be excluded. 

Keeping in mind that the naphthoquinone core is responsible for the 
color of Shk [16], and that spectral data collected for Shk solutions 
discussed in the previous sections suggest the formation of a photo-
product(s) absorbing at lower wavelength, further analyses based on 
preparative chromatography and NMR techniques would be necessary 
to unequivocally assign the chemical structures of the detected products. 
Nevertheless, because the only verified data present in literature con-
cerning the photoreactivity of Shk has demonstrated the presence of the 
product labeled as p1 (Table 3), namely the 5,8-dihydroxy-2-(1‑hy-
droxy-3-oxo-4-methyl-4-pentenyl)-l,4-naphthoquinone [18], we can 
suggest a similar structure also for all the other products. 

Fig. 6, presents the integrated areas in the Extract Ion Chromato-
grams (EIC) for p1-p4 and Shk compounds in the extracts of the stan-
dard Shikonin solution stored in the dark and aged for 1 h, 3 h and 5 h. 
To visualize a tentative kinetic trend of the evolution of the degradation 
products, areas relative to Shk and p1 – p4 were integrated in the 
Extract Ion Chromatograms (EIC) of the four extracts (Fig. 5), and the 
obtained values plotted against the irradiation time in the graph 

Fig. 2. Variation of the absorbance (a, b) and fluorescence emission intensity (c, d) at different wavelengths versus irradiation time for Shk in cyclohexane (a, c) and 
ethanol (b, d), obtained under dark conditions (gray dots and squares) and irradiation (blue dots, squares, and triangles) conditions. 

Table 2 
Photodegradation quantum yield (ϕR) values obtained for 5HNQ, Shk and 
AcShk in Cx and EtOH, at different light exposure wavelengths (λirr): 375, 448 
and 532 nm.  

Solvent λirr 5HNQ Shk AcShk 

Cx 375 7.49 × 10− 4 – – 
448 1.03 × 10− 4 1.57 × 10− 5 1.60 × 10− 4 

532 – 1.92 × 10− 5 6.37 × 10− 5 

EtOH 375 3.63 × 10− 4 – – 
448 3.84 × 10− 4 7.03 × 10− 5 6.58 × 10− 5 

532 – 2.59 × 10− 5 2.94 × 10− 5  
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Fig. 3. Normalized Kubelka-Munk and fluorescence emission spectra relative to (a) 5HNQ, (b) DHNQ, (c) Shk and (d) AcShk, in BaSO4 (solid line, ̶ ̶ ̶ ) and to paint 
mock-up (dashed line, - - - ), acquired at λexc = 470 nm. The shoulder at about 510 nm observed on emission spectra of paint mockups is a spectral distortion due to 
the use of a long-pass wavelength filter placed in front of the emission monochromator. 

Fig. 4. Kubelka-Munk (a) and fluorescence emission spectra (b) acquired at λexc = 470 nm, obtained for Shk pictorial layer during the irradiation procedure.  
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reported in Fig. 6. The graph shows as the EIC area of Shk decreases with 
time, in accordance with what observed on artificially aged silk dyed 
with Lithospermum erythrorhizon [3]. Other products (p2, p3 and p4) are 
formed within the first hour of irradiation and then tend to decrease: this 
is the typical behavior of intermediate products. Conversely, p1 tends to 
increase up to a plateau. 

The analysis of the non-irradiated paint mock-up extract presents 
only one of the photoproducts identified in solution (p2), while for those 
irradiated for 3 h and 5 h, a broad peak ascribable to a dehydrogenated 
form of Shk dimer (DHShk dimer, C32H28O9,) is clearly evident in the 
chromatogram, along with p1, p2 and p3 (Fig.SI11). Moreover, Shk 
dimer (C32H30O9), already described in the literature as a component of 
Lithospermum erythrorhizon raw material [32], was detected in traces in 
the extract of the non-irradiated solution. Possible oxidation reactions 
occurring in solution during the irradiation experiment may be 
responsible for the cleavage of Shk dimeric form explaining its absence 
in the irradiated extracts chromatograms. On the contrary, in the solid 
state it is plausible suggesting oxygen diffusion occurs slowly with 
respect to solution. Radical cross-coupling might be the responsible for 
the formation of dimeric forms such as DHShk dimer, detected in the 
16h - irradiated mockup. 

Summarizing at this stage: exposure of Shk solutions to poly-
chromatic light leads in few hours to a remarkable reduction of the main 
absorption band of the chromophore with a concomitant increase of an 
absorption at shorter wavelengths. These changes, in line with fading 
phenomena in other solvents under similar irradiation conditions re-
ported in the literature [17-20,33,34], earned Shk the reputation of 
unstable or labile molecule. A similar behavior has been observed on 
paint mockups in agreement with browning reported on textiles dyed 
with gromwell [33]. In apparent contrast, the here obtained 
photo-degradation quantum yields (ϕR) in solution showed very low 
values, further suggesting that Shk should be a very stable molecule, 
regardless the solvent and the irradiation wavelengths. The value 
retrieved for this molecule is even lower than that reported for indigotin 
that is considered one of the most stable compounds amongst natural 
dyes [29,35]. A tentative reasonable explanation for this apparent 

contrast could be found in the complex evolution of the photo-
degradation pathway which this natural dye undergoes. Indeed, from 
HPLC-ESI-Q-ToF, the identification of 6 products (p1-p4, Shk-dimer 
and DH-Shk-dimer) in solution was obtained, with 5,8-dihydrox-
y-2-(1‑hydroxy-3-oxo-4-methyl-4-pentenyl)-l,4-naphthoquinone (p1) 
showing a kinetic trend of a final product. Indeed, analysis of the overall 
data, reveals that the first part of the Shikonin photoreaction leads to, 
apparently, formation of a single photoproduct, in agreement with the 
presence of some isosbestic points in the spectral evolution. The low 
measured quantum yield value refers to this part of the reaction. As the 
reaction proceeds, the isosbestic points are lost and the HPLC-MS mea-
surements highlight the formation of several different reaction products, 
some of them showing intermediate behaviors. During the irradiation, 
the amount of those photoproducts, after an initial rise, decreases 
forming other chemical compounds. This is evident when polychromatic 
light is used, possibly due to efficient absorption of light by the photo-
products which, in turn, can further react leading to the formation of 
new species. This evolution subtracts several products to the whole re-
action inducing an increase of the Shk disappearance efficiency. For 
these reasons, the starting photochemical event, first consequence of the 
light absorbed by Shk, has a low efficiency in agreement with the low 
quantum yield determined, while the presence of several photoproducts, 
which actively participate to the whole reaction pathway and dis-
appearing during the irradiation time, induce an efficient fading of the 
starting Shikonin dye. 

4. Conclusion 

By using absorption and emission spectroscopies, and liquid chro-
matography coupled with mass spectrometry the photodegradation 
behavior of Shk was investigated both in solution and in the solid state, 
including powder and paint mock-ups providing a wide overview on 
spectral changes induced by irradiation. The structure of several pho-
toproducts was herein proposed. The non-invasive diagnostic for 
organic dyes in cultural eritage objects is often based on their absorption 
and emission spectral features. In this work, we showed that the loss of 

Fig. 5. HPLC-ESI-Q-ToF Extract Ion Chromatogram (EIC) of p1 (C16H14O6), p2 (C16H16O6), p3 (C16H12O6) p4 (C16H16O7), Shk (C16H16O5) and Shk dimer 
(C32H30O9) from the extracts of non-irradiated and 5 h – irradiated sample. Negative acquisition mode. 
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Table 3 
List of the compounds detected in the extracts together with the relative tentative structures, retention time, molecular formula, precursor ion and product ion. Product 
ions highlighted in bold represent the more intense signals in the tandem mass spectrum.  

Compound Tentative structure Retention time (min) Molecular formula Precursor ion Product ions 

p1 11.8 C16H14O6 301.07 130.965 
146.959 
176.011 
189.017 
204.004 
217.048 
233.009 
241.050 
255.054 
273.076 
286.047 

p2 12.6 C16H16O6 303.087 130.965 
205.016 
233.008 

p3 15.2 C16H12O6 299.056 108.022 
118.375 
136.524 
157.027 
176.011 
196.898 
213.023 
225.054 
238.057 
254.053 

p4 15.7 C16H16O7 319.082 130.965 
161.024 
173.021 
189.019 
203.032 
215.034 
227.035 
243.031 
269.042 
287.056 
302.082 

(continued on next page) 
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the spectral structure and the overall band broadening makes the 
identification of Shk through its characteristic absorption features very 
difficult through UV–Vis absorption/reflectance spectroscopy. Thus, the 
absorption and emission properties of the photoproducts generated by 
the irradiation of Shk characterized for the first time in this study, could 
be potentially very useful for indirect evidence of Shk in degraded art 
objects. Furthermore, the obtained basic knowledge of the dye’s 
behavior is fundamental for ongoing studies concerning other classic 
historical uses of natural dyes, such as the production of lake pigment 
and textile dyeing. 
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Supplementary Figures SI1 to SI11 are provided as a Source Data 
File. 
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Table 3 (continued ) 

Compound Tentative structure Retention time (min) Molecular formula Precursor ion Product ions 

Shk 21.9 C16H16O5 287.092 173.018 
190.020 
218.014 
[1] 

Shikon 
dimer-H2 (DHShk) 

27.1 C32H28O9 555.168 402.038 
443.042 
486.096 

Shk 
dimer 

29.3 C32H30O9 557.182 470.100 
419.043 
298.087  

Fig. 6. Integrated areas in the Extract Ion Chromatograms (EIC) for p1, p2, p3, 
p4 and Shk compounds in the extracts of the standard Shk solution in EtOH 
stored in the dark, aged for 1 h, 3 h and 5 h. The area for Shk was divided by 10 
to enhance clarity, and the points were interpolated (no mathematical fitting 
was performed) for easier visualization of the trends in all the compounds. 
Since analytical standards of p1-p4 are not available, only semi-quantitative 
analyses can be carried out. 
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