
Eur. Phys. J. Plus         (2023) 138:381 
https://doi.org/10.1140/epjp/s13360-023-03964-9

Regular Art icle

Surface-enhanced Raman spectroscopy for madder lake detection in painting layers
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Abstract Madder lake is the most utilized anthraquinone dyestuff in artworks. Its main constituents (alizarin and purpurin, together
with other natural dyes) form an organometallic complex (the lake) insoluble in water by precipitation or adsorption of the dye onto
an inorganic substrate. Raman spectra of madder lake are strongly affected by fluorescence, making its identification by Raman
spectroscopy difficult or impossible. In this work, we prepared different lakes according to historical recipes and characterized
them with X-ray diffraction (XRD), IR, and UV-Visible spectroscopies. Additionally, painting mock-ups were prepared and the
lakes were extracted with hydrated and ethanol-rich agar gel beads. This work is aimed at showing the advantages and limits for
the identification of the madder lake constituents by Raman and SERS (Surface-Enhanced Raman Spectroscopy) methods in the
hydrogels used for sample micro-extraction. The main advantage of SERS for madder lake detection is to allow the user to acquire
spectra in random spots in the gel bead, without the need for recrystallized grain localization in the dried hydrogel.

1 Introduction

Red lakes are colored inorganic–organic hybrid materials consisting of a water-insoluble organometallic complex formed by metal
ions (for example Al3+) linked to a specific functional group of the dye molecule. Their use in the production of artworks dates
back to ancient times: they were prepared from natural dyes extracted from different varieties of plants’ roots, from scale insects or
inorganic substrates [1–3].

Among the red lakes, madder lake belongs to one of the oldest and the most important group of red dyestuffs, anthraquinones,
extracted from the roots of Rubia tinctorum L. The main coloring compounds in madder are hydroxyanthraquinones, alizarin (1,2-
dihydroxyanthraquinone, C.I. 75330) and purpurin (1,2,4-Trihydroxyanthraquinone, C.I. 58205). In classical antiquity, the most
common substrate for the production of lake pigments was potash alum, a hydrated potassium aluminum sulfate (KAl(SO4)2·12H2O).
An alkaline compound, such as potash (K2CO3) or lime (Ca(OH)2), was often added to facilitate the reaction and enable the chelation
of the dyestuff molecule to the aluminum cation.

In the literature, several studies report the way the dye sources and other substances involved in madder lake preparation, such
as substrates and metal salts, may affect the color, the spectral properties [4, 5], and the lightfastness [6] of the final product.

Nevertheless, the structure of the metal-dye complexes that pure alizarin or purpurin produce within the lake and the nature of
their established chemical interactions are still a matter of controversy. All the proposed structures refer to samples prepared in
organic or mixed solvents or to purified lakes; therefore, the metal-dye systems can be different from those of the lakes obtained
according to historical recipes using water and an excess of Al(III) [7–13].

The necessity of non-invasive and non-destructive methodologies for the study of cultural heritage is of fundamental importance
for the preservation and conservation of artworks. In much-published research, lake pigments are simply recognized based on their
fluorescence but cannot be easily discriminated [14]. Raman spectroscopy is routinely used for the non-destructive analysis of
pigments and numerous case studies demonstrate its strength for the determination of both inorganic and organic materials in paint
samples [15–17]. Often the direct Raman analysis of red lakes in paint samples or paintings is compromised by the strong fluorescence
of the pigment which masks the Raman signal [18]. The interaction of the dye molecules with a nanostructured metal surface can
strongly enhance the signal in Raman experiments as well as quench the fluorescence signal. For these reasons, surface-enhanced
Raman spectroscopy (SERS) [19–22] has gained significant popularity as an alternative method for the analysis of red lake pigments.
SERS (like chromatography methods [23]) is based on the extraction of dyes from micro-samples and on the subsequent interaction
of the extracted molecules with nanostructured substrates for the detection of an enhanced Raman signal [24–29]. Methods based
on SERS extraction of dyes in gels were presented, among the others, by Leona et al. [30] where methacrylate hydrogel and a water
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solution of dimethylformamide (DMF) with disodium ethylenediaminetetraacetic acid (EDTA) were used to extract trace amounts
of the target colorant from the substrate, or by Doherty et al. [25] that used methylcellulose for the formation of a gel, or even,
Lofrumento et al. [26] that employed a SERS probe made of agar–agar added by silver colloid for a non-destructive and minimally
invasive micro-extraction of dyes from textiles. SERS spectra can be directly measured on cross-sections following sample treatment
[31] or laser ablation micro-sampling [32]. A general problem with the extraction of dyes from lake pigments—whether for SERS or
chromatography—is that the information regarding the coordination of the dye molecules is lost. Also, the analysis and interpretation
of these spectra is quite difficult and theoretical models could provide guidelines for the interpretation of the experimental results
[33, 34]. Ab initio or DFT modeling provide reliable results on the structural and vibrational properties of both simple isolated
chromophores [35, 36] and their Ag complexes as SERS models [37] but the complex environment of a lake often not known nor
easy to be identified and represented in a theoretical approach [33].

We are working to improve the characterization of the lakes with micro-invasive methodologies coupled with Raman/SERS
spectroscopy. Our recent work has proved how madder and cochineal lakes can be detected in painting layers with Raman spec-
troscopy in favorable conditions [38]. The employed process consists of the partial solubilization and recrystallization of the lakes
in a hydrated, ethanol (EtOH)-rich, agar gel matrix. The solvents help the migration of the soluble fraction of the lake into the gel
matrix and, once evaporated, micro grains are possibly formed inside the gel. The grains obtained from madder lake samples, after
being analyzed by Raman spectroscopy, show the characteristic Raman spectra of the alizarin lake.

In this paper, we present a more detailed study of madder lake by Raman and SERS spectroscopy. The effect of EtOH on the
samples of both natural madder lake and synthetic alizarin and purpurin lakes prepared according to historic recipes was verified
either on lake powders and painting models prepared in the laboratory. Different analytical techniques were employed to complement
the spectroscopic results from extracted samples. XRD, IR, and UV-Vis spectroscopies have been exploited to obtain information
about the crystallinity of the formed lakes, the relative dyes components present in the powders, and the effective formations of the
lakes, respectively. Finally, SERS experiments were carried out on the painting models both to improve sensitivity and, possibly, to
simplify the sample analysis (i.e., to avoid the tedious search of small colored grains in the dried gel).

2 Materials and methods

2.1 Materials

Noble agar, Silver nitrate (AgNO3) (purity≥99.5%), sodium citrate dihydrate (ACS re-agent,≥99.0%), alizarin (C.I. 75330) and
purpurin (C.I. 58205) were purchased from Sigma-Aldrich. Rubia tinctorum L. roots were provided by Zecchi (Florence, Italy).

2.1.1 Lakes and mock-up preparation

The madder lake was prepared in-house from Rubia Tinctorum L. roots according to traditional recipes [39]. In particular, 2.5 g
of roots were immersed in 50 ml of hot water and the obtained solutions, once filtered (pH 5–6), were brought to boiling and the
alkaline pH was reached through the addition of a KOH water solution (1.4 g KOH in 50 ml water). Then, a rock alum solution
(6 g (KAl(SO4)2·12H2O in 50 ml of water) was added under magnetic stirring to precipitate the lake. After 30 min mixing, the
preparation was left at room conditions for 24 h, and then the lake powder was filtered on paper. This solid was repeatedly washed
with deionized water and dried. Alizarin and purpurin lakes were obtained starting from the dyes: 0.15 g of the dye were added to
125 ml of hot water, the solution was stirred for 10 min, filtered to remove suspended particles, and the alkaline pH was reached
through the addition KOH water solution (3.5 g of KOH in 125 ml of water solution) and finally the rock alum solution (16 g of
KAl(SO4)2·12H2O in 125 ml of water) was added under magnetic stirring. The solution, after being stirred for 30 min, was kept at
rest for 24 h, and then filtered. The solid was repeatedly washed with water and dried. The mock-up, purposely designed to simulate
a real painting, was made of a wooden support, a gypsum and animal glue preparation layer and a madder, alizarin or purpurin lakes
paint layer dispersed in egg yolk binder (the ratio binder-colorant was 1:1) (Fig. 1).

2.1.2 Ag colloidal solution and SERS substrate preparations

The silver colloidal solution was prepared according to the Lee-Meisel procedure, starting from silver nitrate (50 ml, 10−3 M in
H2O) and using sodium citrate (1 ml, 3.4 10−2 M in H2O) as reducing agent [40]. The resulting silver nanoparticles (AgNPs) were
characterized through their UV-Vis spectra. Extinction spectra were measured on sample solutions held in a 1 mm optical path
quartz cuvette. The plasmonic band maximum of the AgNPs dispersion was found around 430 nm, with typical extinction 1.6 and
FWHM ∼100 nm (data not shown). The resulting AgNPs colloidal dispersion had a pH value around 5.5.

UV-Vis and SERS measurements on reference powders of alizarin, purpurin and corresponding lakes were performed using their
EtOH solutions. SERS was carried out following the dried drop method: equivalent volumes of the sample solution and AgNPs
colloid were mixed, let to stand for 10 min, then a drop was deposited in a microscope glass and air dried before starting the
experiment.
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Fig. 1 Painting model with
(starting from left) madder,
alizarin and purpurin lakes layers,
and (below) the corresponding
lakes

To prepare EtOH solution of the different materials and/or to recover their EtOH soluble fraction, a small amount of the sample
(2 mg) was added to 1 ml of EtOH, the dispersion mixed in a Vortex mixer for 10 min, the EtOH solution recovered by filtration.
For Raman measurements, the solvent evaporated and the resulting solid residue collected.

The agar gels were prepared as described in previous works [26, 41] by mixing 0.1 g of noble agar with 5 ml of water (for Raman
experiments) or silver colloidal solution (for SERS experiments). The gel beads were loaded with 3 μl of EtOH to micro-extract
soluble fraction of the coloring matter from the painted surfaces. We have tested different extraction times (5–30 min), and 5 min
of contact time between the loaded gel bead and the painted surfaces were sufficient to obtain good results. To prepare for SERS
measurements, the gel bead, after the extraction time, was further loaded with 3 μl of colloidal solution to improve sensitivity.
Measurements started once the Ag-agar gel bead was completely dried.

2.2 Instrumentation

UV-Vis spectra were recorded with an Agilent Cary60 UV-Vis NIR spectrophotometer, with 2 nm resolution. UV-Vis-NIR Agilent
Cary60 spectrometer (Agilent Technologies, Santa Clara, CA, USA).

The micro-Raman measurements were carried out with a Renishaw RM2000 spectrometer with a single-grating (1200
grooves/mm) and charge-coupled device (CCD with 577×400 pixels) air-cooled detector. The excitation source is a near infrared
diode laser operating at 785 nm, a commonly used wavelength that allows to operate under a reduced fluorescence background and
still provides a good Raman signal enhancement when the Lee-Meisel colloid is used for SERS due to the large bandwidth of the
plasmonic band [22]. Laser beam focusing was accomplished through a 50×or 20×magnification objectives. The available laser
power was up to 5 mW on the sample. Spectra were recorded with acquisition times in the order of 10 s, and spectral resolution of
4 cm−1. The spectrometer was routinely calibrated with respect to the 520 cm−1 band of a silicon wafer.

Diffraction patterns were recorded with an X-ray powder diffractometer X’ Pert PRO (PANalytical) equipped with an ultrafast
X’Celerator Real Time Multiple Strip (RTMS) detector with the following operative conditions: anticathode Cu (λ � 1.5405 Å),
explored 2θ range between 3 and 70°, step size 0.04°, time to step 50 s.

Fourier transform infrared (FTIR) spectroscopy was performed on the powders using a Spectrum 100 Perkin Elmer with an
attenuated total reflectance (ATR) diamond crystal. The detector is FR-DTGS (fast recovery deuterate L-alanine tryglycine sulfate)
and the spectral range is 4000–380 cm−1, with a spectral resolution of 4 cm−1.
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Fig. 2 XRD diffraction patterns of
the different lakes. From
top-to-bottom: a alizarin lake,
b purpurin lake, c madder lake

3 Results and discussion

3.1 Analysis of alizarin, purpurin and madder lakes

A first screening of the lakes was done by XRD diffraction to assess the degree of crystallinity of the materials and to verify the
presence of unbound dyes. The experimental XRD patterns of alizarin and purpurin show some degree of crystallization (see Fig.
SI1) while alizarin and purpurin lakes diffraction patterns (Fig. 2) exhibit limited resolved features (not detectable in case of madder
lake). However, both for alizarin and purpurin lakes the resolved peaks are not associated to the free dyes (and we did not find
a reasonable assignment for them from a database search). These lakes are prepared with non-stoichiometric recipes and in case
of madder lake, prepared with a more traditional method, the excess of Al3+ ion is about 10 times larger than in the other cases
(assuming a 0.1–1% dye content in the Rubia tinctorum L. roots). We associate the non-crystalline XRD signature of the madder
lake to the larger amount of the inorganic phases present in this sample.

Further insight on these materials was provided by their UV-Vis electronic absorption spectra (Fig. 3). Absorbance spectra of
alizarin in EtOH are characterized by the absorption band at 430 nm ascribed to the free molecule in the neutral form. In case of
alizarin lake, a band at 500 nm is present, as already reported for similar systems [42]. By fitting the spectra, it was possible to
quantify the free alizarin in the alizarin lake as 2–3%, provided the extinction coefficient of both of them was known [43]. This
result is compatible with the XRD evidence (no free dyes detected) given the limited sensitivity of XRD to the presence of minor
components (about 4%, according to the instrumentation manufacturer). The UV-Vis spectra of purpurin and purpurin lake in EtOH
show a similar trend. The purpurin spectrum corresponds to that of the neutral form, as reported by Grazia et al. [44] with three
peaks at 455, 486 and 520 nm, while the purpurin lake spectrum shows bands at 508, 544, 578 nm. Given the limited solubility of
the purpurin lake and the vibronic structure of the spectra, the same fitting procedure used to quantify the presence of free alizarin
dye in its lake does not provide reliable results in this case. From the known extinction coefficients of both lakes, we made a rough
estimate of the solubility of purpurin lake in EtOH as 6 times lower than that of the alizarin lake, i.e., approx. 6×10−6 M. The
UV-Vis spectrum of the madder lake in EtOH solution was not measurable due to its limited solubility and lower dye content in the
natural materials (plant roots).
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Fig. 3 a Absorption spectra of alizarin (pink line) and alizarin lake (red line) in ethanol, b purpurin (light blue line) and purpurin lake (blue line)

A more detailed characterization of these systems was provided by the IR and Raman spectra of the different lakes and the
corresponding reference materials.

The FTIR spectra of alizarin and purpurin presented in Fig. 4 together with the corresponding lakes agree with previous reports
[10, 13]. On the other hand, the madder lake FTIR spectrum (shown in Fig. SI2) is dominated by the inorganic substrate contribution.
The spectra of the lakes’ samples in Fig. 4 show lower intensity and some shifts in comparison with those of dyes. In fact, the bands
referring to C=C, C=O, and C-O and O–H groups shifted significantly in the lakes spectra with respect to those of the reference
materials. Following we discuss in more details some of the main spectral features for these systems. The bands referring to C=O
groups (1662 and 1631 cm−1 in alizarin and 1668 and 1618 cm−1 in purpurin) merge to a single broad band/large shoulder in the
lakes (1630 cm−1 in alizarin lake and purpurin lake), following the assignment in Ref. [13, 45–48]. The spectral region assigned to the
C=C stretchings (1600–1400 cm−1 [13]) shows more bands in the lakes spectra. The analysis of other band systems is more reliable
in case of the alizarin system which shows a simpler spectrum. The spectral region assigned to the OH bendings (1350–1300 cm−1

[47, 48]) shows a shift of the active bands for alizarin lake with respect to alizarin (1356 and 1328 from 1350 and 1327 cm−1)
while the band assigned to ν(C–O) shifted to 1285 from 1280 cm−1 [47]. Furthermore, the bands at 837 and 851 cm−1 observed
in alizarin and purpurin lakes respectively, assigned to vibrations ν(Al-O) [49], show the formation of dye-Al3+ complexes. Also,
the wide bands in the range 3000–3600 cm−1 and around 1630 cm−1 correspond to the stretching and bending vibrations of water
molecules coordinating the Al3+ ion, while the bands associated to the vibrations ν(SO4

2−) and δ(Al–OH) contribute to the broad
band at 1090 cm−1. Finally, it should be noticed that this 1090 cm−1 band dominates the madder lake mid-IR spectrum (see Fig.
SI2).

Raman spectra of the different lakes from synthesis show a strong fluorescence background under the 785 nm excitation (see
Fig. 5). However, the Raman spectrum of alizarin and purpurin lakes is still measurable (Fig. 5a, b) while that of madder lake in
powder (Fig. 5c) is completely dominated by the intense background signal that completely covers the characteristic Raman bands
(bands already observed under 1064 nm excitation [38]). The Raman spectra of the alizarin and purpurin lakes EtOH soluble fractions
(solid recovered after solvent evaporation from the filtered solution obtained from partial solubilization of the lakes in EtOH, see
paragraph 2.1.2) (Fig. 5 colored traces, Fig. SI3) have a much lower fluorescence background but present very similar Raman
spectral features and relative intensities as the non-extracted lakes (Fig. 5 black traces). In case of alizarin lake, minor differences are
observed in the EtOH soluble fraction: for example, the peak at 1453 cm−1 is a shoulder and the peaks at lower wavenumbers (e.g.,
486 and 673 cm−1) change their intensities. The Raman spectrum of alizarin lake agrees with previous experimental and theoretical
reports [34, 38]. Raman spectra of purpurin lake, in both cases, are quite weak and characterized by broader bands, compatible with
the crystallographic data which show an amorphous system.

The fraction of madder lake soluble in EtOH was characterized by Raman spectroscopy. To facilitate the comparison between the
Raman and SERS datasets, we report a short summary in Table SI1 for alizarin and alizarin lake results. The measured madder lake
Raman spectra (Fig. 5c) show some bands over a moderate fluorescence background and the experimental results can be classified
as belonging to two different types, labelled here as type 1 and 2 (see also Fig. SI3 that contains a more thorough comparison of the
different spectra, background subtracted). The type 1 Raman spectrum is very similar to that of synthetic alizarin lake (bands at 1472
(vs), 1453 (sh), 1358 (m), 1329 (s), 1297 (s), 1190 (m), 1160 (m) cm−1). The assignment of this spectrum can tentatively follow
the one provided for other alizarin-metal complexes [50], where it was suggested that the stronger Raman bands are enhanced by
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Fig. 4 ATR-FTIR spectra of a alizarin and alizarin lake; b purpurin and purpurin lake (intensity normalized for better visualization)

Fig. 5 Raman spectra of the lakes: a alizarin lake, b purpurin lake, and c madder lake: black traces are used for samples from synthesis and colors for samples
recovered from EtOH-soluble lakes fraction after solvent evaporation (in case of madder lake we observed in different grains spectra associated either to
alizarin or purpurine lakes (type 1 and 2, respectively). All spectra acquired with 785 nm excitation, 4 mW, 10 s, 5 accumulations

the higher electronic delocalization in metal bound alizarin. On the other hand, the type 2 Raman spectrum is dominated by broad
bands at 1330 (s) and 1390 (vs) cm−1 characteristic of synthetic purpurin lake. Hence, it can be concluded that madder lake, when
solubilized in EtOH and recovered by solvent evaporation, can lead to the formation of separated particles of alizarin and purpurin
lakes.

We also measured the SERS spectra of alizarin and alizarin lake on dried drops of a solution made from 50 to 50% mixing of
their EtOH solution (10−5 M) and the AgNPs colloid. The alizarin lake SERS spectra show different relative intensities in the bands
for different sampling points and we categorize data into three main groups (Fig. 6), labelled as type 1–3. In all cases, the alizarin
lake SERS spectra are rather similar but not equal to the SERS spectrum of alizarin and the presence of free alizarin is not evident.
The SERS spectra of the alizarin lake show small but clearly discernable frequency shifts for different set of bands with respect to
that of alizarin. The major changes are observed for the 1620 cm−1 band in the SERS spectra of alizarin, assigned as υ(C=O), that
shifts to 1630 cm−1 in all SERS spectra of the lake, or the alizarin band system 1400–1460 cm−1, due to υ(CC)/δ(COH)/δ(CH)
vibrations, that upshifts by about 10 cm−1 in alizarin lake [36]. According to the different models proposed for the interaction
mechanism of alizarin either with mordant ions or with AgNPs, the same alizarin functional groups are involved in the formation
of both complexes. Therefore, similar Raman shifts could be expected for the SERS spectra of alizarin and for the Raman/SERS
spectra of the alizarin lake with respect to pure alizarin Raman spectrum. Also, according to the present results (i.e. the SERS
spectrum of the lake is different from that of alizarin), it can be safely assumed that the alizarin binding energy with the mordant ion
is larger than with the AgNPs. Therefore, in case of alizarin lakes, it is plausible to hypothesize that SERS enhancement is promoted
by a non-specific alizarin lake—AgNPs interaction driven by electromagnetic fields that could lead to small frequency shifts in the
vibrational bands without major changes in the overall shape of the spectrum when comparing to the Raman spectrum of alizarin
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Fig. 6 SERS spectra of dried samples from EtOH solutions of: a alizarin and alizarin lake as obtained from different sampling points (0.5 mW laser power,
10 s integration time), bottom to top: alizarin lake (type 1, type 2 and type 3 spectra) and alizarin; b purpurin lake and purpurin (1.2 mW laser power, 10 s
integration time) and purpurin. Alizarin and alizarin lake spectra are baseline subtracted, vertically shifted and intensity scaled

lake and the SERS spectrum of alizarin. Indeed, there is a striking similitude for the alizarin lake Raman spectrum shown in Fig. 5a
and both the alizarin and alizarin lake (mostly type 1) SERS spectra shown in Fig. 6.

A simple data analysis on the SERS spectra of microextracted alizarin lake shows that spectra of type 2 are a linear combination
(∼1:1) of the spectra type 1 and 3. Therefore, we hypothesize that at least two different kinds of supramolecular aggregates are
present in the sample, associated either with different structures of the lake or different interaction motifs between the alizarin lake
and the AgNPs. The present data could support the validation of structural models for this system (possibly developed in future
work). Based on the current assignment of the alizarin Raman spectrum [36], we report significant changes in the SERS spectra of the
alizarin lakes (type 1 and 3) associated with the vibrations involving different functional groups. The intense band at 1146 cm−1 in
type 3 (υ(CC)/δ(CH)), became medium band at 1160 cm−1 in type 1 spectrum. The most intense band at 1273 cm−1 (υ(CO)/υ(CC))
in type 3 became a shoulder in type 1, but also the most intense bands at 1298 (υ(CO)/υ(CC)/δ(CCC)) and 1327 cm−1 (υ(CC)) in
type 1 are weak bands in spectrum type 3. Also, the band at 1630 cm−1, associated to the υ(C=O) stretching, is much stronger in
type 1 than in type 3 spectra.

We proceeded similarly for purpurin and purpurin lake but we obtained different results with respect to the alizarin case (see
Fig. 6b). While the purpurin SERS spectrum was easily observed, in agreement with previous results [26], the purpurin lake SERS
spectrum was not easily discernible over the background Raman signals from the different ions present in the AgNPs colloid (e.g.,
citrate and nitrate ions). Possible reasons for the different results obtained in case of alizarin and purpurin lakes could be related to
the very weak solubility purpurin lake in EtOH or to a different balance of supramolecular interactions in the colloidal matrix that
limits the efficiency of the SERS process [51]. We did not observe either a clear SERS spectrum from EtOH extracted madder lake.

3.2 Analysis of mock-up samples

The results reported above on the study of the Raman/SERS spectra on samples recovered from EtOH solutions are the needed
background information for the interpretation of data obtained by micro-extraction procedures from real or mock-up paintings.
Indeed, the lakes’ partial solubilization in EtOH is a reasonably good model for process that occurs when real or mock-up samples
are undergoing micro-extraction by using a solvent loaded agar gel. Therefore, we proceed working on mock-up samples of paintings
containing the lakes under study and applying the agar gel-based micro-extraction method described in previous work [38].

The efficiency of the micro-extraction process is well established and in some cases we have observed a partial recrystallization
of the extract in the agar gel [38, 41]. Here we extend the work to mock-up samples prepared with madder, alizarin and purpurin
lakes to establish the potentiality of both Raman and SERS spectroscopy for the identification of the different components in an
artistic preparation.

In Fig. 7, Raman spectra acquired on grains formed in dried agar gels are reported. In the case of alizarin and purpurin lakes
the Raman spectra correspond to those obtained on the powders recovered after solvent evaporation of the lake solutions in EtOH.
However, it should be noticed that the much lower signal to noise ratio was observed for Raman spectra of the purpurin lake grains
with respect to those of alizarin or madder lake samples, despite the higher laser power.

As regards the madder lake, the Raman spectra that we obtain in all the grains found in the dried agar gel are very similar to
the Raman spectra of alizarin lake (characterized by sharp bands placed at 1472 (s), 1453 (sh), 1358 (m), 1329 (s), 1297 (s), 1190
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Fig. 7 Raman spectra of grains in
agar gel after micro-extraction
from mock-ups and relative
micro-photograph of gel matrix
(right panels). Bottom-to-top:
grains in madder lake mock-up
extraction (0.5 mW laser power,
10 s integration time) and, as
reference, alizarin lake (0.5 mW
laser power, 10 s integration time)
and purpurin lake (1.2 mW laser
power, 10 s integration time)

Fig. 8 SERS spectra from random
spots in dried agar gel beads
containing AgNPs used for
ethanol aided micro-extraction of
painting mock-ups prepared with
alizarin lake or madder lake (0.5
mW laser power, 10 s, average of
10 measurements for each
system). Spectra are baseline
subtracted, vertically shifted and
intensity scaled

(m), 1160 (m) cm−1). It was not possible to detect Raman signals from micro-extracted madder lake associated with the presence
purpurin lake, at least within the few grains observed in our experiments.

This is possibly related to the much lower EtOH solubility of purpurin lake with respect to the alizarin lake, as discussed in the
analysis of the UV-Vis spectra, or to a higher affinity of purpurin lake to the agarose in the hydrogel (given the higher number of
available OH groups with respect to the alizarin lake). The different signal to noise ratio observed for the micro-extracted mock-up
containing pure alizarin or purpurin lakes is another possible limiting factor that should not be discounted.

We used an agar gel loaded with AgNPs to perform SERS experiments on the micro-extracted samples. The SERS spectra
acquired on random spots in the dried bead (therefore skipping the long and tedious search of small grains of colored material that is
needed for ordinary Raman measurement in this kind of samples) are shown in Fig. 8. SERS spectra of micro-extracted alizarin lake
mock-ups show a spectral behavior similar to those obtained from evaporated EtOH solution of alizarin lake (shown in Fig. 7) and
they can be taken as a linear combination (∼1:2) of the type 1 and 3 SERS spectra reported in Fig. 6. SERS spectra of micro-extracted
purpurin lake mock-ups show very weak and broad bands, close to the background signal from the AgNPs colloid, in agreement with
the results obtained on the EtOH soluble fraction of the purpurin lake. The SERS spectra of micro-extracted madder lake mock-ups
show the characteristic SERS bands of alizarin lake (type 1) but the intensity pattern is quite different. It was not possible to identify
the presence of the purpurin lake in the SERS spectra of micro-extracted madder lake. These SERS results agree with the Raman
experiments on the micro-extracted samples from mock-up painting, showing only alizarin lake spectra. It should be noticed that
while it was almost not possible to measure the SERS spectrum for the madder lake powder EtOH soluble fraction using the dried
drop method, we succeed using micro-extraction with the agar gel. Possibly, as previously described [26, 52], the shrinking of the
dried hydrogel improves the sensitivity of the SERS experiments due to the sample and nanoparticles concentration effect.
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4 Conclusions

In this study we have investigated the structure and some chemical-physical properties of non-stoichiometric dye-Al3+ complexes
deriving from the traditional lake preparation methods.

We report the SERS spectra of alizarin lake which can exhibit different patterns even in measurements made using the dried drop
method. Therefore, we assume that at least two different kinds of supramolecular aggregates are present in the sample, associated
with different crystal structures of the lake or different interaction motifs between the alizarin lake and the AgNPs. Instead, SERS
spectra of purpurin lake are characterized by broad bands that are difficult to clearly disentangle from the background signals.

Raman spectra of madder lake are completely dominated by an intense fluorescence background which makes the lake identi-
fication difficult or impossible. In a previous report we have shown the possible formation of recrystallized painting materials in
the hydrogel. They were possibly identified by a time-consuming search under microscopy observation and then possibly identified
by Raman microscopy. Here we show how SERS technique gives information about the lake simply by repeating measurements in
different random spots in the agar gel matrix, without the necessity of recrystallized grains into the gel. The proposed methodology
is based on the use of an agar gel loaded with solutions of EtOH and AgNPs to enhance the Raman signal of the lake. This is a safe
methodology for both the operator and the painting layers, and the minimal invasiveness of the agar gel was tested. We observed
from the extracted madder lake in mock-up paintings a SERS spectrum that is associated with the alizarin lake, while the presence
of the purpurin lake was not assessed.

UV-Vis spectroscopy was used to verify the formation of the lakes from the dyes (alizarin or purpurin) following a shift of
the absorption maximum with respect to dyes, and to verify the solubility of the lakes. Alizarin lake has reasonable solubility in
EtOH solution, about six times higher than purpurin lake. The higher solubility of alizarin lake in EtOH helps explain its higher
detectability with respect to purpurin lake by Raman and SERS measurements on micro-extracted samples from the madder lake
painting layers.
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