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Abstract

Natural colorants, with their sustainable origins, offer a promising alternative for various
applications. Advanced studies have unveiled the remarkable properties, resilience, and
durability of these ancient dyes, which our ancestors developed through sustainable
material processing. This serves as a testament to the potential of sustainable solutions in
our field. As part of our research, we prepared three medieval temperas using gum arabic,
parchment glue, and casein glue. These tempera were explicitly designed to protect the
purples obtained from Chrozophora tinctoria extracts. A comprehensive multi-analytical
approach guides our research on natural colorants. Central to this approach is the use of
molecular fluorescence by microspectrofluorimetry, a key tool in our study. By analyzing the
emission and excitation spectra in the visible range, we can identify specific formulations.
This method is further supported by fingerprinting techniques, including Fourier Transform
Infrared Spectroscopy (FTIR) and High-Performance Liquid Chromatography with Diode
Array Detection (HPLC-DAD). These are further complemented by Fiber Optics Reflectance
Spectroscopy (FORS) and colorimetry. Building on our understanding of orcein purples,
we have extended our research to purples derived from Chrozophora tinctoria extracts. Our
findings reveal the unique properties of Chrozophora tinctoria, which can be accurately
distinguished from orcein purples, highlighting the distinctiveness of each.

Keywords: Chrozophora tinctoria; microspectrofluorimetry; organic dyes; cultural heritage

1. Introduction
1.1. Natural Colorants

Natural colorants can be used as sustainable sources for many applications, especially
in the food and textile industry [1-12]. In Antiquity and the Middle Ages, natural dyes
and their metal-ion complexes were used for textiles, manuscript illuminations, paintings,
and other works of art [3,4,12], as well as in cosmetics, medicine, and food colorants [9-17].
Time resilience is intrinsic to these dyes, and their remarkable durability in millennial-
old objects, such as Andean textiles, results from the changes introduced in the colorant
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formulations. This is a science of use that we inherited in the form of unique artworks [8].
This ‘science of use’ refers to the accumulated knowledge and techniques developed over
centuries of practical application, which have made these colors resistant and endowed
them with the highest performance that we aim to achieve [1-5]. We used the extracts of
Chrozophora tinctoria, a plant found in Portugal and mentioned as a coloring material in
medieval documentary sources [6]. This plant was also used for medicinal applications
and to dye cheese rinds in the Netherlands from at least the 16th century to the 19th
century [6,16]. Recently, we characterized the main medieval blue dye in Chrozophora
tinctoria [6], a hermidin derivative, which we named chrozophoridin. Our interdisciplinary
research was essential for solving its complex structure. As it turned out to be in a class of
its own, this discovery was published in a high-impact journal by the Science group and
widely covered by the media (Figure 1).

Figure 1. Main blue and purple for Chrozophora tinctoria, in clothlets, and the molecular structure for
chrozophoridin blue. Prepared by designer Nuno Gongalves.

Contrary to other historical dyes, such as anthraquinone reds and indigo blues, the
causes of the resilience of hermidin-based dyes from Chrozophora tinctoria still need to be
understood [10,11].

1.2. Multidisciplinarity for the Characterization of Purple Colors Based on Chrozophora tinctoria

“Paleo-inspiration, the process of mimicking properties of specific interest observed
in ancient and historical systems, is proposed for innovative chemical conception. The
inspiration is gained from an advanced study of ancient materials that were often syn-
thesized in soft chemical ways, using low energy resources, and sometimes rudimentary
manufacturing equipment” [3,13-20].

In the past decade, our research on natural colorants has followed the motto described
in this quotation. These advanced studies have shown ancient dyes’ remarkable properties,
resilience, and durability, which our ancestors designed through sustainable materials
processing. Importantly, our interdisciplinary background allowed us to assemble a multi-
disciplinary team of renowned experts in physical chemistry, natural products, botany, and
conservation, working at the borders of their scientific domains.
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A multi-analytical approach based on molecular fluorescence characterizes these
formulations. This technique involves fluorescence to identify specific formulations, so it
will be used as a base technique. It will be complemented by fingerprinting techniques, such
as Fourier Transform Infrared Spectroscopy (microFTIR) and High-Performance Liquid
Chromatography with Diode Array Detection (HPLC-DAD). Fiber-Optics Reflectance
Spectroscopy (FORS) and colorimetry further support these techniques [4,7,12,20-44].

1.3. How to Prepare Purple Colors Based on Chrozophora tinctoria

The recipe for folium has been described in various manuscripts and medieval
sources [5-7,14,18]. The plant described in these recipes is widely believed to be Chro-
zophora tinctoria, a plant native to the Mediterranean, North Africa, and parts of Asia, based
on several medieval treatises that provide detailed and accurate descriptions of the fruit.
The fruits are dark green, purple, or blue, depending on the time of year they are picked.
The fruits consist of three conjoined, slightly lobed pods (5-8 mm diameter) with white
scales, containing three seeds (Figure 1).

The key treatises that contain information on the collection and preparation of the
fruits to make folium are as follows: Theophilus on divers arts (12th century), Montpellier
liber diversarum arcium (14th century), and The book on how to make all the color paints for
illuminating books (15th century) [14-18]. In medieval times, the solutions extracted from
C. tinctoria were absorbed onto clothlets, dried, and then applied as paint by cutting a piece
of cloth and extracting its color with the appropriate binding medium, such as gum arabic.

The practice of making watercolor clothlets was very common in the Middle Ages;
therefore, in some uses of the word, turnsole became synonymous with any clothlet storing
a water-based color, leading to some confusion about the nature of turnsole (or folium) and
incorrectly linking it to other dyes, such as lichen-based dyes. There is documentation of
the medieval preparation of folium in France in the 19th [9].

1.4. Purple Colors Based on Orcein Purples

During the medieval period, a variety of lichen species were used to make purple
dyes, including the Roccella (the best-known orchil-producing genus), Ochrolechia, Lecanora,
and Varilaria genera. All had a purple dye named orchil. Orchil has been recorded as
a substitute for Tyrian purple since the 3rd century CE.30. Orchil dyes were accurately
identified in medieval manuscripts [35,40].

In 2009, the complex composition and mechanism of formation of orchil were eluci-
dated (Figure 2) [31-33]. The orchil lichens contain depsides and depsidones that serve
as dye precursors that vary by lichen species. After extraction, these compounds are hy-
drolyzed into orsellinic acid, which is then decarboxylated into the colorless compound
orcinol. When exposed to ammonia, orcinol undergoes oxidation to form orcein. Orcein
itself is a blend of phenoxazone derivatives, containing hydroxyorceins, aminoorceins,
and aminoorceiminse.

1.5. Natural Colorants to a Bio-Based Economy

In summary, natural colorants were used for economic, social, and artistic purposes for
millennia until synthetic dyes supplanted them in the 19th century. Nowadays, the revival
of natural colors is gaining momentum, and it is necessary to revive the “savoir-faire” of
dyeing with the most resilient formulations. The research and experimental development
of exciting new colorants will produce novel and creative knowledge that will be freely
transferred to the local communities and traded in the marketplace.
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Figure 2. Relevant molecular structures in orcein (1) 7-hydroxy-2-phenoxazone, also known
as hydroxy-orcein; (2) 7-amino-2-phenoxazone, also known as amino-orcein; (3) 7-amino-2-
phenoxazime, also known as amino-orceimin. Relevant molecules for orcein purples, (4,5).

2. Results

In medieval times, watercolors were prepared by embedding the plant extract in
a cloth, often detailed in treatises. The cloth was then protected with gum arabic. The
resulting color was carefully stored in a box, a testament to the importance of preserving
these historical art forms. The box was designed to shield the color from light and humidity,
ensuring its longevity. We now prepare linen or cotton cloths of 4 cm by 4 cm or larger.

2.1. Colorimetry Through Lab* Coordinates

L*, a* and b* are the three color coordinates for the CIELab system. L* represents the
lightness, and a* and b* represent the hue. L* variations range from “light” or white, >0,
to “dark” or black, <0, on the z-axis; a* from red to green; b* from yellow to blue. a* >0
represents reds and a* < 0 greens. b* > 0 yellows and b* > 0 blues.

Each watercolor formulation was analyzed using colorimetry to determine if different
binders affect the perceived color of the painted folium watercolors, as shown in Table 1
and Supplementary Material S1. All formulations exhibit hues in the pink and purple range.
Each formulation was tested on four different watercolor clothlets prepared with the same
method. The Lab* coordinates of watercolors with specific binders tend to group together
loosely, with some notable exceptions, such as PG3 and GA3 (Figure S6). Watercolors
prepared with gum arabic showed more negative b* values and more positive a* values,
corresponding to a shift toward the blue and red regions of the color spectrum, respectively.
Generally, watercolors formulated with casein glue, parchment glue, and glair have similar
Lab* values, with the gum arabic with CaCO3; mixture displaying slightly more positive
a* values.



Molecules 2025, 30, 2860

50f13

Table 1. L¥, a*, and b* coordinates for the painted watercolors from clothlets 14 (top to bottom) in
various binders (gum arabic, gum arabic with low CaCOj3, parchment glue, and casein glue). For
more details, please see Supplementary Material S1. Lab* are described in the first paragraph in

Section 2.1.

Code Binder L* a* b*

GA1l 83.24 + 2.83 9.44 + 1.87 58+ 1.11
GA2 b 81.99 + 0.87 1249 + 063  —7.19 4 0.37
GA3 glm arabic 79.08 + 2.12 1698 +1.90  —9.6241.33
GA4 84.91 + 1.77 111 + 155 —586+1.18
GC1 82.25 + 0.14 1114 + 017  —5.11 4 0.08
GC2 gum arabic with 84.41 +£0.53 8.32 £0.11 —-14+£0.12
GC3 CaCO; 85.16 = 0.70 9.87 + 0.27 —223+0.28
GC4 86.85 =+ 0.89 7.71 +0.22 124014
PG1 89.95 + 0.08 5.52 + 0.09 ~233+0.10
PG2 rchment olue 9059 £ 045 5.57 + 0.57 —2.35+ 041
PG3 P & 84.46 + 0.47 11.23 + 0.51 ~5.92 +0.26
PG4 89.41 + 0.05 7.03 +0.17 ~3.11+0.11
CG1 89.05 -+ 0.29 7.14 +0.25 —411+0.16
CG2 cascin glue 90.91 + 0.21 4.96 + 0.08 —1.49 + 0.02
CG3 87.89 + 0.28 8.33 + 0.13 —3.79 +0.18
CG4 86.0 + 0.79 10114 0.86  —5.35+ 0.64

2.2. Fiber-Optics Reflectance Spectroscopy Used on Purple Watercolor Formulations

Each watercolor formulation was analyzed using the Fiber Optic Reflectance Spec-
troscopy (FORS), Figures S1-S5. The different binders have little effect on the FORS spectra
with a maximum at 566-567 nm and a shoulder at 542-544 nm (Figure 3).
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Figure 3. UV-VIS reflectance spectra of the following watercolors in (a) gum arabic, (b) gum arabic
and CaCO;3, (c) parchment glue, and (d) casein glue. For more details, please see Supplementary
Material S1.
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2.3. Infrared Microspectroscopy Used on Purple Watercolor Formulations

The infrared spectra are depicted in Figures 4-6. The fingerprint of gum arabic
matches a reference for gum arabic, as shown in Figure 4. Concerning the amount of
calcium carbonate, we can see its proportion is very low, with the only identified bands at
874.4 cm~! and 711 cm~!, as shown in Figure 4. The more relevant bands for the calcium
carbonate reference are at 1417 cm—?, 876.9 cm™!, and 713.3 cm~!. This would explain the

results using colorimetry and FORS.

T T T
folium cloth + gum arabic

Absorbance

L ] 1

4000 3500 3000 2500 2000 1500 1000650

Wavenumber (cm™')

Figure 4. The first infrared spectrum of folium cloth in gum arabic is almost a perfect match with
gum arabic (abs units 0-1). In the second spectrum (abs units 0-1.5), we can see that the quantity of
calcium carbonate is very low compared to the reference CaCO3 (abs units 0-0.9).

folium cloth + parchment glug]

parchment glue

Absorbance

4000 3500 3000 2500 2000 1500 1000650
Wavenumber (cm™")
Figure 5. The infrared spectrum in parchment glue also includes cellulose paper, which we compared

with a commercial parchment based on cellulose (abs units 0-0.7 and 0-1.5). The first spectrum is

compared with a parchment glue reference (abs units 0-1.6).
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Figure 6. Folium extracted with casein is depicted in two infrared spectra as folium cloth + casein
(abs units 0-1.2). These two infrared spectra are similar and were compared with other recipes, based
on casein, prepared in the early 2000 s (abs units 0-0.2 casein glue and casein 0-0.7). For more details,
please refer to the text.

For the parchment glue, it was not possible to acquire spectra without interference
from the cellulose paper, as shown in Figure 5. For this reason, the parchment glue is
identified by its main bands at 1644 cm~! and 1555 cm~!. The N-H and C-H bands cannot
be discriminated due to the interference of the cellulose paper, in which the O-H and C-H
bands dominate. When compared with a parchment glue reference, we can observe that
the bands are shifted, as the main bands in this region are at 1650 cm~ 1 and 1551.5 cm™1.

The caseinate glue paints were applied on glass slides and as a watercolor (Figure 6).
Folium extracted with casein is depicted in two infrared spectra as folium cloth + casein.
These two infrared spectra are similar and were compared with other recipes, based on
casein, prepared in the early 2000s. The main bands for folium cloth + casein start at the
C-H region (2923 cm~! and 2852/2854 cm 1) and continue into the fingerprint region, with
the most relevant bands being 1743 em1,1650 cm !, 1539 em !, 1155 em %, 1073.5 cm ™2,
and 1046 cm~!. These are a very good match with the two caseins from cows.

2.4. Emission and Excitation Spectra by Microspectrofluorimetry

Each watercolor formulation was analyzed using microspectrofluorimetry. More in-
formation on the HPLC-DAD data in Supplementary Material Section S1.4 and Table S3.
Figure 7 shows a selection of the better signal-to-noise spectra. For gum arabic, the excita-
tion spectra show a maximum at 565 nm and a shoulder at 530 and at 528 nm, when mixed
with a small amount of calcium carbonate. For parchment glue, the maximum is at 570 nm,
with a shoulder at 532 nm. For the casein glue, the maximum is again at 565 nm, with a
shoulder at 534 nm. The emission spectra for gum arabic show a maximum at 595 nm. The
maximum for parchment and casein glue is at 593 nm. However, the intensities for both
excitation and emission spectra vary, as reported in Table 2.
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Figure 7. Excitation and emission spectra of the following watercolors in (a) gum arabic, (b) gum

arabic and CaCO3, (c) parchment glue, and (d) casein glue.

Table 2. Spectral data for painted watercolors prepared from clothlet 3 with various binders, showing

the absorption, emission and excitation maxima, and the stokes shift. For more details, please see

Supplementary Materials S1. GA3 in gum arabic, GC3 in gum arabic with minor amounts of CaCO3,

PG3 in parchment glue, and CG3 in casein glue. Intensity, I/cps.

A Excitation Emission _

nm -1
abs Aexc/nm I/cps Aem/nm I/cps Ao /em
GA3 566 (sh542) 565 (sh530) 1.8 x 10* 595 1.4 x 10° 8920
GC3 567 (sh543) 565 (sh528) 7.9 x 10° 594 6.5 x 10* 8640
PG3 567 (sh544) 570 (sh532) 3.3 x 10* 593 3.0 x 10° 6800
CG3 567 (sh542) 564 (sh534) 1.7 x 10* 593 1.2 x 10° 8670

In the infrared spectra, we can identify three different binding media, three different

medieval tempera, as shown in Figures 4-6. Based on the results of the emission and

excitation spectra, it is also possible to distinguish gum arabic from parchment glue and

casein glue. For the parchment glue, we have an excitation maximum at 570 nm and an

emission maximum at 593 nm; whereas for the casein tempera, the discrimination is mainly
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based on the emission maximum at 593 nm. Based on microspectrofluorimetry, it is possible
to discriminate these colors, as already proven in ref. [36].

3. Discussion

Infrared spectra, acquired using micro-Infrared spectroscopy, accurately identified the
medieval tempera based on parchment glue, casein glue, and gum arabic. On the other
hand, microspectrofluorimetry allowed for the discrimination of the colors prepared with
C. tinctoria, based on their excitation and emission spectra.

In Supplementary Materials S2, we discuss the results for two types of orcein and Chro-
zophora tinctoria, which were applied on parchment. Figure S9 shows representative emis-
sion and excitation spectra for orcein purples (Rocella tinctoria and Lasallia pustulata), which
present an excitation maxima at c. 585 nm and emission maxima at c. 595-598 nm [42,44].
For the orcein-dyed silk (with Lasallia pustulata), which was prepared by Isabella Whitworth
(UK), the excitation spectrum displays a structured band, with a maximum at approxi-
mately 574 nm and a shoulder at 550 nm. The emission maximum is at 602 nm. For more
details, please see reference [34]. Therefore, different supports will yield different maxima.

Orcein purples can be readily distinguished from purples based on Chrozophora tinctoria
extracts, as shown in Figures 7 and S9.

4. Materials and Methods
4.1. Preparation of Historic Paint and Ink Reconstructions

The preparation of medieval watercolors from Chrozophora tinctoria extracts and the
preparation of colors based on medieval tempera are described in the Supplementary
Materials (Sections 51.1-51.3 and 51.5).

4.2. Colorimetry

For measuring color, a handheld spectrophotometer Lovibond TR 520 (Tintometer,
Dortmund, Germany) with a diffused illumination system, an 8° viewing angle, and a
48 mm integrating sphere was used. The equipment was sourced from Lovibond House,
Sun Rise Way. Amesbury, SP4 7GG, UK. The measuring aperture was 4 mm in diameter.
Equipment calibration was performed with white and black references. Color coordinates
were calculated, defining the D65 illuminant and the 10° observer. The color data are
presented in the CIE-Lab 1976 system. In the Lab Cartesian system, L* refers to the relative
brightness. Variations in the relative brightness range from white (L* = 100) to black (L* = 0).
The (a*, b¥) pair represents the hue of the object. a* ranges from negative values (green)
to positive values (red). b* ranges from negative numbers (blue) to positive numbers
(yellow). All colorimetric data represent the mean L*, a*, and b* values obtained from three
measurements on the painted watercolor samples. The associated error corresponds to the
standard deviation of these measurements.

4.3. Fiber-Optics Reflectance Spectroscopy

UV-VIS reflectance spectra were obtained with an Ocean Optics MAYA 2000 Pro
reflectance spectrophotometer equipped with single beam optical fibers and a Hama-
matsu linear silicon CCD detector collecting spectra in a 200-1060 nm spectral range. The
light source was an Ocean Optics HL 2000-HP halogen lamp with a 20 W output and a
360-2400 nm spectral range. The analysis was conducted with a 35 ms integration time,
15 scans, 8 box width, and 90° /90° reflection angle to the bearing surface, with a 2 mm spot.
A Spectralon® white reference was used for the calibration. FORS spectra were acquired in
reflectance but are presented as apparent absorbance, A’ = Logy(1/R).
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4.4. Infrared Microspectroscopy

Infrared analyses were performed using a Nicolet Nexus spectrophotometer coupled
to a Continupm microscope (15 X objective) with an MCT-A detector. The spectra were
collected in transmission mode, in 50 um? areas, resolution setting 8 cm~! and 128 scans,
using a Thermo diamond anvil compression cell. At ca 2400-2300 cm ™!, CO, absorption
was removed from the acquired spectra (4000-650 cm ™).

4.5. Microspectrofluorimetry

Fluorescence excitation and emission spectra were recorded on a Jobin-Yvon/Horiba
SPEX Fluorog 3-2.2 spectrofluorimeter hyphenated to an Olympus BX51 M confocal micro-
scope, with spatial resolution controlled with a multiple-pinhole turret, corresponding
to a minimum 2 pm and maximum 60 pm spot, with a 50 x objective. Beam splitting is
achieved with standard dichroic filters mounted at 45°; they are positioned in a two-place
filter holder. Standard dichroic filters of 540 and 600 nm were used to collect the emission
and excitation spectra, respectively. Emission spectra were acquired by exciting at 570 nm,
and excitation spectra were obtained by collecting the signal at 610 nm. Both were acquired
in a 30 um spot (pinhole 8) with the following slit settings: emission slits = 3/3/3 mm, and
excitation slits = 5/3/0.8 mm. The optimization of the signal, achieved through mirror
alignment in the microscope’s optical pathway, was performed for all pinhole apertures
according to the manufacturer’s instructions. Spectra were collected after focusing on the
sample (eye view) and then optimizing the signal intensity (detector reading). Emission
and excitation spectra were acquired in the same spot whenever possible.

4.6. HPLC-DAD

The analysis was carried out in a ThermoScientific Vanquish® HPLC-DAD system with
a ThermoScientific Vanquish PDA (ThermoScientific, San Jose, CA, USA), an autosampler,
and a gradient pump. The sample separations were performed in a reversed-phase column,
RP-18 Nucleosil column (Macherey-Nagel, Valencienner Str. 11, 52355 Diiren, Germany)
with a 5 um particle size column (250 mm x 4.6 mm), with a flow rate of 1.7 mL/min with
the column at a constant temperature of 35 °C. The samples were injected via a Rheodyne
injector with a 25 pL loop. The elution gradient consisted of two solvents, A: methanol and
B: 0.1% (v/v) perchloric acid aqueous solution. A gradient elution program was used, with
0-2 min of isocratic 7% A, 2-8 min of linear gradient to 15% A, 8-25 min of linear gradient
to 75% A, 25-27 min of linear gradient to 80% A, 27-29 min of linear gradient to 100% A,
and 29-30 min of isocratic 100% A (10 min re-equilibration time). The eluted peaks were
monitored at different wavelengths.

LC-MS data were obtained in the Analytical Laboratory—LAQV REQUIMTE, in Por-
tuguese Laboratério de Analises—LAQV REQUIMTE (Ref. 10.54499 /UIDB/50006/2023)
at the Department of Chemistry of NOVA School of Science and Technology.

For more information on the molecular structures, see Table S3.

5. Conclusions

The potential of natural colorants to contribute to the sustainability of our planet is im-
mense [1,35-41]. Our research, focusing on developing stable and protective formulations,
as demonstrated in our study on several purples from Chrozophora tinctoria preserved using
three different medieval tempera, is a significant step towards this optimistic future.

Our unique expertise in the field, particularly in discriminating dye formulations, is a
significant contribution. We employ advanced techniques, such as microspectrofluorimetry,
a method that uses a combination of fluorescence and microscopy to analyze dye formula-
tions at a microscale, and chemometrics, a branch of chemistry that uses mathematical and
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References

statistical methods to analyze chemical data, to distinguish between organic dyes prepared
in the past, a task that is crucial for the successful preservation of natural colorants [35,36].
Photodegradation studies will be applied to the paints based on C. tinctoria to better assess
their stability.

There is an urgent and compelling need for further study of Chrozophora tinctoria
extracts. Their potential applications remain largely unexplored, presenting an exciting
and vital area for future research [40,45-47]. This unexplored potential underscores the
urgency and importance of our work in this area.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules30132860/s1, Figure S1: Clothlets 1-12 after tempering
over urine for several weeks; Figure S2: Clothlets 1-4 in gum arabic, dissolved in 1 and 2 mL of
binder and applied in 1 and 2 layers, respectively; Figure S3: Clothlets 1-4 in gum arabic and
with 0.015-0.017 g of CaCOs, dissolved in 2 mL of binder and applied in 1, 2, 3 and 4 layers (from
left to right); Figure S4: Clothlets 1-4 in parchment glue, dissolved in 1 and 2 mL of binders and
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