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Abstract: In the present work, a method is proposed that combines spectrofluorimetry with multi-
variate analysis (cluster and principal components) to non-invasively investigate natural dyes used,
mainly in the form of lakes, in illuminations. First, a consistent number of mock-up samples of red
and purple lakes (from brazilwood, madder, kermes, cochineal, lac dye, folium and orcein) were
prepared following the recipes reported in ancient treatises, then the experimental conditions for
their non-invasive investigation were optimized by benchtop instrumentation and transferred to a
portable microprobe suitable for in situ analyses. For all the coloring materials examined, it was thus
possible to obtain a satisfactory grouping of samples containing the same dye. The analytical protocol
was finally extended to the characterization of dyes in the Crescenzago choir books, illuminated
manuscripts dating back to the end of the 15th century.

Keywords: spectrofluorimetry; illuminated manuscripts; lakes; natural dyes; non-invasive identification;
multivariate analysis

1. Introduction

The analysis of colors in illuminated manuscripts represents a topic of great interest
in the field of diagnostics and conservation of cultural heritage. Their knowledge, in fact,
in addition to providing interesting information that can guide a restoration intervention,
can help to deeply understand the illuminator’s artistic technique and cultural context, as
well as to date the artifacts. Within this framework, a key role is played by natural organic
dyes, which have been used to paint illuminations in association with traditional inorganic
pigments. These natural substances were obtained from vegetable or animal sources and
then often transformed into lakes, i.e., precipitated and absorbed on an inorganic substrate
(alum is the most common) to be applied on parchment after dispersing it in a binder,
typically egg white or gum arabic. Among the most popular dyes were brazilwood, madder,
kermes, carmine or cochineal and lac dye, which were used to obtain red shades, and orcein,
folium and indigo, which give purple and blue colors respectively and, unlike the previous
ones, were used commonly as such and not in the form of lakes. Brazilwood, madder,
orcein, folium and indigo were obtained from vegetable parts, while kermes, carmine
(whose introduction into Europe followed to the discovery of America) and lac dye were
extracted from insects belonging to different species. From these raw materials, a wide
variety of recipes were then used to produce lakes with different hues, as documented in
several ancient treatises. The use of dye mixture was also a common practice to obtain
particular tints, e.g., purple could be a mixture of a red dye and a blue colorant, organic or
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inorganic. The glazing technique was also used, which involves spreading a thin layer of
lake over an area that has already been painted with an inorganic pigment.

It is therefore evident that the matter of identifying dyes in illuminations is far from
an easy subject. Furthermore, the spectroscopic techniques conventionally adopted for
non-invasive analysis of pigments are not applicable. In fact, X-ray fluorescence (XRF)
is an elemental technique suitable for the detection of elements with medium-to-high
atomic numbers. Similarly, Fourier transform infrared spectroscopy (FTIR) is affected by
the presence of the binder and the inorganic substrate of the lake, the signals of which
are predominant over those of any dye, while Raman spectroscopy suffers from the prob-
lem of fluorescence emission associated with organic molecules. Also, since illuminated
manuscripts are extremely delicate artifacts, it is discouraged (and generally prohibited
by conservators) to take a sample that can be fully characterized by laboratory techniques
widely used for dye identification, such as liquid chromatography combined with mass
spectrometry (HPLC-MS) and SERS (surface-enhanced Raman spectroscopy), although
these techniques have also been applied in some cases to the identification of dyes used
in illuminated manuscripts [1-5]. As a non-invasive analytical method for this purpose,
fiber optics reflectance spectroscopy (FORS) has been widely used [6-9], although this tech-
nique, based on electronic spectra, lacks the specificity typical, for example, of vibrational
spectroscopy [10]. In this scenario, spectrofluorimetry represents a valuable method to
non-invasively study dyes in illuminations. The chemical structure of these molecules, rich
in double bonds and aromatic rings, favors their fluorescence emission and allows their
characterization without interference from the inorganic matrix of the lake. Furthermore,
although the fluorescence bands are also quite broad, being based on electronic transitions,
the possibility of choosing different excitation wavelengths and the independence of the
emission observed from the presence of other non-fluorescent coloring substances (unlike
FORS) make the technique more specific. For this reason, spectrofluorimetry has already
been successfully applied to the study of illuminated manuscripts [5,11-16]. However,
most of these studies involve samples analyzed in the laboratory and, to our knowledge,
only a few experiments directly on manuscripts have been reported [7,8,17,18].

Furthermore, the application of multivariate analysis methods, in particular cluster
analysis, to differentiate historically accurate samples obtained with different recipes based
on the same dye [12], as well as to discriminate different organic coloring substances [11],
is reported. In fact, the use of multivariate analysis is a powerful strategy to interpret
emission spectra—as already demonstrated for dyes in ancient textiles [19]—characterized
by broad bands and variable emission maxima, which can be similar for lakes obtained
from different dyes but slightly shifted for samples prepared with the same dye. However,
once again, it is worth noting that most of these studies were performed on micro-samples
of illuminated parchment exploiting benchtop instrumentation.

The aim of the present work is to develop a protocol based on spectrofluorimetry and
multivariate analysis (principal component analysis [PCA] and cluster analysis [CA]) for
the identification of natural dyes in situ, directly on ancient manuscripts by the use of a
portable prototypal microprobe. Initially, the best conditions to excite the fluorescence
emission of red and purple dyes were set by means of a benchtop spectrofluorimeter, and
subsequently they were transferred to the probe by choosing suitable optical filters. Next,
a large number of historically accurate mock-up samples of lakes spread on parchment,
prepared according to different ancient recipes, were analyzed, and the spectral data were
processed by mathematical processing (Kubelka—-Munk correction and second derivative)
and multivariate analysis. The Kubelka—Munk correction was applied to take into account
the possibly different concentrations of the coloring substances [20,21], while the second
derivative was calculated to enhance the differences between emission spectra. To our
knowledge, this is the first example of the application of this procedure to a large series of
lakes used in ancient illuminations, examined by portable instrumentation. The approach
first proved to be promising for distinguishing the different dyes in the reference samples.
Thus it was finally applied to the study of the colorants in two illuminated manuscripts
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from the end of the 15th century, the so-called Crescenzago choir books, allowing the
identification of the dyes used to obtain red, fuchsia and purple hues. A graphical flowchart
describing the protocol is reported in the Supplementary Materials (Figure S1).

2. Materials and Methods
2.1. Historically Accurate Samples

The samples analyzed were red or purple lakes spread on parchment using egg white
or gum arabic as a binder. The recipes have been adapted from those reported in ancient
treatises. In this regard, it is important to bear in mind that these procedures, in addition
to being difficult to find in many cases, are not always easily understood; the quantities
indicated are often hard to interpret and the composition of some ingredients can often be
omitted. For these reasons, starting from an original recipe, several parameters were varied
in the preparation process of the same lake, as described in Table S1 (Supplementary Mate-
rials). The dyes considered were cochineal, madder, brazilwood, lac dye and kermes for
red, and orcein and folium for purple. Indeed, the use of all these colorants in illuminations
is amply documented in ancient texts and has also been verified in the recent scientific
studies cited above. In particular, most of them were precipitated on alum and applied on
parchment with a suitable binder. Exceptions are represented by folium and orcein [5,22].
Folium, in particular, was commonly extracted from a cloth soaked in Chrozophora tinctoria
seed juice and was used to paint as is, dissolved in water or mixed with egg white. [23] It
was also common practice to mix this dye with burnt umber to obtain a darker purplish
color or to apply it as a glaze over a layer painted with azurite or ultramarine [23]. Orcein,
extracted from lichens such as Roccella tinctoria, has been most widely used as a textile dye
but, to a lesser extent, also in painting [24,25].

Table 1 is a summary table of the lakes investigated in this work, reporting the historical
sources of the recipe, as well as the acronyms that identify each sample in the data that will
be presented. The corresponding color coordinates are listed in Table S2 (Supplementary
Materials).

Table 1. Summary of the mock-up samples of lakes and their recipes.

Dye Reference Binder Sample
gum arabic L1-G
gum arabic L2-G

) egg white LIM1-A
O Libro de komo se fazen as kores, 15th century, Chapter 9 [26] -
gum arabic LIM1-G
egg white LIM3-A
gum arabic LIM3-G
. egg white LDBI-A
Brazilwood Bolognese manuscript, 15th centuryRecipe 136 [27]
gum arabic E1B-G
gum arabic E1S-G
“Haarlem” Manuscript [28]
egg white LDB3-A
egg white R1R-A
) gum arabic R1R-G
O Libro de komo se fazen as kores, 15th century,Chapter 9 [26] -
egg white LB1R-A

gum arabic LBIR-G
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Table 1. Cont.

Dye Reference Binder Sample
B. De Puyster, Use of organic dyestuffs in the manufacture of lakes, .
1920 [29]}7 f org yestuff f f egg white GA-A
egg white LG1-A
gum arabic LG1-G
Madder . ) L L ) oo . . .
L. Marcucci, Saggio analitico-chimico sopra i colori minerali e mezzi egg white LG2-A
di procurarsi gli artefatti gli smalti e le vernici, 1816 [30] gum arabic LG2-G
egg white LG3-A
egg white LG4-A
egg white CA-A
Adapted from [31] 58
gum arabic CA-G
gum arabic C5-G
Carmi egg white Ce6-A
armine
um arabic C6-G
Paduan manuscript, late 16th-17th century [27] 8
gum arabic LG2-G
egg white LG3-A
egg white LG4-A
egg white B131-A
Bolognese manuscript, 15th centuryRecipe 131 [27] g8
gum arabic B131-G
egg white B140-A
Bolognese manuscript, 15th centuryRecipe 140 [27] g8
gum arabic B140-G
Lac dye Paduan manuscript, late 16th-17th century [27] um arabic P90-G
p y 8
um arabic Mont-G
Montpellier manuscript, 15th century [32] 8
egg white Mont-A
egg white MC-A
Mappae Clavicula, 12th century [33] &8
gum arabic MC-G
egg white K1-A
gum arabic K1-G
Manuscripts of Jehan Le Bégues (Experimenta de Coloribus), 15th egg white K2a-A
Kermes centuryRecipe 11 [34] gum arabic K2a-G
egg white K2B-A
gum arabic K2B-G
Bolognese Manuscript, 15th centuryRecipe 110 [27] gum arabic K3-G
um arabic OR-G
Orcein Adapted from [2] 8
egg white OR-A
egg white FO-A
water FO-Aq
Folium De Arte llluminandi, 14th century [23] mixed with burnt FO+BU
umber
on azurite FO@AZ
on ultramarine FO@UL
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2.2. The Crescenzago Choir Books

A set of six beautiful liturgical manuscripts in Ambrosian rite, the so-called Crescen-
zago choir books (shelfmarks M 45-50), is kept from the 17th century in the Chapter Archive
of the Basilica of Sant’Ambrogio in Milan. They are dated to the end of the 15th century and
are enriched by an impressive decoration [35-38]. Specifically, these are two ingressaria (M
49, pars hiemalis + M 45 pars aestiva) and four antiphonaries for the divine office (M 48, pars
hiemalis + M 50, pars aestiva + M 46, for Lent, the feasts of Eastern time and per annum + M
47, Proper of Saints and Common of Saints) [39]. The presence of subscriptions and of the
coat of arms of the patrons allows us to reconstruct the full history of these choir books.

The two ingressaria (M 49 + M 45) were commissioned by Giacomo Marliani, provost
of the Milanese church of Santa Maria Rossa in Crescenzago; the emblem of the Marliani
family is depicted on M 49, fol. 1r, and on M 45, fol. 1r, flanked by the initials I and A
(Iacobus). Moreover, the last manuscript, fol. 208v, shows the following statement dating to
1491: «[ ... ] lacobus Marlianus Carsenzagi prepositus [ ... ] hunc librum devotissimus
dicavit MCCCCXCI».

The four antiphonaries were all copied in 1487, as stated by a subscription written
on M 50, fol. 150v, bearing the name of the scribe, Antonio da Lampugnano, and that
belonging to the author of the musical notation, Cristoforo di Abbiate, a canon of Santa
Maria della Scala church. Manuscript M 46 is also dated to 1487 (fol. 1r). The decorative
project was taken up again by Federico Sanseverino, who since June 1492 was appointed
provost of Santa Maria Rossa in Crescenzago after Giacomo Marliani; as of July 1492 he
also became a cardinal of the Roman Church. His coat of arms is depicted on M 47, fol. 1r
(with a black hat), and on M 46, fol. 1v (with a cardinal hat).

These four large books (approximately 590 x 410 mm), still preserving the original
binding with wooden boards covered by leather and metal furnishings, comprise nearly
one thousand pages [40] and show an impressive number of miniatures, painted by at
least four illuminators. The most important is the so-called Master of Crescenzago, who
worked in about 1492-1493 both in illuminating M 49 and M 45 and the four antiphonaries,
and in sketching the drawings of M 50. Some other illuminators have been identified: the
Carmelite friar Biagio di Grancino da Melegnano, who painted the filigree initials and
left his name (frater Blaxius carmelita) and the date 1490 on ms. M 46, fol. 133r-v; Master
B.E,, who was the author of a single miniature at fol. 81r in ms. M 50, for the feast of the
Dedication of the cathedral (he has been identified with Bernardino Butinone [41]); and
Giovanni Giacomo Decio, who later on, in about 1530, resumed the interrupted decoration
of the antiphonaries M 48, M 50, and M 46. The illumination cycle of the Crescenzago
choir books is remarkable for its high quality, especially for those scenes painted by the
Master of Crescenzago. This master, who had previously been engaged at Certosa in
Pavia, showed with his exuberant and precious art the desire to take on the canons of
contemporary paintings. This extraordinary set of six liturgical manuscripts must be
considered a masterpiece of late 15th—century Lombard illumination [42].

In the present work, some illuminations of two of the four antiphonaries, M 47 and M
46, have been analyzed. In particular, areas with red, fuchsia and pink shades have been
selected for measurements, together with some purple details. The examined illuminations
and the measurement areas are shown in Figure 1.
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Figure 1. Illuminations examined in the Crescenzago choir books: (a) M 47-fol. 15v, Maestro di
Crescenzago, St. Andrew [letter DJ; (b) M 47-fol. 68v Maestro di Crescenzago, St. James and St. Philip
[letter T7; (c) M 47—fol. 152v, Maestro di Crescenzago; (d) M 46—fol. 65r, Giovanni Giacomo Decio,
Resurrection of Lazarus [letter T]. The measurement areas are also indicated with their corresponding
numbers.

2.3. Instrumental Methods

For the optimization of the experimental conditions, a JASCO FP-777 benchtop spec-
trofluorimeter, equipped with a photomultiplier detector, was used. The scan rate was
set to 200 nm/min and the data pitch was 0.5 nm. Different excitation wavelengths were
used, namely 365, 435 and 500 nm, with a bandpass of 10 nm. For each wavelength a
glass longpass filter, placed between the sample and the emission monochromator, was
used in order to cut the exciting radiation and measure only the fluorescence emission of
the sample. For each excitation wavelength, the cut-on wavelengths of the filters were
respectively 380, 480 and 520 nm.

In situ spectrofluorimetric analyses were performed using a portable microprobe
(Figure S2, Supplementary Materials), suitable for both visible reflectance and fluorescence
measurements. The microprobe, provided with an Olympus 20X objective, is connected
by optical fibers to a Lot Oriel MS125 spectrometer (grid 400 lines/mm) equipped with an
Andor CCD detector iDus420-OE (1024 x 128 pixel, quantum efficiency curve shown in
Figure S3d, Supplementary Materials), cooled by means of a Peltier device. The wavelength
calibration was based on the emission spectrum of a neon lamp.

For fluorescence analyses the microprobe is equipped with an interference filter to
select the excitation wavelength and a dichroic filter to eliminate from the spectrum the
component due to the exciting radiation. In the present work, the best combination proved
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to be the use of an interference filter centered at 482.5 nm (bandwidth 31 nm) and a
dichroic filter with a cut-on wavelength of 516 nm (transmission range 520-850 nm). The
transmission curves of the two filters are shown in Figure S3a,b, Supplementary Materials.
The radiation source is a halogen lamp (maximum power 150 W, spectral radiance curve
shown in Figure S3c, Supplementary Materials) connected to the probe by optical fibers.
Fluorescence spectra were collected as a sum of 30 scans with an exposure time of 2 s, and
the analyses were preceded by the acquisition of a background spectrum in the absence of
the incident radiation.

For visible reflectance analyses a beam splitter 30/70 for the spectral range 400-700 nm
is assembled into the probe. The same halogen source described above is used and the
radiation is sent along a direction perpendicular to the microscope objective. Reflectance
spectra were acquired as a sum of 30 scans with an exposure time of 0.01 s. The analyses
were preceded by the acquisition of background and reference spectra in the absence of the
incident radiation and on a Mylar tablet respectively.

2.4. Kubelka—Munk Correction for Self-Absorption of Fluorescence Emission

To take into account fluorescence self-absorption and remission in the solid state, a
model based on the Kubelka—Munk theory of diffuse reflectance was applied [20,21]. Ac-
cording to this theory, it is possible to obtain true emission spectra dividing the experimental
data by a function y (A, A), defined by Equation (1):

YA o) = (1/(1+ /RemRA)]/(RemR(A)] +2) ) ) x (1/(1 + v/Rem[R(N)[{Rem[R(N)] + 2} /RemR(Ao) [ {RemR (M) +2}) ) (1)

where A and Aj are the emission and excitation wavelength and Rem[R(MA)] is the total
remission function defined by the following Equation (2):

Rem[R(A)] = k(A)/s(A) = [1 —R(A)]?/2R(A) @)

where s(A) and k(A) are respectively the scattering and the absorption coefficient and R(A)
is the diffuse reflectance at the corresponding wavelength A.

It should be remembered that the Kubelka-Munk theory can be rigorously applied to
optically thick layers [21].

The self-absorption correction was performed by means of GRAMS/ Al software.

2.5. Multivariate Analysis of Data

Reflectance and emission spectra were processed by principal component analysis
(PCA) and cluster analysis (CA), performed by the statistical software Minitab ver. 14.

Fluorescence spectra were first corrected for self-absorption as described above and,
when necessary, the fluorescence component due to the parchment (previously acquired on
the bare support and shown in Figure 54, Supplementary Materials) was subtracted using
the Grams/ Al software.

Using the same software, all the spectra were then transformed in the correspond-
ing second derivative (gap algorithm, 20 points). It was chosen to calculate the second
derivative of the spectra in consideration of their great similarity and of the fact that, as
demonstrated in the literature [43-45], higher-order derivatives help highlight the differ-
ences and thus identify the compounds responsible for the spectral features. The use of the
second derivative represents a good compromise with respect to the slight worsening of the
signal/noise ratio and proved to be effective, for example, in a previous study dedicated to
the identification of synthetic organic pigments based on their luminescence spectra [46].

To avoid the possible variability due to the emission intensity, the data were then
normalized using the Minitab software and the standard normal variate (SNV) method,
which consists of subtracting each spectrum by its own mean and dividing it by its own
standard deviation. To perform PCA, the covariance matrix was selected to reduce the
baseline contribution. For CA, the complete linkage method was chosen and the distance
between the objects was Euclidean.
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3. Results
3.1. Optimization of the Experimental Conditions

As previously mentioned, a preliminary study was carried out using benchtop instru-
mentation, which allowed the excitation wavelength to be varied continuously, in order to
select the best combination of optical filters with which to equip the microprobe for in situ
analyses. In particular, the aim of the experiment was the choice of an interference filter,
which influences the intensity of the fluorescence emission of the dyes since it determines
the excitation wavelength, and a dichroic one, which, ideally, should cut the excitation
radiation without influencing the fluorescence signal.

The results of these analyses are shown for some of the reference samples in Figure 2,
which illustrates the comparison between the fluorescence spectra acquired on the same
mock-up of lake spread on parchment at three different excitation wavelengths: 365 nm,
435 nm and 500 nm. From this comparison it is evident that the best results have been
obtained for the fluorescence spectra excited at 500 nm: the bands due to the dyes are in
fact enhanced, and the contribution of the binder and the parchment is limited, since their
absorption maxima do not lie in the visible region [47].

Carmine Kermes

Intensity (a.u.)
Intensity (a.u.)

Madder Brazilwood

Intensity (a.u.)
Intensity (a.u.)

560 580 600 620 640 660 680 700 560 580 600 620 640 660 680 700
Wavelength (nm) Wavelength (nm)

Figure 2. Comparison between the emission spectra of four reference lakes (carmine, kermes, madder
and brazilwood) spread in egg white upon different excitation wavelengths: 365 nm (purple line),
435 nm (blue line) and 500 nm (green line).

Consequently, these experimental conditions were transferred to the microprobe by
selecting the closest commercially available combination of interference and dichroic filters,
respectively centered at 482.5 nm and with a cut-on wavelength of 516 nm.

3.2. Spectrofluorimetric Analyses by Portable Instrumentation

As described in Section 2.3, the microprobe used in the present work allows for the
performance of both reflectance and fluorescence analyses. Since FORS spectroscopy has
been widely exploited for the recognition of dyes in illuminated manuscripts (as men-
tioned above), it was first investigated whether reflectance spectra could actually lead
to the identification of the different coloring substances in such a large number of lakes
obtained with different dyes and following several recipes. The reflectance data (Figure S5,
Supplementary Materials) were then subjected to PCA, but, as demonstrated by the score
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plot shown in Figure S6 (Supplementary Materials), they were not characteristic enough
for the recognition of groups corresponding to the individual dyes. The reflectance data of
the mock-up samples of the lakes containing the same dye are in fact randomly distributed
throughout the multivariate space, and different lakes partially overlap one another. Simi-
larly, the dendrogram obtained from CA shows clusters each containing lakes of different
dyes (Figure S7, Supplementary Materials). In this regard, it should be remembered that
the reflectance spectra of substances of similar color have comparable spectral patterns,
just as, for the same substance, there may be variations in the spectral pattern as a function
of concentration. Furthermore, referring to the specific case of illuminated manuscripts,
the practice of glazing was widespread, consisting of a thin layer of a lake applied on an
opaquer layer made with another lake or with an inorganic pigment, to give particular
nuances. In this case, the resulting spectrum would be due to both the underlying pigment
and the lake applied over it, further complicating the interpretation of the reflectance data
for identification purposes [48].

Multivariate analysis was therefore applied to the fluorescence spectra acquired on
the lake mock-up samples. Before processing, the contribution due to parchment was,
if necessary, subtracted and the correction for self-absorption phenomena based on the
Kubelka—-Munk theory was applied, as described in Section 2.4. The Kubelka—-Munk
correction shifts the fluorescence spectra toward shorter wavelengths, indicating that
the emitted light is partially reabsorbed by the colorant itself. As an example, Figure 3
shows two emission spectra obtained from two different mock-up samples of brazilwood
lakes before and after correction: the corrected spectra become much more similar and,
consequently, easier to interpret for identification purposes. Emission spectra, before and
after the correction, and the corresponding maxima are reported in the Supplementary
Materials (Figure S8 and Table S3). Furthermore, to improve the result, the emission spectra
thus elaborated were transformed into the corresponding second derivative. In this way it
is in fact possible to further highlight the differences between them.

Intensity (a.u.)

560 580 600 620 640 660 680 700 720 740
Wavelength (nm)

Figure 3. Emission spectra of two brazilwood lakes before (solid lines) and after (dashed lines) the
self-absorption correction. After the correction, the emission maxima of the two samples become
more similar.

CA and PCA were therefore applied to the reference samples obtained from red lakes
and to those made with purple dyes (folium and orcein).

The dendrogram in Figure 4 shows how, in general, it is possible to distinguish a
cluster corresponding to each dye regardless of the recipe and the binder. Furthermore, in
the case of folium, the emission response of the dye allows its identification even when it is
spread on, or mixed with, inorganic pigments. Only in the case of brazilwood, two different
clusters were observed. The former (cluster 1) houses most of the samples, while the latter
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(cluster 2) consists of samples characterized by a darker shade, as demonstrated by the
intensity values of their reflectance spectra (Figure S9, Supplementary Materials), as well
as the visual observation. In this regard, it could be hypothesized that the correction was
not able to fully compensate for the large difference in dye concentration of these samples.
The information provided by CA is consistent with PCA results, as demonstrated by the
three-dimensional score plot reported in the Supplementary Materials (Figure S10).

Similarity

0.00 -+

8833 1

== Brazilwood
Carmine
Folium
= Kermes
Lac dye
Madder
Orcein

66.67

100.00

C5-G 4
C6-A—
CA-A-
CA-G <

C6-G

Ad
G4
A
A=
G4

Mont-G 4

--------------------------------------

Mont:

B140
B140
B131
P90

Observations

Figure 4. Dendrogram generated by CA applied to the second-derivative emission spectra of the
reference lake samples.

By virtue of the good results obtained on the reference samples, the same multivariate
approach was extended to the interpretation of the spectra acquired during the campaign of
in situ analyses on the Crescenzago choir books (Figure S11a,b, Supplementary Materials).
The aim was, in fact, to identify the dyes used by the illuminators Maestro di Crescen-
zago in the choir book M 47 and Giovanni Giacomo Decio in the choir book M 46. The
emission spectra subjected to multivariate analysis were again previously corrected for self-
absorption and derived, but the subtraction of the contribution due to the parchment, on
the other hand, did not prove to be necessary, since the signal of the dye was predominant
in all cases (this is certainly due to the unequivocally better quality of the pictorial layer,
opaquer than that of the mock-up samples).

Referring to the red and fuchsia areas analyzed in the manuscripts, the use of lac dye
is demonstrated by CA (Figure 5) and PCA (Figure 512, Supplementary Materials) in most
parts for both manuscripts, and only in one lighter pink detail of M 46 was the use of a
brazilwood lake detected.

Finally, regarding the emission spectra obtained from three purple areas, these were
compared with those of both red and purple mock-up samples. It should in fact be
remembered, as already described, that the purple color was not always obtained from a
single dye, but it could also be a mixture of a red and a blue. Again, in both manuscripts,
the use of folium dye was detected. Indeed, there is a perfect match in the dendrogram
(Figure 6) and in the score plot (Figure S13, Supplementary Materials) with the group of
the reference samples prepared with this colorant.
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4. Conclusions

In the present work, the potentiality of a protocol combining spectrofluorimetry and
multivariate analysis has been demonstrated for the non-invasive investigation of red and
purple dyes in illuminated manuscripts. Spectrofluorimetry, thanks to its specificity toward
the molecules of the dyes, is not markedly affected by the presence of the inorganic matrix
that forms a lake, providing selective information on the colorant itself. In particular, the
best analytical conditions for a portable microprobe have been individuated, involving an
excitation wavelength selected by an interference filter around 500 nm, i.e., a wavelength
close to the absorption maxima of most red and purple dyes and, at the same time, dis-
tant enough from the emission maxima, combined with a dichroic filter centered around
520 nm. The combination with multivariate analysis methods, in particular cluster analysis,
proved successful in discriminating mock-up samples on parchment of lakes prepared with
different dyes following a large variety of recipes from ancient treatises, whose emission
spectra were acquired with portable equipment. The collection of the obtained spectral
patterns was also presented, to provide a reference set that could possibly be used in other
investigations for at least a qualitative comparison.

The method was then successfully applied to the study of illuminated manuscripts
dated to the end of the 15th century, leading to the recognition of the use of folium to
obtain purple color and lac dye to paint red and fuchsia areas. The use of these dyes,
extensively documented in the literature, is consistent with the illumination technique in
the historical period considered and is common to both artists, the Maestro di Crescen-
zago and Giovanni Giacomo Decio, involved in the decoration of the two volumes of the
Crescenzago choir books. Thus, the possibility of combining the excellent performance
of microspectrofluorimetry for the identification of organic dyes and their lakes with a
complete non-invasiveness of the measurement technique was demonstrated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/heritage6020108 /s1. Figure S1: Flowchart of the experimental
protocol; Figure S2: Scheme of the instrumental setup used for in situ fluorescence measurements;
Figure S3: Transmission curves of the interference and dichroic filters, spectral radiance curve of the
halogen source and quantum efficiency curve of the CCD detector; Figure S4: Emission spectrum of
parchment; Figure S5: Reflectance spectra of the lake mock-up samples analyzed in the present work;
Figure S6: Score plots of the first two principal components of the reflectance spectra of the reference
lake samples as R, log(1/R) and second derivative of R; Figure S7: Dendrogram generated by CA
applied to the second-derivative reflectance spectra of the reference lake samples; Figure S8: Emission
spectra of the lake mock-up samples analyzed in the present work and after the Kubelka—-Munk
correction; Figure S9: Reflectance spectra of brazilwood lake mock-up samples; Figure S10: Score plot
of the first three principal components of the second-derivative emission spectra of the reference lake
samples and dendrogram from the cluster analysis of the same components; Figure S11: Emission
and visible reflectance spectra acquired from illuminated details of the Crescenzago choir books;
Figure S12: Score plot of the first three principal components of the second-derivative emission spectra
of the reference lake samples and those obtained from red and fuchsia areas of the Crescenzago choir
books; Figure S13: Score plot of the first three principal components of the second-derivative emission
spectra of the reference lake samples and those obtained from purple areas of the Crescenzago choir
books; Table S1: Summary of the recipes followed to prepare the historically accurate mock-up
samples of the different lakes; Table S2: L*a*b* color coordinates and chroma (C*) values for the paint
mock-ups. Table S3: Emission maxima (Aexc 482.5 nm) of the mock-ups of lakes on parchment.
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