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Abstract Direct on-target plate processing of small (ca.
100 ng) fragments of paint samples for MALDI-MS identifi-
cation of lipid- and protein-based binders is described. Frag-
ments were fixed on a conventional stainless steel target plate
by colloidal graphite followed by in situ fast tryptic digestion
and matrix addition. The new protocol was first developed on
paint replicas composed of chicken egg, collagen, and cow
milk mixed with inorganic pigments and then successfully
applied on historical paint samples taken from a fifteenth
century Italian panel painting. The present work contributes
a step forward in the simplification of binder identification in
very small paint samples since no conventional solvent ex-
traction is required, speeding up the whole sample preparation
to 10 min and reducing lipid/protein loss.

Keywords Painting - Colloidal graphite - MALDI - Lipid -
Protein
Introduction

Paint layers of polychrome works of art are typically made up
of colored pigments and a medium or binder such as drying
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oil, egg, animal glue, casein, and vegetal gum. Identification
of the original binder components through their constitutive
molecules (e.g., lipids, proteins, polysaccharides, etc.) and
investigation of their modifications induced by ageing pro-
cesses are of primary importance for the conservation and
preservation of paintings and other polychrome artefacts.
For instance, the characterization of organic materials in artis-
tic paintings is typically performed by gas and liquid chroma-
tography (GC and LC) or pyrolysis-GC [1] that, however,
require several pre-analytical steps including laborious
methods of hydrolysis and derivatization.

The introduction of soft ionization (I) methods like matrix-
assisted laser desorption (MALD) and electrospray (ES) has
greatly contributed to the explosion of mass spectrometry
(MS)-based techniques in the field of the omics sciences. As
an obvious consequence, MS-based proteomics studies started
to be increasingly appreciated also in the field of cultural
heritage where non-destructive techniques are typically pre-
ferred and the sample amount for classical analysis is drasti-
cally limited. Such a limitation can be easily faced by the
inherently high sensitivity of MALDI or nano-LC-ESI-MS as
demonstrated by several papers reporting protein identifica-
tion by the classical bottom-up approach [2—4]. Sample pre-
treatment is generally quite laborious: proteins are extracted,
making use of appropriate alkaline or acidic media, and then
submitted to processes such as denaturation/reduction/alkyl-
ation and finally enzymatic (usually tryptic) digestion. Other-
wise, digestion with trypsin may be directly performed on
paint fragments or cross sections, followed by purification of
the peptide solution before MALDI or nano-LC-ESI-MS
analysis [5, 6].

Although MALDI-MS has been widely used in the field of
cultural heritage for protein analysis, its application to non-
proteinaceous materials is much more limited and has been
reported in only a few studies. For instance, van den Berg et al.
[7, 8] have investigated the oxidative ageing of drying oil,
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while van den Brink et al. reported on cholesterol oxidation
products [9] and on the effects of ageing on egg-based paint
specimens [10]. Moreover, some MALDI-MS studies have
been dedicated to colorants [11], terpenoid resins [12], and
polyethylene glycols [13].

A new protocol, based on different extraction solvents, for
MALDI analysis of lipids, e.g., phospholipids (PLs) and tri-
acylglycerols (TAGs), and proteins contained in a single small
specimen of paint has been recently reported [14—16]. The
present work contributes a step forward in the simplification
of such a protocol as no conventional solvent extraction is
required. The paint fragment (ca. 100 pg) was fixed on the
MALDI target plate, and the wet chemistry steps required for
protein digestion were performed directly on the plate that,
after matrix addition, was analyzed by MALDI-MS for the
simultaneous identification of proteinaceous and lipid markers
of the most commonly used binders. Colloidal graphite was
used to assure the adhesion of the painting fragment (as such
or after grinding) on a conventional 96-well stainless steel
target plate; graphite is known to enhance thermal and elec-
trical conduction, possibly favoring laser desorption ioniza-
tion (LDI) [17-19]. Indeed, graphite-assisted (GA)LDI has
been used, in the field of cultural heritage, for the identifica-
tion of triterpenoid resins [20, 21] and other organic materials
(e.g., natural resins, oils, waxes, and ketone resins) after
solvent extraction [22].

The protocol here proposed was developed on specimens
from paint replicas made of egg yolk, milk, and different types
of animal glue mixed with various pigments; its potential was
finally demonstrated analyzing a fifteenth century Italian pan-
el painting.

Experimental
Materials

«-Cyano-4-hydroxycinnamic acid (CHCA), ACTH 18-39
fragment, angiotensin I, renin, trypsin proteomic grade, am-
monium bicarbonate, trilaurin (LLL), trimyristin (MMM),
tripalmitin (PPP), and tristearin (SSS) were obtained from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
HPLC-grade water, acetonitrile (ACN), trifluoroacetic acid
(TFA), and methanol (MeOH) (Sigma-Aldrich) were used
without further purification. &x-Cyano-4-chlorocinnamic acid
(CCICA) was synthesized according to a previously reported
procedure [23]. Fresh chicken eggs and whole cow milk were
purchased at local supermarkets. Prussian blue, ultramarine,
red ochre, vermilion, red lead, San Giovanni white, Naples
yellow, and burnt Siena pigments were purchased from
Carenza (Bari, Italy). Azurite, indigo, and lead white pigments
and the collagen standards (bovine bone glue (63000), bovine
skin glue (63010), rabbit skin glue (63025), and Saliansky

@ Springer

isinglass glue (63110)) were obtained from Kremer Pigmente
GmbH & Co (Aichstetten, Germany). Conducting graphite
paint (code n. AGG3418), containing colloidal graphite and a
thermoplastic resin as binder (in isopropanol), was obtained
from Agar Scientific (Stansted, UK).

Paint replicas were prepared on 7626 mm glass slides by
applying mixtures of chicken egg yolk, cow milk, and various
types of collagen with different, abovementioned, pigments.
Some egg yolk/pigment samples were naturally aged indoors,
in ambient conditions for 1.5 years. Micro-samples (ca.
100 pg) were collected from various zones of the polyptych
“Christ in Pity, St. Louis of Toulouse, St. Francis of Assisi, St.
John Baptist, St. Anthony of Padua” (1467) by Antonio
Vivarini (Pinacoteca Provinciale “Corrado Giaquinto”, Bari,
Italy).

Analytical protocol

Few fragments (ca. 100 pg) were taken from each paint
replica or paint sample and were applied, as such or after
finely grinding, on the target spot previously covered by a
small drop of conducting graphite paint. For on-spot protein
digestion, 1 uL of trypsin solution (0.04 pg/uL in 50 mM
NH4HCO3) was deposited, followed by 1 uL of 50 mM
NH4HCOs;. The target plate was placed in a Petri dish con-
taining a wet piece of paper (to ensure a humid environment),
and kept in the oven at 40 °C for 10 min (this step can be,
obviously, omitted when the analysis is limited to lipids).
Then, 1 uL of CCICA (10 mg/mL in ACN:H,O 2:1 with
0.1 % TFA) was added, the spots were allowed to air-dry, and
the MALDI-MS analysis (positive ion mode) was run simul-
taneously for both peptide and lipid fractions. For some sam-
ples, on-target washing with 1 pL of LC-MS water was
carried out.

Before introducing the target plate into the instrument, it
was blown with a flux of nitrogen in order to eliminate any
graphite or solid sample fragments that did not adhere to the
surface.

Database search

The raw MS files relevant to tryptic digests were
searched against the non-redundant database Swiss-Prot
utilizing the Mascot (or MS-Fit) server. The search was
performed against the Chordata (or Gallus gallus) data-
base for egg samples and Mammalia (or Bos taurus) for
milk and collagen samples, setting the oxidation of
methionines as a variable modification. Up to three
missed cleavages were accepted, and a mass tolerance
of 0.15 Da was set. Alternatively, the search was per-
formed using the FindPept database. In this case, a list
of all possible proteins as contained in egg, milk, and
collagen was created and raw MS files relevant to
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Table 1 List of main m/z ions
observed in the spectra derived
from on-spot tryptic digestion of
paint replicas composed of dif-
ferent collagen standards mixed
with vermilion and their possible
attributions as found (a) by the
FindPept tool or in (b) Tripkovic
et al. [25], (c) Kirby et al. [24],
and (d) Fremout et al. [2]

Bovine bone Bovine skin Rabbit skin Isinglass Protein
glue glue glue glue
1088.51° 836.18° 836.22° 1427524 Collagen alpha-1(I) chain precursor
1105.56"4  886.24" 1088.56° (alpha-1 type I collagen)
1121.56° 898.40>4 1095.53° Bos taurus (bovine)
1264.56 1088.48" 1105.520¢4
1427.67*%¢  1095.49° 1427.780:c4
1568.77° 1105.52°4  1435.66°
1931.84% 1121.52° 1459.68°
1177.61° 1586.64>¢
1201.51%4 1975.90*°
1332.61°
14276204
1459.59°
1568.65"
1586.66°¢
1975.85*°
2056.87*°
2130.92°
2884.13%
821.19° 852.17° 1095.53° 1427.52**¢  Collagen alpha-2(I) chain precursor
1427.67°¢ 868.20° 1267.58° (alpha-2 type I collagen)
1568.77° 898.40™° 1427.78%b¢ Bos taurus (bovine)
2011.75° 1095.49° 1975.90°
2027.77% 1240.58°
1267.59°
1427.62%04
1562.73°
1568.65"
1975.85°
2130.92°¢
837.16* 836.18* 836.22% 1427.52%>4  Collagen alpha-1(II) chain precursor
1096.53* 852.17* 1427.78%¢ (alpha-1 type II collagen)
1333.65% 868.20* 1975.90* Bos taurus (bovine)
1425.70° 1177.61°
1447.67% 1427.62%¢
1931.84* 1568.65°
1975.85%
887.27% Collagen alpha-1(TII) chain
1096.53* Bos taurus (bovine)
1241.58°
837.16* Collagen alpha-4(IV) chain (fragment)
1202.51* Bos taurus (bovine)
1088.56% Collagen alpha-1(XII) chain
1976.91° Oryctolagus cuniculus (rabbit)
1504.52* Collagen alpha-2(I) chain precursor
1818.60% (alpha-2 type I collagen)
2139.64% Oncorhynchus mykiss (rainbow trout)

(Salmo gairdneri)
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Fig. 1 MALDI-TOF mass spectrum of the tryptic digest obtained from direct on-spot digestion of the model paint composed of bovine skin collagen

mixed with vermilion

tryptic digests were searched against one protein at a
time. Other modifications, such as oxidation of methio-
nine, proline, cysteine, and tryptophan, and deamidation
of asparagine and glutamine, likely occurring during
ageing processes, were included for aged samples. For
lipid analysis, the main ions in the mass spectra were
assigned by using the LIPID MAPS database [http:/
www.lipidmaps.org/].

Instrumentation

MS experiments were performed using a Micromass
M@LDI™-LR time-of-flight mass spectrometer (Waters
MS Technologies, Manchester, UK) equipped with a nitrogen
UV laser (337 nm wavelength), a precision flat target plate
sample introduction system bearing a micro-titer target plate,
reflectron optics, and a fast dual micro-channel plate (MCP)
detector.

Positive ion mass spectra were acquired in the mass range
400—-4000 m/z in reflectron mode; the following voltages were
applied: pulse, 2610 V; source, 15,000 V; reflectron, 2000 V;
and MCP, 1900 V. The resulting spectra were averaged, back-
ground subtracted, and smoothed by a Savitzky-Golay algo-
rithm. A time lag focusing (TLF) delay of 500 ns was used
between the laser pulse and the application of the accelerating
voltage. Mass calibration was performed using a peptide
mixture composed of fragment 18-39 of the adrenocorticotro-
pic hormone (ACTH), renin and angiotensin for peptide anal-
ysis, and a triacylglycerol mixture composed of trilaurin,
trimyristin, tripalmitin, and tristearin for lipid analysis. For
the sake of clarity, spectra are shown in the ranges 400900 m/
z for lipids and 900—4000 m/z for peptides.
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Results and discussion
Paint replicas

To prove the feasibility of the proposed protocol for analysis
of organic binders, paint replicas composed of chicken egg
yolk, different types of animal glue (collagen), and cow milk
mixed with various pigments were used. At first, paint replicas
composed of collagen, i.e., bovine bone glue, bovine skin
glue, rabbit skin glue, and Saliansky isinglass glue, mixed
with vermilion were analyzed. From the database search and
comparison with literature, it was possible to assign the main
detected peptides (Table 1). In particular, the peptide masses
were compared with those previously reported by Kirby et al.
in a study on collagen-based materials used in cultural heritage
artefacts [24], by Tripkovi¢ et al. in a MALDI-MS/MS study
on the identification of protein binders [25], and by Fremout
etal. [2]. Figure 1 reports the MALDI mass spectrum obtained
from on-spot tryptic digestion of the model sample made of
bovine skin collagen mixed with vermilion. The main detect-
ed peptides (marked in Fig. 1) were assigned to different
collagen chains: alpha-1(I) (COL1A1), alpha-2(I) (COL1A2),
alpha-1(IT) (COL2A1), and alpha-1(IIT) (COL3A1) (mass ac-
curacy on m/z value is typically 0.1 Da). The highest number
of attributed peptides was found for bovine glues and for the
rabbit skin glue, while for the isinglass glue only few masses
could be recognized. Almost all attributed peptides of the
rabbit glue coincide with those of the bovine glues, whereas
the isinglass glue peptides are different. In fact, distinction
between mammalian and non-mammalian (e.g., sturgeon)
origin of animal glue is rather feasible, but discrimination
between different mammalian species is much more difficult
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Fig. 2 MALDI-TOF mass spectra of the lipids (A) and on-spot tryptic digest (B) obtained from the aged model paint composed of egg yolk mixed with

ultramarine

[2]. This is due to a strong homology (in some cases up to
92 %) and to a lack of data on collagen sequences; it is worth
noting that, very recently, new peptide markers have been
proposed for discrimination of some mammalian species
[24, 26, 27].

In conclusion, our data show that all the information nec-
essary to discriminate between collagen binders of mammali-
an (i.e., bovine and rabbit) or fish (i.e., sturgeon) origin was
acquired in about 15 min without any particular sample pre-
treatment.

To further assess the potential of the procedure in charac-
terizing organic materials in aged paintings, different egg
yolk/pigment paint replicas aged for 1.5 year were analyzed.
Figure 2 shows the mass spectra of the lipids (A) and the
tryptic digest (B) obtained from an aged paint replica com-
posed of egg yolk and ultramarine pigment. Previous studies
on the lipid composition of egg yolk [15] showed that most of
them were phosphatidylcholines (PCs) with small amounts of
TAGs. However, as expected, after the ageing process, the
occurrence of additional signals due to oxidation by-products

@ Springer



1020

C.D. Calvano et al.

704.43
688.45

Relative abundance % ?8‘

Ll mnun 1 MU

ill'f'ﬂl Lid b ‘IIIWI.“I'HI I

732.42

750.41

778.41

—
—_—

| l!“\ i HM!&WM‘&#

ot TR : ; ' N
670 680 690 700 710 720 730 740 750 760 770 780 790 800
(m/z)
° B
1095.65
100 A Egg yo'k
32
o o e Collagen
3 1105.66 A
c 1106.65
©
o
c
> ° A
< 4 1241.76 1435.85 ,
o | 104865 1427.86 / 1459.84
2 a
= A
) 7N 1560.96
& 17966 | 126778 o A N
1648.91 1833.01 1976.22
0 Lo el .ﬂl.muj\. .mhﬂm‘.... ailly. |.mIl,w..ll,.NLuHm.u.lm Wl il Mluhlh.mmmﬂhm-l.mLM,Mlm.m. VI\IJIHJI|L.Ih\.|nhm1.|ﬂlmlnllh.h,.L.l!M.\.ILulL.n..a.mh‘mll.lmnhxl\lmhhﬂlﬂI
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
(m/z)

Fig. 3 MALDI-TOF mass spectra of the lipids (A) and on-spot tryptic digest (B) obtained from a sample of the polyptych by Antonio Vivarini (1467)

was observed. All the main ions in the mass spectrum were
assigned by using the LIPID MAPS database [http://www.
lipidmaps.org/] and the existing literature on this topic [15,
28]. In detail, the m/z range from 470 to 610 (see Fig. 2A)
includes signals consistent with their assignment to lyso-
phospholipids (Lyso-PLs) and diacylglycerols (DAGs)
formed by hydrolysis of native phospholipids and TAGs,
respectively. The m/z range between 620 and 700 is charac-
terized by ions that can be attributed to by-products, likely
formed through a (3-cleavage mechanism of PLs. Phospho-
lipids are also present as intact or mono-oxidized species in
the m/z range of 750-820. Finally, TAGs are observed in the
mass window of 850-900 m/z, mainly as sodiated ion adducts.
These results clearly show that the developed protocol
allowed a rapid identification of all the marker lipids of the
egg-based binder.
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As for the protein fraction (Fig. 2B), the major proteins of
egg yolk and some peptides from egg white could be identi-
fied. In particular, many peptides could be attributed to
vitellogenin-1 (m/z 1077.53, 1085.57, 1105.50, 1144.62,
1406.58, 1418.70, 1439.70, 1663.88), vitellogenin-2 (m/z
961.52, 989.52, 1048.60, 1114.57, 1164.48, 1324.67,
1401.62, 1434.68, 1435.67, 1445.69, 1560.67, 1607.66,
1777.78, 1890.84, 2235.93), vitellogenin-3 (m/z 1150.50,
1437.68, 1815.88, 1940.74), avidin (m/z 1247.56), and oval-
bumin (m/z 1687.75, 1858.93). The presence of few peptides
of egg white proteins in the egg yolk/pigment samples is
probably due to contamination during the membrane cutting
of the egg yolk or by natural migration of egg white proteins
through the membrane known to occur in old eggs [29].

In order to validate our protocol, the peptide list of
the egg yolk samples was compared with literature data
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obtained by using various mass spectrometric techniques
(MALDI-MS, LC-MS/MS) and different sample pre-
treatments [2-5]. This comparison clearly proved the
soundness of our procedure since it allowed the identi-
fication of almost all the peptides reported in the liter-
ature studies.

It should be pointed out that analogous results were obtain-
ed for the different tested pigments both for proteins and
lipids, suggesting that their presence does not affect the effi-
ciency of the proposed protocol.

In order to further evaluate the effectiveness of the
novel strategy, replicas composed of cow milk and
vermilion were investigated. On-spot tryptic digestion
yielded a mass spectrum in which all the main peptides
attributed to caseins and whey proteins were clearly
observed, providing a coverage of 45 % for «-sl-casein,
53 % for «-s2-casein, and 30 % for [3-casein. More-
over, the mass spectrum showed intense peaks attributed
to sodiated TAG species containing short- and medium-
chain saturated fatty acids according to the milk fatty
acid composition [30]. So, the proposed protocol seems
also to be a valuable tool for identification of casein/
milk binders.

Historical paint samples

Finally, the protocol was applied to historical paint sample
analysis. In particular, some micro-samples (ca. 100 pg) taken
from the polyptych by Antonio Vivarini were examined. The
fragments were crushed and deposited on the colloidal graph-
ite as described for the paint replicas. Figure 3B reports the
MALDI mass spectrum relevant to the tryptic digest of a
sample taken from the white signature painted on a red-
orange background. The pigments were identified, by micro-
Raman spectroscopy, as lead white and red ochre.

It should be highlighted that most proteins in real samples
show some degree of modification [31], due to ageing pro-
cesses that contribute as variable modifications during data-
base search (see “Database search”). Through this approach, it
was, indeed, possible to identify many peptides (m/z 1095.65,
1105.65, 1241.76, 1427.86, 1459.84, 1473.82, 1648.91—
mass accuracy of typically 0.05 Da) attributed to collagen
[2, 24, 25], indicating that animal glue had been used in the
gypsum ground and/or paint layer. Moreover, the presence of
some peptides (m/z 1048.59, 1106.66, 1179.66, 1267.78,
1435.85, 1459.84, 1560.96, 1833.01, 1976.22) from
vitellogenin-1 and vitellogenin-2, already observed in the
egg paint replicas, suggests the use of an egg-based paint
binder.

Analysis of the lipid fraction (Fig. 3A) led to the detection
ofions atm/z 688.45,704.48, 716.47,732.42,750.41, 760.43,
and 778.41, likely related to phospholipids and their degrada-
tion products [14—16], thereby confirming, once again, the

presence of egg. For comparison, some paint fragments were
analyzed with the protocol based on different extraction sol-
vents [14, 16], providing very similar results.

Conclusions

A novel strategy for on-spot analysis of lipids and proteins in
paint samples is proposed. On-target lipid analysis and protein
digestion using colloidal graphite as a support were shown to
be very efficient in speeding up the sample preparation.
Graphite seems to improve the digestion efficiency simplify-
ing, at the same time, the purification step since desalting can
be efficiently accomplished by on-target washing. The subse-
quent MALDI-MS analysis provides important and exhaus-
tive information for the recognition of organic binders through
the detection of specific peptide and lipid markers. The main
point of strength of our approach is that it would allow to
easily manage very small (<100 pg) paint fragments, with
minimum sample processing, thus avoiding the risk of either
material loss or contamination.
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