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Abstract: A stony sculptural composition of the Nativity Scene is preserved in Altamura’s Cathedral
(Apulia, Italy). This commonly called Apulian “presepe”, attributed to an unknown stonemason,
is composed of polychrome carbonate white stone sculptures. While earlier stratigraphic tests
have unveiled a complex superimposition of painting layers—meaning that several editions of the
sculptures succeeded from the 16th to 20th century—a chemical investigation intended to identify the
organic binding media used in painting layers was undertaken. Drawing on current literature, two
strategies were exploited: a non-invasive in situ digestion analysis and an approach based on micro-
removal of painting film followed by the Bligh and Dyer extraction protocol. Both peptide and lipid
mixtures were analyzed by matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-
MS) and reversed-phase liquid chromatography coupled to mass spectrometry by electrospray
ionization (RPLC-ESI-MS). Attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) examinations were also performed on micro-samples of painting films before lipids and
proteins extraction. While human keratins were found to be common contaminants of the artwork’s
surfaces, traces of animal collagen, siccative oils, and egg white proteins were evidenced in different
sampling zones of the sculptures, thus suggesting the use of non-homogeneous painting techniques
in the colored layers.

Keywords: organic binders; MALDI; pigments; ATR-FTIR; statue; trypsin digestion

1. Introduction

Since ancient times, milk, egg, animal glue, siccative oils (i.e., linseed oil, poppy seed
oil), and plant gums from Acacia, Tragacanth, and Arabic were employed by artists in
painting formulations [1–3]. These components act as binders, also called media, and
perform some important tasks thanks to their chemical and physical properties including
pigment dispersion, cohesion and adhesion on the support, pigments protection from
atmospheric agents, and transparency, thus keeping the pigment’s optical properties
intact [1–6]. Chemical examination and characterization of organic binders in polychrome
statues are the key to understand the materials employed by the artist and awareness of
his/her style and employed technique. The study draws from the literature on binders from
wooden, stone, and clay sculptures are challenging for several reasons. Firstly, the existence
of complex stratigraphy due to the subsequent applications of painting layers from the
original to the latest version of the sculpture makes cross-section analysis and invasive
sample removal needed for the assessment of the binder’s typology [7–11]. Secondly,
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ancient sculptures may likely have been damaged and repeatedly restored over time, thus
implying the occurrence of broken pieces replacement with less ancient ones [12]. Thirdly—
if not retouched—ancient statues maintain only traces of polychromy [13]. Moreover, the
presence of human keratin-type proteins and peptides may interfere with the chemical
investigations [7,8]. Finally, medium concentration in the sample is usually low because of
a reduced binder-to-pigment ratio in the pictorial mixture [5]. Nevertheless, in the last two
decades, to establish the chemical composition of the paint layers, diagnostic works have
been performed on polychrome sculptures referable to different ages and countries. For
example, high-performance liquid chromatography-mass spectrometry (HPLC-MS) and
matrix-assisted laser desorption ionization (MALDI)-MS techniques have been used for the
detection of both animal glue and egg peptides in a 16th century Moravian sculpture [7,8],
gas chromatography (GC)-MS has been employed to distinguish caseins, egg proteins,
and siccative oils as binding media from Medieval polychrome sculptures [14], as well
as pyrolysis-GC/MS has revealed the presence of marker products of animal glue in
samples from clay sculptures of Hua Yan Temple of the Liao Dynasty [15]. Furthermore,
caseins, egg white, animal glue, and plant gums were discovered in many samples of
Chinese polychrome grotto relics by means of the enzyme-linked immunosorbent assay
(ELISA) [16].

Altamura’s Cathedral (Apulia, Italy) hosts a monumental representation of the Nativ-
ity Scene—called presepe—which was commissioned and financed in 1587 by Iacobutius De
Cubutiis as proven by an adjacent commemorative plaque. This picturesque composition
counts 47 sculptural elements made of polychrome carbonate white stones except for
the statue of infant Jesus that was stolen and replaced with a modern gypsum element.
The artwork shows typical features of Renaissance Apulian presepe, namely, a solemn
and monumental structure, polychromatic elements, and a narrative scheme that is or-
ganized in horizontally superimposed scenes [17–19]. Diagnostic activity on the mobile
sculptures began in 2019 and involved stratigraphic tests as well as optical microscopy
investigation of pictorial film’s cross-sections. These studies revealed the existence of
several overlapped layers of painting, suggesting numerous renovations and restorations
occurred between the end of the 16th and 20th centuries. Here, two polychrome sculptural
figures, the musician angel playing viola and a lying lamb (Figure 1), were investigated to
identify and distinguish the organic binders used in color layers belonging to different pe-
riods. Samples for spectrometric and spectroscopic analyses were acquired by recurring to
both a non-invasive and a micro-invasive approach. In the first case, a recently developed
method was adopted [20,21] using a small piece of poly(2-hydroxyethyl methacrylate)/poly
(vinylpyrrolidone) hydrophilic gel (3 mm × 3 mm) loaded with a dual-enzyme solution
(trypsin/chymotrypsin, 1:1, v:v) and then applied on the statue surface to operate an in
situ digestion of the pictorial proteinaceous fraction. The peptide mixture absorbed by
the gel’s porous structure was then released into a suitable extraction solution. This novel
strategy based on in situ multi-enzyme digestion of proteinaceous material of paint layer
binders allowed a more confident binder identification ensuing a bottom-up proteomic
approach. By this protocol it was likely to exploit a non-invasive or minimally invasive
sampling of proteins taking advantage of the occurrence of trypsin and chymotrypsin
which synergistically work to increase protein coverage.

Some extra samples were also collected by gently scraping minute quantities (mil-
ligrams) of the painting layer; they were first analyzed by attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) to investigate both organic and inor-
ganic fraction (i.e., the pigments and fillers employed). Being ATR-FTIR a non-destructive
technique, samples were later extracted by the Bligh and Dyer (BD) protocol [22,23] to
separate proteinaceous and lipid components. Peptide mixtures were analyzed by MALDI-
MS and reversed-phase LC coupled with electrospray ionization (ESI) and tandem MS
confirming the presence of animal glue and egg as binders. The BD chloroform/methanol
solution—containing phospholipids and triglycerides—was examined by MALDI-MS and
tandem MALDI-MS/MS. ATR-FTIR characterization was particularly useful to identify
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some specific pigments as well as additional compounds present in the investigated layers.
Moreover, it was used as a screening tool to diagnose the presence of possible binders
before carrying out the complete MS analysis. The combination of ATR-FTIR and MS data
was very successful to distinguish and recognize the sample composition of painting layers,
revealing an uneven stratigraphy in different sampling zones of the sculptures, exhibiting
animal glue, siccative oils, and egg white proteins as binders.
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2. Materials and Methods
2.1. Chemicals

Water, acetonitrile (ACN), formic acid (FA), chloroform, methanol, ammonium bi-
carbonate, α-cyano-4-chloro-cinnamic acid (CClCA), dithiothreitol (DTT), iodoacetamide,
trypsin (proteomics grade from porcine pancreas), and chymotrypsin (sequencing grade
from bovine pancreas) were obtained from SigmaAldrich (Milan, Italy). RapiGest SF Sur-
factant was purchased from Waters. Nanorestore Gel® Medium Water Retention—(“Extra
Dry”, Italian Patent from Consorzio CSGI, University of Florence), employed for in situ
digestions, is a poly(2-hydroxyethyl methacrylate)/poly(vinylpyrrolidone) (pHEMA/PVP)
hydrogel [24–27].

2.2. Dual-Enzyme In Situ Protocol

Small pieces (3 mm × 3 mm) of water-swollen pHEMA/PVP hydrogel [27] were dried
in air ambient until they lost 20% of their weight. Each piece of gel was then immersed in a
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water solution composed of 20 µL of trypsin and 20 µL of chymotrypsin (both 20 µg/mL)
for 30 min allowing the enzymes to penetrate into the hydrogel. In situ digestion of
proteinaceous binders was accomplished by applying the enzyme-loaded hydrogel pieces
onto the painting surface for 30 min. After removal, each gel was moved into 100 µL of
a 70%:30% ACN:H2O with 0.1% FA solution and there left for 20 min in an ultrasonic
bath at 30 ◦C to promote a quantitative release of peptides. The peptides solution was
vacuum-dried to preconcentrate the sample, reconstituted in 20 µL of 70:30% ACN:H2O
plus 0.1% FA and then analysed by MALDI-MS(/MS) and RPLC-ESI-MS(/MS).

2.3. Bligh and Dyer Extraction Protocol

The samples scraped from the musician angel and from the lying lamb sculptures
(2–5 mg) were ground down using a pestle and a mortar. A total of 150 µL of CHCl3/MeOH
1:2 (v:v) were added to the sample and the solution was ultrasonicated for 20 min. Then,
50 µL of CHCl3 followed by 50 µL of H2O were added. The mixture was ultrasonicated
for 20 min after each addition. The final solution was centrifuged (10 min at 3000× g) to
allow phase separation. The lower organic phase was collected, dried under a nitrogen
stream, reconstituted into 100 µL of CHCl3/MeOH 1:1 (v:v), and prepared for lipid MALDI
analysis.

2.4. Enzymatic Digestion

A typical tryptic digestion protocol was applied. The upper aqueous phase obtained
from BD extraction was pre-concentrated to 20 µL, added with 50 µL of RapiGest reagent
(Waters) (1 mg/mL in NH4HCO3 50 mM) and kept at 60 ◦C for 1 h. Then, 5 µL of
50 mM DTT were added and the mixture was incubated for 20 min at 60 ◦C. 5 µL of
150 mM iodoacetamide were added and the solution was maintained in the dark at room
temperature for 15 min. Finally, 25 µL of sequencing grade trypsin solution (20 µg/mL)
were added and the mixture was incubated at 37 ◦C overnight. Enzymatic digestion was
stopped by adding 3 µL of formic acid 98%. When needed, sample purification was carried
out using ZipTip with 6 µL C18 resin (Millipore); the resin was at first conditioned with
10 µL of ACN followed by 10 µL of FA 0.1% for acidification, later it was loaded with
sample and washed with 10 µL of FA 0.1%. Finally, the elution step was made with 10 µL
of ACN:H2O 70:30 added with 0.1% FA (v:v).

2.5. MALDI-MS(/MS)

All experiments were performed using a 5800 MALDI-ToF/ToF analyzer (AB SCIEX,
Darmstadt, Germany) equipped with a neodymium-doped yttrium lithium fluoride (Nd:YLF)
laser (345 nm), in a reflectron positive mode, with 10 ppm mass accuracy. A total of
3 µL of the analyte solutions were mixed 1:1 (v:v) with matrix CClCA (10 mg/mL in
70:30 ACN:H2O and 0.1% FA). Moreover, 1 µL of the mixture was deposited on the target
plate, dried at room temperature, and washed on spot with 1 µL H2O LC-MS grade.
External peptide standards purchased from Sciex were used for mass calibration in the
range 700–5000 m/z. In MS and MS/MS modes, 1000 laser shots were accumulated by
a random raster scan, at laser pulse rates of 400 and 1000 Hz, respectively; each mass
spectrum was averaged on at least five single spectra (1000 laser shots each). The delayed
extraction time was set at 240 ns.

2.6. RPLC-ESI-MS(/MS)

Reversed-phase liquid chromatographic runs were performed using a VelosPro (Thermo
Scientific, Waltham, MA, USA) instrumentation, i.e., a double linear trap mass spectrometer
coupled with Ultimate 3000 HPLC system (Dionex, Thermo Scientific) and HESI (heated
electrospray ionization) interface. The chromatographic section was composed of a C18 col-
umn AerisTM 3.6 µm widepore XB-C18 250 × 2.1 mm (Phenomenex, Torrance, CA, USA)
working at 0.2 mL/min flow and 40 ◦C. The mobile phase composition was H2O (A) and
ACN (B) both containing formic acid 0.1% in volume. The mobile phase elution was set
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as follows: min 0 5% B, min 2 isocratic 5% B, min 20 up to 60% B, min 22 up to 100% B,
min 26 isocratic 100% B, min 30 up to 5% B, min 35 isocratic 5% B. Mass spectrometer
parameters were sheath gas flow rate 35 arbitrary units (a.u.); spray voltage 3.5 kV; capillary
temperature 320 ◦C; source heater temperature 45 ◦C; S-Lens RF Level 60 a.u. MS data
were acquired in Data Dependent mode in the range 500–2000 m/z. Precursor ions tandem
MS fragmentations were performed in CID (collision induced dissociation) fragmentation
mode with 35% a.u. energy.

2.7. ATR-FTIR

Spectroscopic characterization was performed on a Spectrum Two Perkin Elmer
instrument mounting the universal ATR accessory equipped with a diamond prism. Spectra
were acquired in transmission mode in the wavenumber range 4000–400 cm−1 with a
resolution of 2 cm−1 collecting 64 scans. Background was acquired against air. Signal’s
attribution was carried out by comparison with literature data and with spectra acquired
on standard samples applying the same instrumental parameters.

2.8. Data Processing

Raw MALDI-MS(/MS) and RPLC-ESI-MS(/MS) files were processed using the soft-
ware Data Explorer 4.11 and Xcalibur 4.1, respectively. mMass 5.5.1 was used for the
peak list extraction from txt files. Bioinformatic research for peptides was carried out
with Protein Prospector MS Fit and MS Tag in SwissProt database among all taxonomies,
tolerance set on 0.2 Da for parent ion and 0.3 Da for ion fragments in the case of MS/MS
datasets, up to four acceptable missed cleavages and the following variable peptide modifi-
cations: oxidation of methionine, proline and tryptophan, deamidation of asparagine and
glutamine and phosphorylation of serine, threonine and tyrosine. Carbamidomethylation
of cysteine was set as a constant modification only for conventionally digested samples.
Bioinformatic research for lipids was made with the software Online Lipid Calculator and
LIPID MAPS® Lipidomics Gateway setting a 0.2 Da tolerance. ATR-FTIR spectra were
processed with the software used for acquisition; resulting data were exported in txt format
to plot the spectrum in OriginPro 2016.

3. Results and Discussion

The sampling for this study was accomplished on small zones of the sculptures
representing the musician angel with a viola and a lying lamb. Since the angel assumed
a prominent role in the Nativity scene, multiple retouching has been carried out, thus a
highly overlapped painting is present. Stratigraphic trials performed on the wing, the
gown, the blouse, and the viola allowed us to identify the plural editions of the sculpture.

3.1. Angel’s Wing, Blue Layer (Sampled Point 1)

The analyzed point on the blue layer of musician angel’s left wing revealed a complex
stratigraphy under the most recent pale layer unveiling three different colored layers: the
most ancient one is gilded bole, the second is blue, and the third appears green (Figure 1,
Sampled point 1). On the blue layer area, we performed an extensive investigation by
applying both the micro- and the non-invasive approaches. The extracted peptides by the
non-invasive strategy were examined by MALDI-MS (Figure 2A) and the m/z values were
inserted in the database for peptide mass fingerprinting (PMF) search. The spectra were
also manually compared to those of the replicas prepared as previously described [20,21]
and some chosen peptides were subjected to MS/MS analysis as a confirmation. For a
direct comparison, Figure 2B shows the MALDI mass spectrum of the painting replica
composed of egg white mixed with calcium carbonate, on which the same protocol (gel
loaded with double enzyme) was carried out. As mentioned above, some critical matters to
be managed in ancient statue samples are represented by the likely color stratigraphy, the
interventions, retouching, and piece substitution with a continuous human manipulation
that drastically reduced proteome identification alongside the well-known aging processes
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often enhanced by entrapped pigments. The MALDI mass spectrum of dual-enzyme
digest (Figure 2A) is dominated by intense peaks related to human keratins (see peak
signals at m/z 1064.6, 1234.6, 1262.5, 1302.6, 1357.6, 1707.7, 1838.8) that contaminated the
artwork’s surface. The identity of keratin-type peptides was achieved through RPLC cou-
pled to tandem MS experiments. As an example, the tandem MS spectrum of the doubly
charged ion at m/z 854.7 eluting at 12.97 min (Figure S1, Supplementary Material) strongly
agrees with the sequence GSIGGGFSSGGFSGGSFSR of keratin type I cytoskeletal 10, Homo
sapiens, corresponding to the monocharged ion at m/z 1707.7 detected in the MALDI-MS
spectrum (see Figure 2A). Notably, several intense peaks of peptides were generated by
trypsin/chymotrypsin auto- and mutual digestion such as m/z 1016.5, 1045.5, 1092.4, 1493.6,
and 1541.5 (see Figure 2A), thus suggesting the very low abundance of proteinaceous
material in this examined sample and investigated zone. These assignments were sup-
ported by Protein Prospector—MS Digest and again verified by RPLC-ESI-CID tandem
MS experiments. For example, the ion at m/z 1541.6 (m/z 771.6 as doubly charged ion)
corresponds to the peptide IVN(deamidated)GEEAVPGSWPW belonging to the protein
chymotrypsinogen A, Bos taurus (Figure S2). Besides interfering signals, both spectra of
Figure 2 share several other minor peaks that successfully match with ovalbumin (i.e., m/z
1345.7, 1581.6, 1687.8, 1773.9, 1858.9, and 1859.9), ovomucoid (m/z 1106.5), ovotransferrin
(m/z 1179.6), and vitellogenin I and II at m/z 1079.5 and 1179.6, respectively. The search by
Protein Prospector—MS Fit corroborated the above results of G. gallus taxonomy. Egg white
chymotryptic peptides in the blue layer sample were further confirmed by data-dependent
RPLC-ESI-MS/MS analysis. The occurrence of a peak signal at m/z 930.62+, eluted at
14.94 min and corresponding to m/z 1859.8 in the MALDI-MS spectrum, was recognized
as the peptide ELIN(deamidated)SWVESQTNGIIR derived from ovalbumin of G. gallus
(Figure S3). Deamidation is a chemical reaction in which an amide functional group in the
side chain of the amino acids asparagine or glutamine is converted to carboxylic derivative,
thus producing a +0.984 Da mass shift. According to literature, deamidation is the main
non-enzymatic modification occurring during protein aging along with oxidation, both
commonly observed in proteins from ancient artworks [28]. From the very low abundance
of the sampled proteins, one could infer that egg white was used as a protective coating
rather than as the unique binder, thus the micro-invasive sampling on this point was
carried out. ATR-FTIR characterization allowed the identification of the blue pigment
giving additional information about the organic component present in this investigated
layer (Figure 3). The sharp signal falling at 2087 cm−1 is uniquely assigned to the stretching
vibration of the CN group of Prussian Blue [29], which was first introduced at the beginning
of the XVIII century. Moreover, signals ascribable to other inorganic components such as
basic lead carbonate (at 3508, 1398, 680 cm−1) and calcite (vibrations at 873, 712 cm−1) as
well as to sulfate groups (1076 cm−1) could be identified [30]. The presence of siccative
oil as a binder was corroborated by the intense peaks at 1728, 2920, and 2850 cm−1: while
the first one was assigned to ester C = O stretching in the triacylglycerols of the drying
oil, the other two to asymmetric and symmetric methylene stretching of the alkyl chains.
The spectral features at 1237 and 1150 cm−1 are compatible with the C-O-C stretching, also
typical of the triglyceride ester linkages found in oils [31]. Oxidation of lipids is suggested
by the wide band around 3440 cm−1, assigned to -OH stretching [32]. Furthermore, the
presence of proteinaceous components is supported by small peaks at 1650 and 1542 cm−1,
corresponding to amides I and II vibrational modes [32]. In the latter case, the contribution
of metal soaps (e.g., lead carboxylates) cannot be ruled out [32].
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After IR analysis, the sample was extracted by the Bligh and Dyer protocol (see
Experimental Section), and the lipid fraction was analyzed by MALDI-MS. The spectrum
examination of Figure 4A suggests the existence of a siccative oil since some of the most
common signals of diacylglycerols (DAGs) at m/z 603.5 and 617.5 and triacylglycerols
(TAGs) at m/z 851.6, 881.6, 895.7, and 953.7 [33,34] were observed as sodiated adducts. It
is known that the pigments combined with a binding medium speed up the conversion
of lipids into oxidized products being the degree of oxidation directly related to the
light exposure and/or aging time. The spectrum of Figure 4A is dominated by signals
spaced 14 u (CH2 units) or 16 u (oxygen unit) apart, mainly due to oxidation reactions
or by-products generation containing shorter fatty acyl chains likely formed through the
β-cleavage mechanism [33]. TAGs or DAGs with highly unsaturated fatty acyl chains
such as C18:2 and C18:3 were not found due to their faster degradation rate. Indeed, the
oxidation rate drastically depends on the number of unsaturations per chain, increasing
over ten times for each double bond [35]. Tandem MS analysis of the precursor ion at m/z
881.6, reported in Figure 4B, confirmed that the most abundant product ions were those in
which the neutral loss of fatty acids is implied. Therefore, peak signals at m/z 599.4 and
m/z 625.4 correspond to [M-FA(18:1)+Na]+ and [M-FA(16:0)+Na]+, thus suggesting the
occurrence of C18:1 and C16:0 chains in the examined TAG species. The ion at m/z 577.4 was
interpreted as [M-FA(18:1)+H]+ while the peak signal at m/z 607.5 was recognized as [M-
FA(16:0)-H2O+Na]+. At the low m/z range, a small ion at m/z 283.2 due to protonated fatty
acid C18:1 (most likely oleic acid) was detected. The compound was thus recognized as
the sodium adduct of TAG(52:2) composed of two oleic fatty acyl chains (O, 18:1) and one
palmitic fatty acyl chain (P, 16:0), usually abbreviated as POO [36,37].
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3.2. Angel’s Viola, Brown Layer (Sampled Point 2)

The non-invasive sampling protocol based on the pHEMA/PVP hydrogel was applied
on the most superficial dark brown layer of the angel’s musical instrument (Figure 1
Sampled point 2). After a ZipTip purification step, the MALDI-MS spectrum of the peptide
mixture was acquired (Figure 5). The resulting PMF was interpreted as follows; most peak
signals were typical of collagen peptides, among which, for example, peaks at m/z 1105.4,
1267.5, 1427.5, 1459.5, and 2130.8 were due to peptides of collagen α-1(I) or collagen α-2(I)
chains [20,21,38–40]. A detailed interpretation of MS signals is reported in Table 1. For
the sake of clarity, we refer to “animal collagen” because it is not possible to establish
the exact taxonomy of mammal’s collagen-type proteins due to the sequences digestion
similarity of collagen between bovine, goat, and rabbit [20,41]. Moreover, it should be
noted that chymotrypsin/trypsin digestion of mammal collagen sequences produces a
PMF which is somewhat overlapping that one generated from the only trypsin digestion.
This is consistent with our previous findings [20] and it may be due to a rather low number
of chymotryptic cleavage sites i.e., phenylalanine, tyrosine, or tryptophan [42] occurring in
collagen. Signals at m/z 1330.5 and 1540.5—appearing relatively intense in the spectrum
and labelled with E—are ascribed to enzymes’ auto-proteolytic digestion confirming the
low amount of proteinaceous material on the investigated layers.
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Table 1. List of the identified peptides in MALDI MS spectrum of dual enzyme digest of angel’s viola brown layer with
sequences and relevant protein.

Experimental
m/z

Theoretical
m/z Sequence Identified Protein

1105.53 1105.57 (R)GVQGPPGPAGPR(G) + 1 ox Collagen alpha-1(I)

1128.50 1128.55
1128.55

(R)GLPGTPGTDGPK(G) + 2 ox
(R)GLAGPPGMPGAR(G) + 3 ox

Collagen alpha-1(II)
Collagen alpha-1(III)

1241.59 1241.60 (R)GSPGGPGAAGFPGGR(G) Collagen alpha-1(III)
1267.62 1267.68 (R)GIPGPVGAAGATGAR(G) + 1 ox Collagen alpha-2(I)
1289.53 1289.59 (R)GSPGGPGAAGFPGGR(G) + 3 ox Collagen alpha-1(III)
1358.75 1358.67 (R)ADDANVVRDRDL(E) Collagen alpha-1(I)

1427.73
1427.70
1427.73
1427.79

(R)GSAGPPGATGFPGAAGR(V)
(R)GIPGEFGLPGPAGAR(G) + 2 ox

(K)ALLIQGSNDVEIR(A)

Collagen alpha-1(I)
Collagen alpha-2(I)
Collagen alpha-1(II)

1435.69 1435.68
1435.69

(R)GEPGPAGLPGPPGER(G) + 3 ox
(R)GPPGPPGTNGVPGQR(G) + 3 ox

Collagen alpha-1(I)
Collagen alpha-1(III)

1459.70 1459.69 (R)GSAGPPGATGFPGAAGR(V) + 2 ox Collagen alpha-1(I)
1473.68 1473.67 (R)GDGGPPGATGFPGAAGR(T) + 2 ox Collagen alpha-2(I)
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Table 1. Cont.

Experimental
m/z

Theoretical
m/z Sequence Identified Protein

1560.67 1560.73 (K)STGISVPGPMGPSGPR(G) + 4 ox Collagen alpha-1(I)

1562.80 1562.79
1562.83

(R)GDKGETGEQGDRGIK(G) + 1 ox
(K)GAAGLPGVAGAPGLPGPR(G) + 3 ox

Collagen alpha-1(I)
Collagen alpha-2(I)

1586.74 1586.74
1586.70

(K)GNSGEPGAPGSKGDTGAK(G)
(R)GETGPAGPSGAPGPAGSR(G) + 4 ox

Collagen alpha-1(I)
Collagen alpha-1(III)

1648.79 1648.78 (K)AGEDGHPGKPGRPGER(G) + 2 ox Collagen alpha-2(I)
1759.79 1759.82 (K)GEPGPAGPQGAPGPAGEEGK(R) Collagen alpha-1(II)
1832.80 1832.81 (R)GPPGPMGPPGLAGPPGESGR(E) + 3 ox Collagen alpha-1(I)

1922.94 1922.93
1922.86

(R)GERGPPGESGAAGPTGPIGSR(G) + 1 ox
(K)GDSGAPGERGPPGAGGPPGPR(G) + 5 ox

Collagen alpha-2(I)
Collagen alpha-1(III)

1975.90
1975.99
1975.95
1976.03

(K)SGDRGETGPAGPAGPIGPVGAR(G)
(K)GEPGAVGQPGPPGPSGEEGKR(G) + 1 ox
(R)GPPGPQGARGFPGTPGLPGVK(G) + 2 ox

Collagen alpha-1(I)
Collagen alpha-2(I)
Collagen alpha-1(II)

2131.01
2131.03
2131.11
2130.95

(R)GVQGPPGPAGPRGANGAPGNDGAK(G) + 2 ox
(R)GLPGVAGSVGEPGPLGIAGPPGAR(G) + 3 ox

(R)GMPGPQGPRGDKGETGEAGER(G) + 3 ox

Collagen alpha-1(I)
Collagen alpha-2(I)
Collagen alpha-1(II)

3.3. Angel’s Blouse, Blue Layer (Sampled Point 3)

Under the surface of the most recent painting, a blue layer was revealed (Figure 1,
Sampled point 3). Minute quantities of the blue surface were removed and subjected to
lipid extraction. The MALDI-MS spectrum in positive mode exhibited the presence of
peaks at m/z 732.8 and 760.8 recognized as phosphatidylcholines from egg yolk [43–45]
most likely employed as a paint binder. MALDI-MS/MS spectra of precursor ions at m/z
732.8 and 760.8 as protonated adducts were respectively recognized as PC (32:1) and PC
(34:1). Their fragmentation pattern appears typical for the class of PC which are easily
identified through the diagnostic phosphocholine head-related ion at m/z 184 being the
base peak when working in positive ionization mode. Concerning the precursor ion at m/z
760.8 shown in Figure 6, the appearance of a very low abundance ion at m/z 227.1 could
correspond to [FA(14:1)+H]+, thus suggesting the occurrence of a PC (14:1_20:0) considering
that the sum composition should be PC(34:1). The presence of PC suggests the use of an
egg-based binder for this painting layer since phosphatidylcholines typically compose
the lipid fraction of egg yolk [33,46,47]. The use of this binder is corroborated by the
ATR-FTIR spectrum acquired on the sample (Figure 7). In this case, the main signals
at 3340, 2916, 2849, 1734, 1711, 1643, and 1541 cm−1 suggested the presence of a mixed
binder of lipidic and proteinaceous components (such as egg yolk). In particular, the bands
at 1734 and 1711 cm−1 are consistent with the presence of aged egg yolk, imputable to
aldehydes and acids from triglycerides and/or imide bonds by oxidation of protein amidic
bonds [48,49]. The spectral features at 1643 and 1541 cm−1 are compatible respectively
with amide I and amide II stretching, though the higher intensity of the latter can be related
to the contribution of calcium and lead carboxylates [49,50]. Calcium carboxylates could
be responsible also for the shoulder at 1576 cm−1. The presence of basic lead carbonate can
be inferred by a shoulder at 3535 cm−1 and the peaks at 1044 and 680 cm−1, whereas the
signals at 1406 and 874 cm−1 are diagnostic for the use of CaCO3. Moreover, it is evident
the characteristic band of CN stretching at 2087 cm−1, suggesting that Prussian blue is
present as a pigment. Notably, the peak at about 1400 cm−1 of blue sampled areas was
assigned to both basic lead carbonate and calcite (CaCO3), even if its intensity is uneven in
these two cases suggesting a stratigraphic differentiation.
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3.4. Lying Lamb (Sampled Point 4)

The micro-invasive procedure was carried out on a restricted zone of the lying lamb
(see Figure 1, right-downside, Sampled Point 4). ATR-FTIR spectrum is explicative for the
large heterogeneity of the sample (Figure S4). Inorganic fraction contributes to a larger
extent to the spectrum’s shape because the organic binder materials, usually represent
a minor fraction of the overall painting composition [5]. In this case—by comparison
with ATR-FTIR reference spectra of pigments as such and pigments with linseed oil freely
available online [51–53] and other literature data [54,55]—a yellow (Italian gold) ochre
(goethite, α-FeOOH) can be presumably present, though the intensity of its associated
peaks (Figure S4B) is quite low. These features are similar to those reported in [55]. In
Sampled Point 4, the main signals (as labelled in Figure S4A) are ascribed to accessory
minerals like CaCO3 (peaks at 1412, 873, and 712 cm−1) and gypsum (features at 3523,
3400, 1620, 1109, 667, and 600 cm−1), thus hindering the contribution of the pigment to the
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spectrum. In a similar way, only few signals associated to the binder (quite likely a drying
oil) were identified at 2918, 2850, and 1738 cm−1.

Based on the MALDI-MS spectrum (Figure 8A), the lamb figure’s lipid fraction is
mainly composed of DAGs and TAGs as inferred from peak signals at m/z 603.5 and 881.7,
907.7, 921.7, 923.7, 947.6 [34,56], thus supporting the suggestion of a siccative oil-based
painting mixture [57,58]. Contrary to the findings on the angel’s blue wing, intact sodiated
adducts of TAGs were detected and no by-products were visible. This outcome can be
related to the additional presence of basic lead carbonate in the angel’s wing being more
assertive in oxidation/degradation reactions. The tandem MS spectrum (see Figure 8B)
of the ion at m/z 907.7 allowed us to identify the sodium adduct of triolein, a triglyceride
composed of three C18:1 fatty acyl chains as demonstrated by the single peak signal
at m/z 283.2 recognized as protonated adduct of oleic acid, while the sodiated form of
triolein losing neutral FA(18:1) could be due to the peak at m/z 625.4 as [M-FA(18:1)+Na]+.
Spacing 22 u, the signal at m/z 603.5 may be assigned as [M-FA(18:1)+H]+. Since the same
fragmentation pattern was reported by Blanco-Zubiaguirre et al. [35], linseed oil can be
plausibly suggested as a binder for this sample. To facilitate the results’ interpretation, all
pigments and binders identified in the present work are summarised in Table 2.
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Table 2. List of the pigment and binders identified in the sampled areas of the investigated sculptures.

Sampled Zone Components Analytical Techniques

Angel’s wing, blue layer
Prussian Blue (FeIII

4[FeII(CN)6]3)
Linseed oil
Egg white

ATR-FTIR
ATR-FTIR, MALDI-MS(/MS)

MALDI-MS, RPLC-ESI-MS/MS
Angel’s viola, brown layer Animal collagen MALDI-MS

Angel’s blouse, blue layer Prussian Blue (FeIII
4[FeII(CN)6]3)

Egg yolk
ATR-FTIR

ATR-FTIR, MALDI-MS(/MS)

Lying lamb Yellow (Italian gold) Ochre (α-FeOOH)
Linseed oil

ATR-FTIR
ATR-FTIR, MALDI-MS(/MS)

4. Conclusions

Given the physico-chemical complexity of polychromed statues reworked during time,
the conservation and restoration of these unique objects exhibit considerable challenges. To
address these issues a sound methodological approach is needed. To this aim, we presented
a multi-technique investigation of organic and inorganic artistic materials employed in
sculptural polychromies of different epochs belonging to the monumental Nativity Scene of
Altamura’s Cathedral (Bari, Italy). A micro- and a non-invasive approach were synergically
combined to successfully achieve the extraction of both organic and inorganic portions.
As summarized in Table 2, the bottom-up proteomic procedure allowed us to recognize
residues of animal collagen and egg white in two different paint layers of the angel’s
sculpture; the multi-technique combination of MS and IR spectroscopy permitted to point
out the occurrence of egg yolk’s phospholipids and linseed oil’s triglycerides in other
sampling points both on the angel and the lying lamb figures. As for inorganic material,
ATR-FTIR analysis revealed the identity of two pigments such as yellow (Italian gold)
ochre and Prussian blue.

Supplementary Materials: The following are available online https://www.mdpi.com/article/
10.3390/app11178017/s1. Figure S1: (A) eXtracted Ion Current chromatogram (XIC) of the ion
at m/z 854.72+ retrieved in angel’s blue wing. (B) RPLC-ESI-CID-MS/MS spectrum of the same
ion corresponding to the sequence GSIGGGFSSGGFSGGSFSR (experimental monocharged m/z
1707.7) and belonging to Keratin type I cytoskeletal 10 from Homo sapiens, 88.4% matched intensity.
Figure S2: RPLC-ESI-CID-MS/MS spectrum of the ion at m/z 771.62+ retrieved in angel’s blue wing,
corresponding to the sequence IVN(deamidated)GEEAVPGSWPW (experimental monocharged m/z
1541.6) and belonging to Chymotrypsinogen A from Bos taurus, 94.0% matched intensity. Figure S3:
(A) eXtracted Ion Current chromatogram (XIC) of the ion at m/z 930.62+ (retention time 14.94 min)
retrieved in angel’s blue wing. (B) RPLC-ESI-CID-MS/MS spectrum of the same ion corresponding
to the sequence ELIN(deamidated)SWVESQTNGIIR (experimental monocharged m/z 1859.8) and
belonging to Ovalbumin from Gallus gallus, 60.0% matched intensity. Figure S4: (A) ATR-FTIR
spectrum of sample taken from the lying lamb. Main signals are indicated. (B) Zoom of the IR
region, diagnostic for signals of yellow ochre. Peaks compatible with the presence of yellow ochre
are labelled.
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