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Three Japanese woodblock prints from the Edo period (1603-1868) underwent a scientific
investigation with the aim of understanding the changes in the colorants used in Japanese printing
techniques. A multi-analytical approach was adopted, combining non-invasive techniques, such as
fiber optic reflectance spectroscopy (FORS), Raman spectroscopy, multispectral imaging (MSI), and
macro X-ray fluorescence (MA-XRF) with minimally invasive surface-enhanced Raman spectroscopy
(SERS). The results enabled many of the pigments to be identified and their distribution to be studied,
apart from two shades of purple of organic composition. Consequently, the potential of high-pressure
liquid chromatography tandem mass spectrometry (HPLC-MS/MS) was explored for the first time with
application to Japanese woodblock prints. The intrinsic sensitivity of the instrument and an effective
extraction protocol allowed us to identify a mixture of dayflower (Commelina communis) blue and
safflower (Carthamus tinctorius) red in purple samples constituted of 2-3 single fibers. In addition

to the innovative integration of MA-XRF and HPLC-MS/MS to investigate these delicate artworks,
the study concluded on the use of traditional sources of colors alongside newly introduced pigments
in late Edo-period Japan. This information is extremely important for understanding the printing
practices, as well as for making decisions about display, conservation, and preservation of such
artworks.

Japanese woodblock prints are among the most popular forms of artworks on paper. The prints usually depict
ordinary elements of life, such as landscapes, tales from history, scenes from the Kabuki theatre, as well as
courtesans, or geishas. Due to their low manufacture cost, woodblock prints were mass produced and widely
distributed. In the Edo period (1603-1868 AD), Japanese prints became one of the dominant art movements.
The vibrant colors and extremely various palette of nuances, as well as the particularly appealing style of this
form of art, have not only attracted the eyes of collectors for centuries, but also continue to capture the attention
of the general museum public. Nowadays, Japanese woodblock prints can be found in great numbers in many
museum collections, including the Metropolitan Museum of Art’s (New York City, USA).
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In a similar way, Japanese woodblock prints have also attracted the attention of scholars and, more recently,
scientists'~". Driven by research questions such as the lightfastness of colors, the chronology of the use of certain
pigments'"'>!, the introduction of new materials in Japan®!!, the understanding of the creation sequence of
prints*!*15, and the transition between the Edo period and the Meiji era®, researchers have developed analytical
protocols with particular attention to the investigation of Japanese woodblock prints>*>!*!3. These protocols
include mostly non-invasive techniques. In fact, artworks on paper are often considered too precious or too
fragile to allow sampling. The risk of damaging the appearance of the object is generally too high, thus micro-
scopic, spectroscopic and imaging techniques are mostly used. Imaging techniques are well-suited for the study
of Japanese prints due to their planarity and their relatively simple pigments and colorants composition, which
are often applied in one single layer and, regularly, not mixed'®. As a result, multispectral imaging (MSI) has
been applied several times to the study of Japanese woodblock prints®*'7~*?, Combined with spectroscopic
single point analytical techniques, this approach generally produces reliable results in terms of identification of
mineral pigments*>!#1517 and, to some extent, organic colorants'*!?-?!. Nonetheless, to date, MA-XRF has never
been used for the investigation of coloring materials in Japanese woodblock prints.

The scenario becomes more complicated when organic colorants are present. Some dye molecules, especially
most yellow dyes, do not produce signals specific enough to enable their identification non-invasively>2*2223,
In situ Raman spectroscopy may be useful for the identification of synthetic organic colorants, but the sensitivity
and background fluorescence may be issues in the case of colorants from natural sources?***. The development of
surface-enhanced Raman spectroscopy (SERS) represented a breakthrough in this regard®-*°. As far as sample
size is concerned, SERS is a very compelling technique, as it only requires a very small amount of sample. For
textiles or works on paper, a single 80 um fiber is generally enough. Due to the low level of invasiveness and the
minimal effect on the overall appearance of the object, such sampling is generally perceived as acceptable for
works on paper, including prints. While SERS is very sensitive to detect many colorants, the technique presents
some limitations, especially for yellow colorants or some complex mixtures**3!.

All these limitations can be theoretically overcome by using high-pressure liquid chromatography tandem
mass spectrometry HPLC-MS/MS. This technique gives information on the exact molecular composition of a
sample, as all the dye molecules present are chromatographically separated and identified singularly****. Mixtures
are therefore easily resolved, and dye sources can be identified with extreme precision, down to the exact plant or
animal species***. Unfortunately, so far, the amount of sample reported to be needed for such analysis, although
very small, does not appear to be suitable to analyze Japanese woodblock prints. However, no attempt has been
made to analyze a small number of single fibers peeled off from the surface of a print, in a similar way to what is
done when sampling for SERS. Therefore, one of the aims of this study was to test the feasibility of such sampling
and subsequent HPLC-MS/MS analysis, in order to identify the sources of the organic colorants used to obtain
particular hues, such as purple shades, which may prove challenging with other techniques.

In this framework, a multi-analytical approach was used and included non-invasive methods, such as MSI,
MA-XRE, single spot XRE, FORS, Raman spectroscopy, and, when deemed required, minimally invasive tech-
niques, such as SERS and HPLC-MS/MS. This approach was used for three Edo-period Japanese woodblock
prints, in order to investigate the possible combined use of traditional practice alongside newly introduced color
formulations.

Materials and methods

Woodblock prints.  Two Japanese woodblock prints (Fig. 1a,b) were scientifically investigated to determine
their color palette. The purple color from a third print (Fig. 1c) was included for means of comparison with
the two other prints. Two prints (accession numbers JP3683 a,b—Fig. 1b, and JP2614—Fig. 1c) belong to the
Metropolitan Museum of Art, New York, whereas the third one (collection number 15.07 h—Fig. 1a) is part of
the private collection of Henry D. Smith II. All three prints were produced during the Edo period (1603-1868
AD): Torii Kiyonaga’s The Salt Maidens Murusame and Matsukaze (JP2614, Fig. 1¢) in 1786; Utagawa Kunisada’s
prints Portrait of kabuki actor Ichikawa Ebizé V as Hamamatsu in the play Kezori Kuemon (15.07 h, Fig. 1a) and
Parody of the Third Princess and Kashiwagi: “Chapter 50: A Hut in the Eastern Provinces (JP3683 a,b, Fig. 1b) in
1852 and 1858 respectively. To ease the reading, the woodblock prints studied here will be referred as follows:
15.07 h, print A; JP3683a,b, print B; and JP2614, print C.

The prints were examined non-invasively using MSI, MA-XRF, Raman and FORS. Nonetheless, eight micro-
samples (1-8) were taken to perform organic colorant analyses using SERS and HPLC-ESI-Q-ToF. The single
paper fibers (ca. 100 um in length for SERS and 2-3 mm long for HPLC-ESI-Q-ToF) were sampled from the front
of the prints under magnification using a tungsten needle and/or tweezers. Raised from the surface or partially
detached fibers were selected to minimize the damage to the prints.

Analyses locations for FORS and Raman, as well as sampling locations for SERS and HPLC-ESI-Q-ToF, can
be found in Supplementary Information (Figs. S1, S2 and Table SI).

MSI.  Multispectral imaging (MSI) was performed on prints A and B.

Successful scientific research has to follow standardized procedures in order to achieve reliable and reproduc-
ible results**?’. Nonetheless, no single protocol is followed by all institutions and, therefore, it is important to
document used procedures. In this study MSI was performed using the Met’s protocol for examination under
visible (VIS), infrared (IR) and ultraviolet (UV) radiation.

A Nikon D90 (modified, IR filter removed) and lens Nikkor 18-105 mm (minimum focus distance:
1.48"/45 cm; filter thread 67 mm) were used with an IDAS filter (UV and IR blocking filter, 67 mm; sharp cut-
off and very low in-ban reflectivity to minimize reflections between the imaging sensor and filter) for VIS images.
In order to capture UV-induced visible luminescence (UVL) images, a B+ W 67 mm Yellow MRC 022M filter
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Figure 1. Impressions of (a) 15.07 h, print A, “Portrait of kabuki actor Ichikawa Ebiz6 V as Hamamatsu in

the play Kezori Kuemon” from the series “The Fifty-Three stations of the Tokaido” by Utagawa Kunisada, 2nd
month of 1852, 35.2x23.8 cm, Collection of Henry D. Smith II; image: The Metropolitan Museum of Art; (b)
JP3683a,b, print B, “Parody of the Third Princess and Kashiwagi—“Chapter 50: A Hut in the Eastern Provinces”
by Utagawa Kunisada, 2nd month of 1852, each 36.2 X 24.8 cm, The Metropolitan Museum of Art, Gift of
Lincoln Kirstein, 1985; (c) JP2614, Print C, “The Salt Maidens Murusame and Matsukaze” by Torii Kiyonaga,
ca. 1786, 38.4x 25.7 cm, The Metropolitan Museum of Art, The Howard Mansfield Collection, Purchase, Rogers
Fund, 1936.

was attached onto the IDAS filter and two SuperBright IT (LW-350) lamps were used as source of UV radiation.
The same illumination set up was used for UV reflected (UVR) images. PECA 900 (67 mm) and X-Night BP1
(72 mm) filters were combined to extract and record wavelengths in the UV spectrum only. IR reflected (IRR)
images were obtained using a PECA 910 (67 mm) filter and two Lowel ViP Pro-Light lamps.

All images were captured with the software Camera Pro 2 including the following Color charts in each shot
to provide standardized results: XRite Colorchecker Passport, Spectralon Diffuse Reflectance Standards, Target
UVTM. Additional steps of imaging included flat fielding and post processing of images in Photoshop lightroom
(version 5 or higher) and Adobe Flat Field Plug-In.

False Color (FC) images were also obtained, as these can yield additional specific information on pigments
and colorants. UVRFC and IRRFC were created. Individual color channel image data (red, green and blue chan-
nels, RGB) were transferred into a yellow/magenta/cyan system in Photoshop. UVRFC images were created
by transferring the blue and green channels of the visible image in cyan and magenta respectively, whereas the
yellow channel was substituted with the recolored UVR monochrome image. Comparably, IRRFC images were
produced by transferring the green and red channels of the visible image into yellow and magenta respectively,
while the cyan channel was substituted with the IRR image. The acquisition of all the images took approximately
1 h, of which 15 min were dedicated to UVL and UVR imaging. The risk of damage when exposing an object to
a UV source for such a short amount of time can be considered negligible®.

Comparison of the multispectral images with the Met in-house database published in'* and other available
databases published in'** was used in order to interpret the images obtained.

MA-XRF. Macro X-ray fluorescence (MA-XRF) was carried out on prints A and B.

For print B, a Bruker M6 Jetstream instrument with the X-ray source operated at 50 kV and 0.5 mA was
used. The full prints were mapped with a 580-um spot size and a 650-um step size, with a dwell time of 90 ms/
pixel. All elemental maps were processed using the Bruker M6 Jetstream software®. Spectra were deconvoluted
using this software and the elements to map were selected upon inspection of the maximum pixel spectrum and
the map spectrum.

Due to unavailability of the Bruker M6 Jetstream instrument at the time of the study of print A, its MA-XRF
was carried out with an XGLab Elio energy dispersive X-ray fluorescence analyzer, with a high resolution large
area Silicon Drift Detector with 130 eV at manganese (Mn) Ka with 10 kcps input photon rate (high resolution
mode), 170 eV at Mn Ka with 200 keps input photon rate (fast mode). The system is equipped with changeable
filters, and a rhodium (Rh) transmission target with 50 kV maximum voltage and 4 W maximum power. The
size of the analyzed spot is 1 mm in diameter. Elemental 2D mapping of the surface can be achieved through
automatic XY raster scanning. In our case, the following measurement conditions were used: measurement time
per point 1 s, tube voltage 50 kV, tube current 80 pA, movement delay 100 ms, dimension of the scanned area
4 %8 cm? (40 row and 80 columns with 1 mm distance between 2 row/columns). The maps were acquired using
the Elio software and elaborated using PyMCA software suite*. The area of print A to be analyzed was selected
based on the presence of most of the colors within the investigated area. As far as safety of exposure of the art-
work to X-ray radiation is concerned, no significant damage has ever been reported in the literature for analyses
performed under similar experimental conditions, using both MA-XRF or point XRF*. MA-XRF experiments
at synchrotron facilities explored this concern using irradiation more intense that what would be expected in
practice and at no point was damage observed*"*2.
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FORS. FORS was performed with an Ocean Optics QE65 Pro spectrometer (Dunedin, FL, USA) using the
analytical protocol described in*'%. To summarize, the instrument was equipped with an Ocean Optics HL-2000
tungsten halogen light source. The detector and light source were connected with a high OH- fused silica fiber
optic bundle consisting of eight 600 pm fibers arranged around a single 800 pm fiber. The distal end of the probe
is partially fused to form a spherical lens that focuses both illumination and detection fibers to the same spot.
The working distance between the probe and the prints was approximately 1 mm. The spectral range of the
detector is 200-1000 nm. Nonetheless, due to poor light output on the extremes of the range, only the range
between 400 and 900 nm was considered. Spectra were referenced against the SRS-99-010 Spectralon diffuse
white standard provided by Labsphere (North Sutton, NH, USA) and acquired for 10 ms. Spectra were not cor-
rected nor normalized unless otherwise indicated. Identifications of the various pigments and colorants found
in the prints were based on previously published FORS reference libraries'*'**. The system was managed by the
OceanView 1.6.7 software for Windows and data processed with OriginLab 8.0.

Raman spectroscopy and SERS. Micro-Raman spectra were acquired with a Bruker Senterra Raman
spectrometer coupled with an LMPlanFL Olympus 50xlong working distance microscope objective and a
charge-coupled device (CCD) detector, as described in*'%. A continuous wave diode laser, emitting light at
785 nm, was used as the excitation source, and a 1200 rulings/mm holographic grating provided a spectral
resolution of 3-5 cm™. All Raman spectra presented in this work were recorded with 1 mW output laser power
at the sample. Acquisition time varied upon the color investigated. For the blue and green areas, the acquisition
time was of 4 min (four successive 60 s accumulations), while it was set to 1 min (two successive 30 s accumula-
tions) for all other colors. The blue colorants spectra were acquired in the 1515-2635 cm™ range, permitting
the visualization of the characteristic bands of both indigo and Prussian blue, while the other colored particles
were acquired in the 60-1500 cm™ range, suitable for most inorganic pigments. Spectra were acquired using
OPUS 7.0 Raman software and processed with OriginLab 8.0. Spectra were not corrected nor normalized unless
otherwise indicated. The spectra obtained from the prints were compared to reference spectra collected in house
and to those in published databases*~*°.

The initial investigation of the organic colorants used in the prints was realized using SERS. The silver colloids
were prepared by microwave-supported reduction of Ag,SO, in the presence of glucose and sodium citrate*’.
The colloids were concentrated five times by centrifuging 1 ml of colloids and replacing 950 pl of the supernatant
liquid with 150 pl of ultrapure water.

Samples were obtained from the prints by removing small fragments of organic colorant accumulated at
the borders of the printed areas and/or fragments of single paper fibers (ca. 100 um in length) using a tungsten
needle and/or tweezers. To minimize the damage to the prints, samples (fibers or organic colorant) already raised
from the surface or partially detached were selected. The samples were analyzed as sampled, as well as following
hydrolysis. When hydrolysis was used, the samples were hydrolyzed prior to analysis by exposing them to HF
vapor for 3 min. After the treatment, a 2 pl drop of colloids was deposited onto the sample, followed by a ca.
0.5 pl drop of 0.1 M KNO; solution to induce aggregation.

SERS spectra were acquired with the Bruker Senterra Raman spectrometer previously described, using an
LMPIlanFL Olympus 20x long working distance microscope objective. A continuous wave diode laser, emitting
light at 488 nm (Spectra Physics Cyan), was used as the excitation source, and a 1200 rulings/mm holographic
grating provided a spectral resolution of 3-5 cm™!, keeping the laser power on the specimen below 0.4 mW. The
laser beam was focused inside the silver nanoparticles drop. All spectra were acquired for 30 s using OPUS 7.0
Raman software and processed with OriginLab 8.0.

HPLC-ESI-Q-ToF. The samples taken from the woodblock prints were constituted of 2-3 single fibers
2-3 mm long. These are generally considered very small samples, and this was the first attempt to obtain reli-
able qualitative information from such a small amount of material. The sample taken from the dayflower blue
reference for data comparison was slightly larger. This reference sample was a small piece of paper (ca. 5x5 cm)
dyed with dayflower (Commelina communis) purchased as such from Tanaka-Nao Dye Supplies in Kyoto, Japan.
The molecular extraction was performed using a method published in*, which briefly consists of a double mild
extraction procedure, using DMSO first, and secondly a mixture of methanol/acetone/water/0.5 M oxalic acid
30:30:40:1 (v/v/v/v). Analyses were carried out using a 1260 Infinity HPLC (Agilent Technologies), coupled
to a Quadrupole-Time of Flight tandem mass spectrometer 6530 Infinity Q-ToF detector (Agilent Technolo-
gies) by a Jet Stream ESI interface (Agilent Technologies). Separation was achieved using a Zorbax Extend-C18
column (2.1 mm x 50 mm, 1.8 um particle size) with a 0.4 mL/min flow rate and 40 °C column temperature,
and a gradient of water with 0.1% formic acid (eluent A) and acetonitrile with 0.1% formic acid (eluent B). The
elution gradient was programmed as follows: initial conditions 95% A, followed by a linear gradient to 100% B
in 10 min, and held for 2 min. Re-equilibration time for each analysis was 10 min. 5 pL injection volume was
adopted for MS experiments and 10 pL for MS/MS experiments. The ESI operating conditions were: drying gas
(N,, purity >98%) temperature 350 °C and 10 L/min flow; capillary voltage 4.0 kV; nebulizer gas pressure 40 psig;
sheath gas (N,, purity>98%) temperature 375 °C and flow 11 L/min. High resolution MS and MS/MS spectra
were acquired in both negative and positive mode in the range 100-1700 m/z. The fragmentor was kept at 150 V,
nozzle voltage 1000 V, skimmer 65 V, octapole RF 750 V. For the MS/MS experiments, different voltages (from
20 to 40 V) in the collision cell were tested for Collision Induced Dissociation (CID), in order to maximize the
information obtained from the fragmentation of the single molecules. The collision gas was nitrogen (purity
99.999%). The data were collected by targeted MS/MS acquisition with an MS scan rate of 1.0 spectra/s and a
MS/MS scan rate of 1.0 spectra/s. Auto-calibration was performed daily using Agilent tuning mix HP0321 (Agi-
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Figure 2. MA-XRF elemental maps for print B, showing the distribution of iron (Fe, orange), arsenic (As, blue),
potassium (K, green), copper (Cu, white) and lead (Pb, yellow), as detected in the red, green and blue areas of
the prints. The elemental maps were created using the Bruker M6 software package.

lent Technologies) prepared in 90% water-10% acetonitrile. The extraction method and analytical conditions
have proven suitable for the analysis of organic colorants in both dyes?"***-% and pigments formulations®*->2.

MassHunter Workstation Software was used to carry out mass spectrometer control, data acquisition, and data
analysis. In particular, extract ion chromatograms were obtained using the software EIC function and selecting
the mass range corresponding to the calculated mass+0.001 m/z.

Results and discussion

Visual examination. Upon examination under the microscope, the prints appeared in very good condi-
tion and did not present any significant sign of fading or degradation. Some fibers appeared lifted as it would be
expected due to the preparation of the prints as well as due to handling over time.

Microscopic observations of the various colored areas indicated that blue was applied as a pure color. No
individual pigment particles were noticed. In the green areas, however, yellow particles were clearly observed,
indicating the use of a blue and yellow mixture to yield the final hue. Red and yellow areas did not present any
visible pigment particle, which may indicate the use of organic colorants. Finally, the observation of the purple
areas did not present any variation in color, as it would be expected for mixtures of blue and red. This initially
suggested the use of a single purple colorant.

Imaging techniques: MA-XRF and MSI.  These two techniques led to the tentative identification of pig-
ments and colorants based on their elemental composition (MA-XRF) or their characteristic absorbance, reflec-
tance and luminescence properties in different parts of the electromagnetic spectrum (MSI)?**,

All MA-XRF elemental maps obtained for both prints A and B are given in Figs. 2, 3 and Fig. S3, and the
MSI images in Fig. 4.

MA-XRF enabled some red, green and blue inorganic pigments to be tentatively identified. The presence of
iron (Fe) in the red areas of print B (Fig. 2-Fe) indicated that an iron-based pigment, most likely a red ochre,
was used. Nonetheless, Fe was also found in the blue and green areas of both prints (Fig. 2-Fe and Fig. 3-Fe).
In the blue areas, the use of Prussian blue (Fe[Fe**Fe**(CN);];) was hypothesized. Similarly, this pigment was
suspected in the green areas as well, especially considering that As and S were also present in all these areas
(Fig. 2-As, Fig. 3-As and Fig. 3-S), thus indicative of a mixture with a yellow arsenic sulfide pigment. This mixture
is in agreement with the findings of previous studies on Japanese woodblock prints*'>!*1°. However, the pres-
ence of Fe in green areas could also be in principle associated with green earth (K[(AlFe*"),(Fe?*,Mg](AlSis,Si,)
0,4(OH),). This pigment is not reported in any study of Japanese woodblock prints but its presence cannot be
excluded on the sole basis of MA-XRF data.

Lead (Pb) was found in the blue area of the man’s kimono (Fig. 2-Pb). This was an unexpected finding, as Pb
is usually associated with lead white (2PbCO;-Pb(OH),) or red lead (Pb;O,), and therefore not associated with a
dark blue pigment. In this particular case, lead white was most likely used with Prussian blue, either in mixture
to tone down the dark blue hue of the Prussian blue, or as a first layer to give a fully reflective base to the blue
pigment and therefore increase the brilliance of the upper blue pigment layer.

Copper (Cu) and potassium (K) were also identified in print B, especially in the green cartouche of the
right-hand side print (Fig. 2-Cu and Fig. 2-K). This indicated the use of a potassium-rich copper-based green.
By contrast, the other cartouche, in the left-hand side print, did not contain these elements. Both cartouches,
however, contained a mixture of Fe-based blue (most likely Prussian blue, Fig. 2-Fe) and As-based yellow (Fig. 2-
As), especially in the darker green highlights in the bottom half of the cartouches. Although the Cu-rich green

Scientific Reports|  (2020) 10:20921 | https://doi.org/10.1038/s41598-020-77959-2 natureresearch



www.nature.com/scientificreports/

Figure 3. MA-XRF elemental maps for print A, showing the distribution of iron (Fe, brown), arsenic (As, blue),
sulfur (S, yellow), which were identified in the green areas of the print. Calcium (Ca, white) was identified in

the dark blue background. Potassium (K, green) was found in all the areas where calcium was not observed.

The elemental maps were acquired using the Elio software and elaborated using PyMCA software suite (version
5.5.0).

Figure 4. MSI of prints A and B (a) VIS, (b) UVL, (c) IRRFC and (d) UVREC. All images were captured using
the Camera Pro 2 software and false color images were created using Adobe Photoshop version 20.0.9.

pigment might be associated with a later conservation treatment, the Cu/K difference between the two cartouches,
along with the variation in As and Fe intensities in the green parts of the curtains and in the red cartouches in
print B (Fig. 2-Fe and Fig. 2-As), might indicate that the two impressions were realized in different workshops. In
fact, the practice of sending composed prints to more than one studio is known during the Meiji period, with the
aim to avoid non-authorized full copies to be created. This case might represent an early example of such practice.

Calcium (Ca) was present in the dark blue areas of print A (Fig. 3-Ca) and could be associated with bone
black, although P was not identified, and the pigment was not confirmed by Raman analysis. For print B, Ca is
most likely associated with the mounting board, as shown in Fig. S3. Potassium (K) was identified throughout
both prints, regardless of the presence of color (Fig. 2-K, Fig. 3-K), except in the dark blue areas of print A. K
is likely to be associated with paper-sizing, especially considering its presence in the uncolored areas of print B
(Fig. 2-K) and the lack of intensity variation among the colored and uncolored areas in Print A (Fig. 3-K). In
the hypothesis of the organic colorants being precipitated as lakes on a K-containing substrate, such variations
should have been detected.

For both prints, all other colors, including bright yellow, lighter shades of red and various shades of purple,
did not yield any elemental signal, which suggested the use of organic colorants. As MSI is well suited for the
investigation of some organic colorants'»!*?’, the images obtained provided further information.
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MSI is based on the principle that most materials have a specific response to different wavelengths in terms
of reflection and absorption, allowing us to distinguish some pigments and colorants. Previous studies have
reported the color combinations exhibited by certain organic colorants in the various MSI images obtainable,
in particular VIS, UVL, IRRFC and UVREC"!*2°. Our results were interpreted by comparison with these data
and making sure that the images were acquired and processed in standardized ways®.

All red areas of the prints exhibited an intense orange UV-induced visible luminescence (Fig. 4b). The same
areas were shown as yellow in IRRFC images (Fig. 4c) and as dark purple in UVRFC images (Fig. 4d). This color
combination is characteristic of the plant-based organic red colorant derived from safflower (Carthamus tincto-
rius), whose main chromophore is carthamin. Although no other red colorant exhibits such intense UV-induced
visible luminescence®, further molecular confirmation is generally needed to support MSI interpretation. In print
B, when the distribution of safflower red (Fig. 4b) was compared with the distribution of Fe obtained by MA-XRF
(Fig. 2-Fe), it was noticed that the organic colorant was found along with the Fe-containing red pigment, most
likely red ochre, in most red areas, with the exception of the borders of the man kimono (around the foot and
around the neck) and the hair pins of the woman. These areas did not contain any Fe and appear pink in the VIS
image (Fig. 4a), suggesting the use of sole safflower red to obtain this color shade. In print A, such considera-
tions were more difficult to obtain, because MA-XRF was only performed on the dragon-head detail, in which
safflower red was clearly present on the tongue and around the eyes. Nevertheless, single spot XRF analyses on
this print (not shown) revealed the presence of Fe in the cartouche, therefore suggesting the use of a mixture of
Fe-containing red pigment, likely red ochre, and safflower red in this area. From a methodological point of view,
it was also important to notice that safflower red retained its UV light-induced luminescence properties even if
mixed with an inorganic Fe-containing red pigment. The intense orange color of the UV-induced luminescence
slightly changed—it was slightly darker—compared to safflower red alone, but it remained unmistakable for the
identification of this colorant. This also opens possibilities for further investigations about how the colors are
mixed (over-printed vs. mixed) and how different mixing methods may affect the photo-physical properties of
the colorants.

The yellow color found in the squares in the background, curtains, kimono and yellow cartouche of print B, as
well as in the dragon’s head and yellow details of the kimono in print A, exhibited an intense UV-induced visible
luminescence in the yellow range (Fig. 4b). These areas appeared creamy whitish yellow in IRRFC images (Fig. 4c)
and red/brown in UVRFC images (Fig. 4d). This color sequence is characteristic of some organic yellows, such as
turmeric (Curcuma longa, the main chromophores are curcumin, methoxycurcumin and demethoxycurcumin)
and amur-cork tree (Phellodendron amurense, the main chromophore is berberine). It is however difficult to
distinguish them based solely on MSI.

The dark blue shade in the kimono of print A exhibited a different behavior from the other blue shades in this
print, as observed in the IRRFC image (Fig. 4¢c). The false red color of this area was indicative of the use of indigo.

The purple color found in both prints appeared brownish in UVL images (Fig. 4b), orange in IRRFC images
(Fig. 4c) and green in UVRFC images (Fig. 4d). The false colors were in partial agreement with the possible pres-
ence of gromwell (Lithospermum erythrorhizon, the main chromophore is shikonin), but this colorant is known
to completely absorb the UV radiation. As a consequence, the color combination in the various imaging modes
did not precisely correspond to any specific colors previously described and published. The lack of bromine (Br)
in MA-XRF enabled the possibility of Tyrian purple to be discarded, although it would have been very unlikely to
find such precious colorant in Japanese prints and there is no record of its use in such art form. In the hypothesis
of a mixture of red and blue organic colorants, the presence of indigo was difficult to assess, as the orange hue
showed in the IRRFC image was slightly too light to justify the presence of indigo. Dayflower would also represent
a possible option for the blue component, but it is supposed to exhibit a light green UV-induced luminescence
and to appear as pink in IRRFC images. The use of safflower red as the red component was also not justified by
the lack of the characteristic intense orange UV-induced luminescence.

While providing valuable information about the palette used in the woodblock prints under investigation
(Table 1), MA-XRF and MSI did not allow us to conclude on the nature of most organic colorants, especially
yellow and purple, hence further spectroscopic single spot or minimally invasive analyses were required.

Spectroscopic single spot analyses: Raman and FORS. The results obtained by single spot FORS
and Raman analyses on the various colored areas of the prints are summarized in Table 2.

Raman and FORS spot analyses on the prints confirmed the use of Prussian blue in the blue areas of both
prints (Figs. 5a and 6a), as well as in the green areas, where it was in mixture with yellow (Figs. 5b and 6b), iden-
tified as artificial arsenic sulfide by Raman spectroscopy and not natural orpiment (Fig. 6b)*. In print A, FORS
also enabled indigo to be confirmed in the darkest shade of blue, as the spectra were characterized by the typical
inflexion point at ca. 720 nm and the lack of spectral features in the 550-675 nm range (Fig. 5¢). The maximum
absorption at 525 nm observed in both reflectance and apparent absorbance FORS spectra of the red areas of
both prints (Fig. 5d,g) enabled the presence of safflower red to be confirmed. Both techniques also allowed us to
confirm the presence of red ochre along with safflower red in the red areas of print B (Figs. 5e,f and 6¢), based on
the combined presence of the 525 nm maximum absorption for safflower red and the 675 and 855 nm maximum
absorptions and 580 nm inflection point, all three characteristic for iron oxide pigments.

The purple areas did not yield any suitable Raman spectra. This indicated that indigo was not likely to be used.
FORS of the various purple shades yielded slightly different spectra (Fig. 5h-j). The darkest areas presented three
absorption maxima at 535, 590 and 640 nm (Fig. 5i,j), whereas the lighter shades presented only two absorption
maxima at 525, and 640 nm (Fig. 5h). The three absorption maxima observed for the darker shades of purple
appeared to be common to several purple colorants or mixtures, such as Tyrian purple, orchil, Tyrian purple/
anthraquinone or dayflower/safflower mixtures'”**%. While the use of Tyrian purple was very unlikely due to
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MSI colors
Print VIS UVL IRRFC UVRFC MA-XRF | Possible identification

Blue Greyish blue | Purple Blue N/A Prussian blue

Dark blue | Black Red Blue Ca Indigo or dayflower blue

Carbon black

15.07h Red Orange Yellow Purplish brown | N/A Organic red
Ifélsnzisada Yellow Yellow White Reddish brown | N/A Organic yellow
(Print A) Fe

Green Greenish blue | Purple Olive green As Prussian blue + arsenic sulfide

S
Purple Brown Orange Green N/A Organic purple or mixture of organic blue
and red
. Fe Prussian blue (MA-XRF/MSI

Blue Dark grey Dark blue Greenish blue b Lead white (M( A-XRF) )

Red Orange Yellow Purplish brown | Fe SR:gl(())xir}elf—e(l(\l/}/égXRF)
JP3683a,b
Kunisada White (squares) . .
1858 Yellow Yellow Yellow (fabric) Reddish brown | N/A Turmeric or amur-cork tree (MSI)
(Print B) - X

Green Greenish blue | Greyish blue Olive green Fe Prussian blue +arsenic sulfide (MA-XRF/

As MSI)
Purple Brown Orange Green N/A glrgarrelilc purple or mixture of organic blue

Table 1. Summary of the multispectral imaging and MA-XRF results for prints A and B.

EORS Identification (tentative are marked
Print Color Inflection point (nm) Maximum absorption (nm) | Raman shift (cm™) with an asterisk *)
Blue Featureless—slope (650-950) 2095, 2155 Prussian blue
Safflower red
15.07h Red 580 525, 675, 855 227,294,412, 614 Red ochre
Kunisada -
1852 Yellow - - - Organic yellow
(Print A) 151, 217, 233, 334, 472, 493, 2092, Prussian blue + amorphous arsenic
Green 470 -
2155 sulfide
Purple - 535, 590, 640 - Dayflower blue* + safflower red*
Blue Featureless—slope (650-950) 2095, 2155 Prussian blue
Dark blue 715 660 1572, 1583 Indigo
1P3683ab Red - 525 - Safflower red
Kunisada | Yellow - - - Organic yellow
1858 Prussian bl hous .
(PrintB) | Green 470 - 233,334, 472, 493, 2092, 2155 e De T amorpRous arsenic
Purple (dark shade) | - 535, 590, 640 - Dayflower blue* + safflower red*
Purple (light shade) | - 525, 640 - Unknown

Table 2. Summary of the FORS and Raman results for prints A and B.

the lack of bromine in XRF maps, the identification of the purple colorant remained uncertain. The use of the
purple yielding the three absorption maxima at 535, 590 and 640 nm was also found on a print (print C) dated
1786 (Fig. 5k). This indicated that the colorant or mixture is at least consistent throughout time in Edo-period
Japan. When compared to a linear combination of the reflectance spectra for safflower red and dayflower blue
(Fig. 51), a close match was obtained. This most likely indicated that the color used in the darkest shades of
purple was a mixture of dayflower blue and safflower red. Nonetheless, the absorption maximum at 590 nm
was absent in the medium and light shades of purple in print B, and the 535 nm apparent absorption band was
shifted down to 525 nm in the lighter shade of purple. These variations made the identification of the dayflower
blue/safflower red mixture in these lighter areas of the prints (or in other prints presenting only light shades of
purple) not straightforward. Therefore, micro-invasive analyses were considered.

Micro-invasive analyses: SERS and HPLC-ESI-Q-ToF. Micro-invasive analyses were mainly used to
confirm or identify the organic colorants used in the prints. Due to its previous use for colorant identification
in Japanese artifacts'"'**°, SERS was initially applied. SERS allowed for a positive identification of safflower red
and turmeric, respectively in the red and yellow areas of the prints (Fig. 7). The purple colorant (or blue and red
mixture, sample 02) was more challenging and did not yield any positive identification using SERS. Interestingly,
a clear modification of the purple color was observed upon acidic hydrolysis. The fiber turned from deep purple
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Figure 5. Reflectance (left) and apparent absorption (right) spectra obtained by FORS for representative colors
found in prints A, B and C: (a) blue—Prussian blue; (b) green—mixture of Prussian blue and unidentified
yellow; (c) dark blue—indigo; (d, g) light red—safflower red; (e, f) dark red—safflower red and red ochre; (h)
light purple—unidentified; (i, j, k) medium and dark purple—possible mixture of safflower red and dayflower
blue; (1) linear combination of the reflectance spectra for safflower red and dayflower blue. (k) is the FORS
spectrum obtained for print C. Asterisks (*) indicate values of the inflection points while other values indicate
maximum absorption.
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Figure 6. Raman spectra obtained for representative colors found in prints A and B: (a) blue—Prussian blue;
(b) green—Prussian blue and amorphous arsenic sulfide; (c) red—red ochre.

to bright red. SERS analyses on hydrolyzed and non-hydrolyzed samples did not yield any spectroscopic signals,
neither for a pure purple, as it appears under microscopic observation, nor for mixtures of red and blue color-
ants, as it could be suggested by the color shift following the sample hydrolysis. This was somehow peculiar, as
most red colorant are usually quite easy to identify using SERS®. Therefore, HPLC-ESI-Q-ToF was considered
for its power to provide information at a molecular level.

The chromatographic profiles for samples 04, 07 and 08, corresponding to two dark and one light shades
of purples, were acquired in both negative and positive ionization modes. They showed the presence of several
molecules and the chemical composition and chromatographic profiles were very similar for all samples. This
accounted for the very high sensitivity of the technique and therefore the successful detection of such molecules
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Figure 7. SERS spectra for (a) red (sample 03 and 06) and (b) yellow (samples 01 and 05) areas of prints A and
B presented along with (c) safflower red and (d) yellow turmeric reference spectra.

starting from the small amount of sample used. It is worth mentioning that fibers from a print may have a
relatively high concentration of pigment/colorant deposited on the surface as a result of the printing process,
thus enhancing the possibility of molecular detection from a very small sample. This situation is not directly
comparable to textile fibers, in which the dyes are applied differently (direct, mordant or vat) and interact with
the fibers in complex ways, generally resulting in lower concentrations of the dye molecules.

Among the detected molecules, carthamin (C;H,,0,,, [M—H]™=m/z 909.2095) was only detected in nega-
tive ionization mode and was identified by comparing the results with those present in an in-house molecular
database®*. This molecule is the molecular marker for safflower red (Carthamus tinctorius)*°. When safflower
is present in a sample, carthamin is generally accompanied by at least two other molecules, which have been
identified as carthamin degradation products by retro-aldol reaction®**’. It was interesting to notice that these
molecules were not present in these samples, suggesting a very good preservation state of the red color in these
prints, especially considering the poor stability of carthamin within a wide range of conditions, including not
only light exposure, but also humidity, temperature and ozone®.

The other molecules were detected in both negative and positive ionization modes. The distribution of these
molecules perfectly matched with the results obtained for the reference sample of paper dyed with dayflower
blue (Commelina communis), as shown in Fig. 8 and Fig. S4 (Supplementary Information).

Although the molecular composition of dayflower blue is known**-®1, this is the first account of its identifi-
cation by HPLC-ESI-Q-ToF from a work of art and the first account of the mass spectrometric details of all its
molecular components in such context (Table 3). The blue color of dayflower is primarily given by commelinin,
which is a metalloanthocyanin, i.e. a self-assembled, supramolecular metal complex pigment composed of an
anthocyanin (malonylawobanin, i.e. delphinidin-3-O-[6-O-(p-coumaroyl)-B-p-glucopyranoside]-5-O-[6-O-
malonyl-B-p-glucopyranoside]), a flavone (flavocommelin, i.e. 7-O-methylapigenin-6-C-glucopyranoside-4'-
O-B-p-glucopyranoside), and a metal ion (Mg?*) in the stoichiometric ratios 6:6:2°°. Malonylawobanin and
flavocommelin were both identified in the samples analyzed. In addition, awobanin (delphinidin-3-O-[6-O-(p-
coumaroyl)-B-p-glucopyranoside]-5-O-B-p-glucopyranoside], swertisin (7-O-methylapigenin-6-C-glucopyrano-
side), vitexin (apigenin-8-C-glucopyranoside) and isovitexin (apigenin-6-C-glucopyranoside) were also detected
in both the reference sample and the two samples from the prints. While awobanin directly relates to the structure
of malonylawobanin, the other molecules, such as swertisin, vitexin and isovitexin are apigenin-based flavonoids,
but they are also naturally present in the extracts of C. communis®!. The results also matched with those available
in the literature about MS fragmentation of some of these molecules®>%*. Two additional unidentified molecules
were present in all samples and the molecular structure was closely related to flavocommelin according to the MS
fragmentations obtained. The mass spectrometric results for these molecules, including fragment ions obtained in
positive and negative MS/MS experiments are reported in Table 3. The MS/MS spectra and molecular structures
are reported in Supplementary Information (Figs. S5-S10).

It is also important to underline that the molecules showed very different ionization yields in positive and
negative mode. Anthocyanins are known to be difficult candidates for detection in negative ionization mode, due
to their tendency to form water adducts and other types of adducts, thus complicating the MS identification®,
whereas they ionize more easily in positive mode. As a result, awobanin and malonylawobanin showed a com-
plicated mass spectrum in negative mode and a higher relative abundance in positive mode. A reliable MS/MS
spectrum was only obtained in positive mode for these molecules. A significant difference between ionization
modes was also observed for flavocommelin. Similarly to the anthocyanins, a complicate mass spectrum was
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Figure 8. Extract ion chromatograms of the molecules detected by HPLC-ESI-Q-ToF analysis (negative mode)
of (a) sample 04 and (b) a reference of dayflower blue.
No | Name Formula MW MS neg (m/z) MS/MS neg (m/z)* MS pos (m/z) MS/MS pos (m/z)*
1 Vitexin CyHyO, | 432.106 | [M—H] =431.098 [M+H]* =433.113
2 Isovitexin CyHy Oy | 432.106 | [M—H] =431.098 [M+H]* =433.113
3 Swertisin CpHy,0, | 446,121 | [M-H] =445.114 325,297, 282, 269, [M+H]* =447.129 | 429, 411, 393, 375, 351, 327, 297
4 Unidentified CyyHy0,, | 578.164 | [M—H] =577.156 487,457,413, 341, 311, 293 [M+H]* =579.171 | 433, 415, 397, 379, 367, 337, 313
. e . 577,559, 541, 539, 511, 499, 475, 457,
5 Unidentified CpyHy0p5 | 594159 | [M—H] =593.151 503,473, 413, 383, 353, 311,297,282 | [M+H]" =595.168 | 10730 300 3 113" s
[M-H]"=607.167
6 | Flavocommelin | C,sHyyO15 | 608.174 | [M+Cl] = 643.144 487, 455, 325, 309, 293, 281 [M+H]* =609.181 | 571 575 225 513, 313, 769, 459, 429,
[M+COOH]~=653.172 » 979 200 998, 947,
[M-H]"=771.178
) [M+H,0-H]~=789.188 )
R .
7 Awobanin CaeHlyOis" | 773193 | (N R g07.155 Not obtained [M+H]* =773.193 | 611, 465, 303
[M+COOH]~=817.183
) [M-H]~=857.178 )
+ +
8 Malonylawobanin | C30H300,," | 859.193 [M+H,0-H]- = 875.189 Not obtained [M+H]* =859.193 | 611, 551, 303

Table 3. Mass spectrometric details of the main components of dayflower blue detected by HPLC-ESI-Q-

ToF. *®Nominal masses of the fragment ions are reported in the table. Refer to Supplementary Information for
accurate masses.

obtained in negative mode and a much higher relative abundance was obtained in positive mode, but a reliable
MS/MS spectrum was obtained in both ionization modes.

These results suggested that the positive ionization mode would be more appropriate for the detection of
dayflower molecular markers by HPLC-ESI-Q-ToF. Nevertheless, in this specific case, carthamin would not be
detected in positive mode. Therefore, both ionization modes should always be adopted in similar situations.

Despite inconclusive MSI observations, clear variations in FORS spectra and lack of signal in Raman and SERS
spectra for the purple areas, HPLC-ESI-Q-ToF unambiguously identified both shades of purple found in both
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Kunisada prints (print A and B) as a mixture of safflower red and dayflower blue. The technique also allowed us
to conclude that the prints were in an extremely well-preserved state, as both colorants used for the purple were
not degraded. This information is of remarkable importance in order to understand the degree of light-induced
degradation of prints for acquisition, conservation or exhibition purposes.

In the case of the purple colorant of the prints, we noted an interference effect of dayflower on the electronic
and vibrational features of carthamin, which affected MSI and SERS detection. In both cases, and contrary to
our experience with the pure safflower dye, we were not able to observe the typical features of carthamin. The
investigation of the photo-physical and spectroscopic properties of organic colorants when applied in mixtures
is a topic that requires additional research, which was not undertaken here, as outside of the scope of this specific
study, but deserves attention in the future.

On an art historical note, the finding of safflower red and dayflower blue used in a mixture to obtain purple in
late Edo period prints is also quite significant. Indeed, the late Edo period saw the introduction of new pigments
in the Japanese prints’ palette, including Prussian blue and amorphous arsenic sulfide. In the 1850s, the occur-
rence of dayflower blue or even indigo is very sparse. Dayflower blue was and is well-known for its instability, and
most blue shades were obtained using Prussian blue. However, the mixture of safflower red and dayflower blue
was found in prints created earlier in the Edo period? including the third print under consideration here (print
C), dated around 1786, as suggested by the similarity of its FORS spectrum with the one for the dark shades of the
two other prints (Fig. 5k). Furthermore, the combined use of dayflower blue and safflower red to yield the purple
color found in the prints is consistent with Yamato’s survey of Edo period prints using noninvasive techniques,
highlighting the use of traditional colorants up to the end of the Edo period®. This shows how Japanese artists
and print manufactures remained attached to traditional materials when it comes to certain colors.

Conclusions

This work has demonstrated that the characterization of mineral pigments and organic colorants in Japanese
woodblock prints is a challenging process that requires a multi-analytical approach. MA-XRE, applied for the
first time to the study of coloring materials in Japanese woodblock prints, clearly showed its great potential for
the identification and visualization of the spatial distribution of inorganic pigments in the prints. MSI confirmed
its complementarity in terms of identification and visualization of the spatial distribution of selected organic
colorants, in particular safflower red and indigo. Therefore, the combination of these two techniques appear as
the best initial approach to be applied in an analytical protocol tailored for Japanese woodblock prints. Nonethe-
less, both techniques clearly showed shortcomings regarding the characterization of organic colorants, pure or
in mixtures, especially in the purple areas.

The application of single point non-invasive techniques, such as Raman and FORS, also confirmed the poten-
tial of these methods and, in some cases, their complementarity for inorganic pigments and organic colorants
respectively. While both techniques mostly confirmed the finding from imaging techniques, FORS also sug-
gested a mixture of dayflower blue and safflower red used in the dark purple areas. Nonetheless, clear variations
in FORS spectra between the various hues and inconclusive MSI observations made the identification based on
FORS uncertain. Furthermore, single point analyses did not provide much more information than MSI on the
nature of most organic colorants.

Minimally invasive techniques, such as SERS and HPLC-MS/MS were applied on selected micro-samples.
While SERS positively identified the turmeric, it did not yield any positive identification of the purple mixture,
hence the introduction of HPLC-MS/MS in the analytical protocol, presented here for the first time in the study
of colorants in Japanese prints. The technique allowed us to positively identify the components of the purple
colorant as a mixture of safflower red and dayflower blue in both dark and light shades. In addition to the iden-
tification of the colorants, HPLC-MS/MS also indicated that the prints were in an extremely well-preserved
state, as both colorants used for the purple were not degraded. This information is of remarkable importance to
understand the degree of light-induced degradation of prints for acquisition, conservation or exhibition purposes.
The positive results clearly showed that HPLC-MS/MS can be included into analytical protocols applied to works
on paper, when a few fibers yielding a significant concentration of colorant can be peeled off.

Finally, the palette used in the various prints was in agreement with what is expected for late Edo period
prints, except for the dayflower blue and safflower red mixture found in the purple colorant. Dayflower blue is
often considered a colorant used early in the print production time, but, as demonstrated in this study, the purple
color composition remained the same over time in Japan, while other colors, including blues and yellows, evolved.
Interestingly, dayflower blue, even though theoretically replaced by the more flexible Prussian blue in late Edo
prints, actually remained in use alongside Prussian blue and/or indigo. This proves that, despite the apparent
evolution of materials and techniques happening in Japan in the late Edo period, some colorants and techniques
remained traditional, highlighting the ambiguity of Japan during this great period of change, when the country
was leaning toward modernization and the West, while keeping its traditional grounds.

Data availability
All data generated or analyzed during this study are included in this published article and in its Supplementary
Information file.

Received: 15 April 2020; Accepted: 28 September 2020
Published online: 01 December 2020

Scientific Reports |

(2020) 10:20921 | https://doi.org/10.1038/s41598-020-77959-2 nature research



www.nature.com/scientificreports/

References

1.

10.
11.

12.
13.
14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30.
31.
32.
33.

34.

35.
36.

37.
. Alfeld, M. et al. A mobile instrument for in situ scanning macro-XRF investigation of historical paintings. J. Anal. Atom. Spectrom.

39.

40.
41.

Derrick, M., Newman, R. & Wright, ]. Characterization of yellow and red natural organic colorants on Japanese Woodblock Prints
by EEM fluorescence spectroscopy. J. Am. Inst. Conserv. https://doi.org/10.1080/01971360.2016.1275438 (2017).

. Derrick, M., Wright, J. & Newman, R. Plant dye identification in Japanese woodblock prints. Arnoldia 74, 12-28 (2017).
. Fiske, B. & Morenus, L. S. Ultraviolet and infrared examination of Japanese woodblock prints: Identifying reds and blues. Book

Pap. Group Annu. 23, 21-32 (2004).

. Vermeulen, M. & Leona, M. Evidence of early amorphous arsenic sulfide production and use in Edo period Japanese woodblock

prints by Hokusai and Kunisada. Herit. Sci. 7,73 (2019).

. Mounier, A. et al. Red and blue colours on 18th-19th century Japanese woodblock prints: In situ analyses by spectrofluorimetry

and complementary non-invasive spectroscopic methods. Microchem. J. 140, 129-141 (2018).

. Pérez-Arantegui, J., Rupérez, D., Almazén, D. & Diez-de-Pinos, N. Colours and pigments in late ukiyo-e art works: A preliminary

non-invasive study of Japanese woodblock prints to interpret hyperspectral images using in-situ point-by-point diffuse reflectance
spectroscopy. Microchem. J. 139, 94-109 (2018).

. Biron, C. et al. Probing some organic ukiyo-e Japanese pigments and mixtures using non-invasive and mobile infrared spectros-

copies. Anal. Bioanal. Chem. 410, 7043-7054 (2018).

. Minamikawa, T. et al. Analytical imaging of colour pigments used in Japanese woodblock prints using Raman microspectroscopy.

J. Raman Spectrosc. 48, 1887-1895 (2017).

. Chua, L., Hoevel, C. & Smith, G. D. Characterization of Haku Maki prints from the “Poem” series using light-based techniques.

Herit. Sci. 4, 25 (2016).

Luo, Y., Basso, E., Smith, H. D. & Leona, M. Synthetic arsenic sulfides in Japanese prints of the Meiji period. Herit. Sci. 4,17 (2016).
Cesaratto, A., Luo, Y.-B., Smith, H. D. & Leona, M. A timeline for the introduction of synthetic dyestuffs in Japan during the late
Edo and Meiji periods. Herit. Sci. 6, 22 (2018).

Zaleski, S., Takahashi, Y. & Leona, M. Natural and synthetic arsenic sulfide pigments in Japanese woodblock prints of the late edo
period. Herit. Sci. 6, 1-8 (2018).

Vermeulen, M. et al. Beyond the connoisseurship approach: creating a chronology in Hokusai prints using non-invasive techniques
and multivariate data analysis. Herit. Sci. 8, 62 (2020).

Vermeulen, M., Miiller, E. M. K. & Leona, M. Non-invasive study of the evolution of pigments and colourants use in 19th century
ukiyo-e. Arts Asia 50, 103-114 (2020).

Korenberg, C., Pereira Pardo, L., McElhinney, P. J. & Dyer, J. Developing a systematic approach to determine the sequence of
impressions of Japanese woodblock prints: The case of Hokusai’s ‘Red Fuji’ Herit. Sci. 7, 1-11 (2019).

Cosentino, A. Identification of pigments by multispectral imaging; a flowchart method. Herit. Sci. 2, 8 (2014).

Biron, C. et al. Colours of the “images of the floating world” non-invasive analyses of Japanese ukiyo-e woodblock prints (18th
and 19th centuries) and new contributions to the insight of oriental materials. Microchem. J. 152, 104374 (2020).

Biron, C. et al. A blue can conceal another! Noninvasive multispectroscopic analyses of mixtures of indigo and Prussian blue. Color
Res. Appl. https://doi.org/10.1002/col.22467 (2019).

Villafana, T. & Edwards, G. Creation and reference characterization of Edo period Japanese woodblock printing ink colorant
samples using multimodal imaging and reflectance spectroscopy. Herit. Sci. 7, 94 (2019).

Tamburini, D. & Dyer, J. Fibre optic reflectance spectroscopy and multispectral imaging for the non-invasive investigation of Asian
colourants in Chinese textiles from Dunhuang (7th-10th century AD). Dyes Pigments 162, 494-511 (2019).

Dyer, J., Tamburini, D., O’Connell, E. R. & Harrison, A. A multispectral imaging approach integrated into the study of Late Antique
textiles from Egypt. PLoS ONE 13, 0204699 (2018).

de Ferri, L. et al. Non-invasive study of natural dyes on historical textiles from the collection of Michelangelo Guggenheim. Spec-
trochim. Acta. A. Mol. Biomol. Spectrosc. 204, 548-567 (2018).

Stanley, T. Non-invasive spectroscopic investigation of a sixteenth-century polychrome aztec picture map on deerskin. Restaur.
Int. J. Preserv. Libr. Arch. Mater. 36, 183-210 (2015).

Pozzi, E, Arslanoglu, J., Cesaratto, A. & Skopek, M. How do you say “Bocour” in French? The work of Carmen Herrera and acrylic
paints in post-war Europe. J. Cult. Herit. 35,209-217 (2019).

Casadio, E,, Mauck, K., Chefitz, M. & Freeman, R. Direct identification of early synthetic dyes: FT-Raman study of the illustrated
broadside prints of José Gaudalupe Posada (1852-1913). Appl. Phys. A 100, 885-899 (2010).

Casadio, E, Leona, M., Lombardi, J. R. & Van Duyne, R. Identification of organic colorants in fibers, paints, and glazes by surface
enhanced raman spectroscopy. Acc. Chem. Res. 43, 782-791 (2010).

Leona, M., Decuzzi, P, Kubic, T. A., Gates, G. & Lombardi, J. R. Nondestructive identification of natural and synthetic organic
colorants in works of art by surface enhanced Raman scattering. Anal. Chem. 83, 3990-3993 (2011).

Pozzi, F. & Leona, M. Surface-enhanced Raman spectroscopy in art and archaeology: SERS in art and archaeology. J. Raman
Spectrosc. 47, 67-77 (2016).

Pozzi, F. et al. Surface-enhanced raman spectroscopy: using nanoparticles to detect trace amounts of colorants in works of
art. In Nanoscience and Cultural Heritage (eds Dillmann, P. et al.) 161-204 (Atlantis Press, Amsterdam, 2016). https://doi.
org/10.2991/978-94-6239-198-7_6.

Kato, K. et al. An SERS analytical protocol for characterizing native Japanese plant extracts. J. Raman Spectrosc. https://doi.
org/10.1002/jrs.5856 (2020).

El Bakkali, A. et al. Assessment of a multi-technical non-invasive approach for the typology of inks, dyes and pigments in two
19th century’s ancient manuscripts of Morocco. Vib. Spectrosc. 74, 47-56 (2014).

Degano, L, Ribechini, E., Modugno, F. & Colombini, M. P. Analytical methods for the characterization of organic dyes in artworks
and in historical textiles. Appl. Spectrosc. Rev. 44, 363-410 (2009).

Petroviciu, I., Albu, F. & Medvedovici, A. LC/MS and LC/MS/MS based protocol for identification of dyes in historic textiles.
Microchem. J. 95, 247-254 (2010).

Tamburini, D. Investigating Asian colourants in Chinese textiles from Dunhuang (7th-10th century AD) by high performance
liquid chromatography tandem mass spectrometry—Towards the creation of a mass spectra database. Dyes Pigments 163, 454-474
(2019).

Mouri, C. & Laursen, R. Identification of anthraquinone markers for distinguishing Rubia species in madder-dyed textiles by
HPLC. Microchim. Acta 179, 105-113 (2012).

Frey, E S. & Warda, J. The AIC guide to digital photography and conservation documentation. (American Institute for Conservation
of Historic and Artistic Works, 2011).

Dyer, J., Verri, G. & Cuppit, J. Multispectral Imaging in Reflectance and Photo-induced Luminescence modes: A User Manual. (2013).

28, 760 (2013).

Solé, V. A, Papillon, E., Cotte, M., Walter, Ph. & Susini, J. A multiplatform code for the analysis of energy-dispersive X-ray fluo-
rescence spectra. Spectrochim. Acta Part B At. Spectrosc. 62, 63-68 (2007).

Mantler, M. & Schreiner, M. X-ray fluorescence spectrometry in art and archaeology. X-Ray Spectrom. 29, 3-17 (2000).

Howard, D. L. et al. High-definition X-ray fluorescence elemental mapping of paintings. Anal. Chem. 84, 3278-3286 (2012).

Scientific Reports |

(2020) 10:20921 | https://doi.org/10.1038/s41598-020-77959-2 nature research


https://doi.org/10.1080/01971360.2016.1275438
https://doi.org/10.1002/col.22467
https://doi.org/10.2991/978-94-6239-198-7_6
https://doi.org/10.2991/978-94-6239-198-7_6
https://doi.org/10.1002/jrs.5856
https://doi.org/10.1002/jrs.5856

www.nature.com/scientificreports/

42.
43.
44,

45.

46.
47.
48.

49.

50.
51.
52.
53.

54.

55.
56.

57.
. Costantini, R., Berghe, I. V. & Izzo, F. C. New insights into the fading problems of safflower red dyed textiles through a HPLC-PDA

59.
60.
61.

62.
63.

64.

65.

Ganio, M., Pouyet, E. S., Webb, S. M., Schmidt Patterson, C. M. & Walton, M. S. From lapis lazuli to ultramarine blue: investigating
Cennino Cennini’s recipe using sulfur K-edge XANES. Pure Appl. Chem. 90, 463-475 (2018).

Aceto, M. et al. Characterisation of colourants on illuminated manuscripts by portable fibre optic UV-visible-NIR reflectance
spectrophotometry. Anal. Methods 6, 1488 (2014).

Bell, I. M, Clark, R. J. H. & Gibbs, P. ]. Raman spectroscopic library of natural and synthetic pigments (pre- = 1850 AD). Spectro-
chim. Acta. A. Mol. Biomol. Spectrosc. 53, 2159-2179 (1997).

Burgio, L. & Clark, R. J. H. Library of FT-Raman spectra of pigments, minerals, pigment media and varnishes, and supplement to
existing library of Raman spectra of pigments with visible excitation. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 57, 1491-1521
(2001).

Vermeulen, M., Palka, K., Vlcek, M. & Sanyova, J. Study of dry- and wet-process amorphous arsenic sulfides: Synthesis, Raman
reference spectra and identification in historical art materials. . Raman Spectrosc. 50, 396-406 (2018).

Leona, M. Microanalysis of organic pigments and glazes in polychrome works of art by surface-enhanced resonance Raman scat-
tering. PNAS 106, 14757-14762 (2009).

Tamburini, D., Cartwright, C. R., Pullan, M. & Vickers, H. An investigation of the dye palette in Chinese silk embroidery from
Dunhuang (Tang dynasty). Archaeol. Anthropol. Sci. 11, 1221-1239 (2019).

Han, J., Wanrooij, J., van Bommel, M. & Quye, A. Characterisation of chemical components for identifying historical Chinese
textile dyes by ultra high performance liquid chromatography—photodiode array—electrospray ionisation mass spectrometer. J.
Chromatogr. A 1479, 87-96 (2017).

Tamburini, D., Cartwright, C. R., Melchiorre Di Crescenzo, M. & Rayner, G. Scientific characterisation of the dyes, pigments, fibres
and wood used in the production of barkcloth from Pacific islands. Archaeol. Anthropol. Sci. 11, 3121-3141 (2019).

Berbers, S. V. J., Tamburini, D., van Bommel, M. R. & Dyer, J. Historical formulations of lake pigments and dyes derived from lac:
A study of compositional variability. Dyes Pigments 170, 107579 (2019).

Dyer, J., Tamburini, D. & Sotiropoulou, S. The identification of lac as a pigment in ancient Greek polychromy - The case of a Hel-
lenistic oinochoe from Canosa di Puglia. Dyes Pigments 149, 122-132 (2018).

Janssens, K. et al. Non-invasive and non-destructive examination of artistic pigments, paints, and paintings by means of X-ray
methods. Top. Curr. Chem. 374, 81 (2016).

Clementi, C. et al. Towards a semiquantitative non invasive characterisation of Tyrian purple dye composition: Convergence of
UV-Visible reflectance spectroscopy and fast-high temperature-high performance liquid chromatography with photodiode array
detection. Anal. Chim. Acta 926, 17-27 (2016).

Aceto, M. et al. A diagnostic study on folium and orchil dyes with non-invasive and micro-destructive methods. Spectrochim. Acta.
A. Mol. Biomol. Spectrosc. 142, 159-168 (2015).

Wouters, J., Grzywacz, C. M. & Claro, A. Markers for identification of faded safflower (Carthamus tinctorius L.) colorants by
HPLC-PDA-MS - ancient fibres, pigments, paints and cosmetics derived from antique recipes. Stud. Conserv. 55, 186-203 (2010).
Laursen, R. & Mouri, C. Decomposition and analysis of carthamin in safflower-dyed textiles. e-PS. 10, 35-37 (2013).

and colorimetric study. J. Cult. Herit. 38, 37-45 (2019).

Yoshida, K., Mori, M. & Kondo, T. Blue flower color development by anthocyanins: from chemical structure to cell physiology.
Nat. Prod. Rep. 26, 884 (2009).

Goto, T., Kondo, T., Tamura, H. & Takase, S. Structure of malonylawobanin, the real anthocyanin present in blue-colored flower
petals of commelina communis. Tetrahedron Lett. 24, 4863-4866 (1983).

Shibano, M., Kakutani, K., Taniguchi, M., Yasuda, M. & Baba, K. Antioxidant constituents in the dayflower (Commelina communis
L.) and their a-glucosidase-inhibitory activity. J. Nat. Med. 62, 349-353 (2008).

Ishikawa, T. et al. An acetylated anthocyanin from the blue petals of Salvia uliginosa. Phytochemistry 52, 517-521 (1999).
Raffaelli, A., Moneti, G., Mercati, V. & Toja, E. Mass spectrometric characterization of flavonoids in extracts from Passiflora incar-
nata. J. Chromatogr. A 777, 223-231 (1997).

Sun, ], Lin, L. & Chen, P. Study of the mass spectrometric behaviors of anthocyanins in negative ionization mode and its applica-
tions for characterization of anthocyanins and non-anthocyanin polyphenols: Mass spectrometric study of anthocyanins in negative
ion mode. Rapid Commun. Mass Spectrom. 26, 1123-1133 (2012).

Yamato, A. Koki ukiyo-e hanga ni shiyo sareta shikizai no hensen ni kansuru kenkyt (studies on changes in the colorants used in later
ukiyo-e prints (Tohoku University of Art and Design, Yamagata, 2013).

Acknowledgements

We gratefully acknowledge the Andrew W. Mellon Foundation for providing funding for the postdoctoral fel-
lowships of Marc Vermeulen and Emily Miiller at the Metropolitan Museum of Art, and Diego Tamburini at
the British Museum. We are also grateful for John T. Carpenter, Mary Griggs Burke Curator of Japanese Art at
The Metropolitan Museum of Art for his support and advice. The authors also gratefully acknowledge Henry
D. Smith II for providing the Kabuki actor Kunisada print as well as Federica Pozzi for her help and advices
regarding the SERS analyses.

Author contributions

M.V. performed FORS, Raman, and SERS analyses. M.V. and E.M.K.M. acquired MSI images. E.B. and S.A.C.
performed MA-XRF analyses. D.T. performed HPLC-MS/MS analyses. M.V. and D.T. drafted the manuscript
and all authors revised and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77959-2.

Correspondence and requests for materials should be addressed to M.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2020) 10:20921 | https://doi.org/10.1038/s41598-020-77959-2 nature research


https://doi.org/10.1038/s41598-020-77959-2
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:20921 | https://doi.org/10.1038/s41598-020-77959-2 natureresearch


http://creativecommons.org/licenses/by/4.0/

	Integrating liquid chromatography mass spectrometry into an analytical protocol for the identification of organic colorants in Japanese woodblock prints
	Materials and methods
	Woodblock prints. 
	MSI. 
	MA-XRF. 
	FORS. 
	Raman spectroscopy and SERS. 
	HPLC-ESI-Q-ToF. 

	Results and discussion
	Visual examination. 
	Imaging techniques: MA-XRF and MSI. 
	Spectroscopic single spot analyses: Raman and FORS. 
	Micro-invasive analyses: SERS and HPLC-ESI-Q-ToF. 

	Conclusions
	References
	Acknowledgements


