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EDITORIAL

Editorial

Rocco Mazzeo1

� Springer International Publishing Switzerland 2016

The conservation–restoration of cultural heritage is undoubtedly a field of

interdisciplinary collaboration among professionals with different educational

backgrounds and professional experience. To this purpose, a mutual understanding

among conservator–restorers, archaeologists, art historians, architects, conservation

scientists—and chemists in particular—is needed for a proper safeguarding of

cultural properties. Indeed, recent decades have seen the involvement of an

increasing number of chemists because of the importance of diagnostic studies and

research into conservation materials and treatments. I am pretty much convinced

that the vast array of works of art representing the highest forms of human

production provides important occasion for knowledge advancement, promoting

close interactions among disciplines seemingly far removed from each other, such

as chemistry and art history or archaeology.

Cultural heritage, one of the higher expressions of human activities, makes use of

a variety of materials that have yet to be identified, and this is why every single

work of art systematically involves issues that typically belong to chemistry. This

happens from the very moment of the creation of a work of art, and continues

towards the period in which chemistry determines the rate of transformation, ageing,

degradation and sometimes the complete disappearance of the artefact. It was

therefore predictable that chemistry and the other scientific disciplines would be

asked to be involved in the safeguarding of cultural heritage.

To this end, chemists apply examination of works of art using both advanced

analytical methods and conservation science, which is concerned with the
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physical/material aspects of works of art, their deterioration and conservation.

Scientific examination and conservation science both rely on measurements central

to analytical chemistry for cultural heritage, that branch of chemistry concerned

with determining the qualitative and quantitative identity of heritage materials.

Today, analytical chemistry plays a key role in the characterization of the nature

of heritage materials, the study of ancient production techniques, the understanding

of causes and mechanisms of degradation, and the development and performance

evaluation of restoration materials and methods. It also supports archaeological and

historical interpretations through archaeometric studies aimed at characterizing

ancient materials, the way in which they were produced, and their provenance,

authenticity and dating.

Unfortunately, the systematic involvement of science in general, and chemistry

and analytical chemistry in particular, dates back only four decades. In fact, even

though the first contributions of science to the study of works of art occurred at the

beginning of the last century, it was a cautious entry, independent of the efforts and

capacities of the first pioneers, who were few in number and with very limited

resources available. However, starting in the 1950s, the application of science, and

particularly chemistry, to conservation became increasingly systematic, although

poorly coordinated if compared with the extent and complexity of the problems

raised by the conservation of cultural heritage.

Nowadays, analytical chemistry as applied to cultural heritage is a recognized

discipline that covers many advanced and complex aspects of chemical research, as

highlighted by the publication of peer-reviewed journal special issues such as those

on characterization of paintings [1], analytical chemistry in cultural heritage [2],

advanced techniques in art conservation [3] and a recently published critical review

on analytical chemistry in the field of cultural heritage [4].

While offering as broad a view as possible, a panorama of the most advanced

analytical methodologies and procedures applied to the characterization, origin and

mechanisms of heritage materials decay, this collection of Topics in Current

Chemistry cannot be comprehensive, but I’m convinced it demonstrates their key

role in conservation research.

An innovative contribution to this topical collection deals with synchrotron-based

techniques. In fact, although photon-based speciation has been applicable mainly to

inorganic materials, novel developments based on scanning transmission X-ray

microscopy (STXM) and deep UV photoluminescence bring new opportunities to

study speciation in organic and hybrid materials at a sub-micrometre spatial

resolution.

Moreover, in the context of the characterization of pigments subject to natural

degradation, synchrotron facilities are able to elucidate the chemical transformation

that has taken place. In particular, the combination of micro X-ray fluorescence (l-

XRF) with related methods such as micro X-ray absorption spectroscopy (l-XAS),

micro X-ray diffraction (l-XRD), Fourier transform infrared microscopy (l-FTIR)

and/or Raman microscopy have proven themselves quite suitable for such studies.

Since microscopic investigation of a relatively limited number of minute paint

samples may not yield information representative of the entire work of art, new

methods for macroscopic imaging, such as those based on X-ray fluorescence
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scanning and full-field hyperspectral imaging, have been developed and are

presented and discussed.

The challenge of analysing works of art in situ by means of portable non-invasive

analytical techniques including XRF, mid- and near-FTIR, UV–Vis and Raman

spectroscopy, as well as XRD, are discussed in detail, along with their impact on our

understanding of painting materials and execution techniques. Readers will find

successful applications for both point analyses and hyperspectral imaging

approaches. More challenging applications, such as the identification of organic

pigments, where the synergistic use of FTIR, UV–Vis and Raman spectroscopy can

lead to satisfactory results, are also presented and discussed.

Notwithstanding the utility of non-invasive analytical techniques and their use

in situ, they cannot provide a detailed stratigraphic characterization of the materials

constituting works of art. This is particularly true when organic-based components

must be identified and spatially located. In this regard, the most recent decades have

seen the development and use of advanced micro-invasive analytical techniques. It

is worth mentioning the progress achieved by high-performance liquid chromatog-

raphy (HPLC) in the detection of dyestuffs, enzyme-linked immunosorbent assay

(ELISA), immunofluorescence microscopy (IFM) and immunochemical imaging

techniques for protein-based materials, and gas chromatography mass spectrometry

(GC/MS) in the detection of organic materials in ancient as well as modern and

contemporary works of art. In fact, all these analytical techniques have been

substantially improved in terms of both new sample preparation procedures, which

allow a greater number of heritage materials to be examined, and interpretation of

results, thanks to the great support provided by chemometric multivariate analyses.

The field of Raman and FTIR spectroscopy in art and archaeology has

experienced massive, vital growth since its first application to heritage materials.

Despite the many reviews available in the literature, this is the first time that

extensive coverage has been devoted to advanced spectral processing and the

contributions of chemometrics to the furtherance of spectroscopic studies of works

of art. Raman spectroscopy is also increasingly being used to uncover structure–

property relationships of artistic and archaeological materials at the microscale and

to reconstruct ancient technologies. Surface-enhanced Raman spectroscopy (SERS)

is now an established tool in the analytical chemist’s toolkit, while new

developments in spatially offset Raman spectroscopy (SORS) and widefield

imaging are expected. At the same time, a new and very promising field is the

development of enhanced FTIR methods for detecting trace components in micro

extracts, allowing the detection of extractable organic compounds from about

0.1 mg of sample such as natural and synthetic dyes.

Despite initial scepticism, radiocarbon dating has gained considerable impor-

tance over the last decades. In fact, art objects made of textile, ivory, stucco, paper

or parchment and polychrome statues can now be dated. To this end, the

introduction of accelerator mass spectrometry (AMS), which enables the amount of

sample to be confined in 1 mg of carbon and reduces counting time to 50 min, has

proven to be revolutionary, particularly when applied to the dating of precious art

objects.
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Another important research issue, which is well presented in this topical

collection, concerns DNA sequencing as applied to anthropology, archaeozoology,

molecular evolution and population genetics. A dramatic improvement in DNA

methodologies has occurred in recent years, yielding to a revolution that has

allowed the recovery of even complete genomes from highly degraded samples,

with the possibility of going back in time 400,000 to 700,000 years. The application

to individual identification of famous personalities such as King Richard III confers

to paleogenetics an important role in cultural heritage studies.

It can certainly be said that analytical chemistry has had and will continue to

have an impact on all aspects of cultural heritage knowledge, from historical

studies, material degradation and characterization, to conservation and fruition.
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REVIEW

Emerging Approaches in Synchrotron Studies
of Materials from Cultural and Natural History
Collections
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Mathieu Thoury1,2 • Ina Reiche5,6 • Aurélien Gourrier7,8,9 •
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Abstract Synchrotrons have provided significant methods and instruments to study

ancient materials from cultural and natural heritages. New ways to visualise (surfacic or

volumic) morphologies are developed on the basis of elemental, density and refraction

contrasts. They now apply to a wide range of materials, from historic artefacts to pale-

ontological specimens. The tunability of synchrotron beams owing to the high flux and

high spectral resolution of photon sources is at the origin of the main chemical speciation

capabilities of synchrotron-based techniques. Although, until recently, photon-based

speciation was mainly applicable to inorganic materials, novel developments based, for

instance, on STXM and deep UV photoluminescence bring new opportunities to study
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speciation in organic and hybrid materials, such as soaps and organometallics, at a sub-

micrometric spatial resolution over large fields of view. Structural methods are also

continuously improved and increasingly applied to hierarchically structured materials for

which organisation results either from biological or manufacturing processes. High-def-

inition (spectral) imaging appears as the main driving force of the current trend for new

synchrotron techniques for research on cultural and natural heritage materials.

Keywords Synchrotron � Palaeontology � Cultural heritage � Archaeometry �
Imaging

Abbreviations
CT Computed tomography

DUV Deep ultraviolet

EELS Electron energy loss spectroscopy

EPMA Electron probe micro-analysis

FF Full field

FIB Focused ion beam

FOV Field of view

FTIR Fourier-transform Infrared spectroscopy

Ga Gigaannum

Ma Megaannum

Myr Million year

NEXAFS Near edge X-ray absorption fine structure (=XANES)

PIXE Proton induced X-ray emission

PL Photoluminescence

Pps Projected pixel (voxel) size on the sample plane

qsSAXSI Quantitative scanning SAXS imaging

ROI Region of interest

SAXS Small-angle X-ray scattering

SC Semi-conductor

SEM Scanning electron microscopy

SR Synchrotron radiation

STXM Scanning transmission X-ray microscopy

TEM Transmission electron microscopy

Vis Visible

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy

XRD X-ray diffraction

XRF X-ray fluorescence

1 Introduction: New Methodologies to Study Ancient Materials

The three main drivers of the complexity of ancient materials are their complex

chemical composition, their multiscale heterogeneity, and the contrast in relative

abundance in their individual components [20]. During characterisation, such

Top Curr Chem (Z) (2016) 374:7
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complexity is addressed by dynamics in its general meaning —either spatial,

spectral, or intensity-wise, in order to identify, characterise and discriminate traces

over large scales [29]. The main specificities of the synchrotron radiation source—

polychromaticity, high flux, low divergence, small source size, stability, ‘‘calcu-

lability’’ of the source, and polarisation—are well adapted to addressing these

challenges [20]. Investigations using synchrotron methods are generally coupled to

a range of laboratory approaches.

In the past decade, several articles reviewed the potential of synchrotron radiation

(SR) techniques for heritage studies. Cotte et al. discussed the benefits of

synchrotron-based FTIR and X-ray absorption spectroscopy for a better identifica-

tion, discrimination and mapping of paint materials (pigments, binders, alteration

products) across historical cross sections collected from easel and mural paintings,

and archaeological artefacts [57, 58]. In recent reviews, Bertrand et al. discussed

recent application of synchrotron techniques to cultural heritage and archaeology.

The main fields of application of synchrotron techniques in the field were shown to

concern the study of alteration and corrosion processes, identification of raw

materials and technologies used to produce archaeological artefacts and art objects,

and, to a lesser extent, investigation of current or novel stabilisation, conservation

and restoration practices [27]. The trends were discussed on a methodological and

instrumentation perspective, particularly focusing on the use of microfocused hard

X-ray spectroscopy (absorption, fluorescence, diffraction), full-field X-ray tomog-

raphy and infrared spectroscopy [20].

Several specific reviews were also produced for categories of ancient materials.

One of the earliest and most developed groups of materials studied using

synchrotron techniques is paint materials (artists’ pigments, binders and extenders,

alteration compounds such as metal soaps and oxidation products of pigments);

these materials are studied to describe mechanisms of physicochemical alteration,

acquire information on technical art history, or obtain knowledge on artists’ and

workshop practices [56, 103].

The use of synchrotron techniques to study ancient metallurgical samples was

reviewed by Young et al. [186], while Manso et al. discussed application to paper-

based materials [122]. The study of fossil specimens from natural history collections

is a flourishing application of synchrotron-based imaging, owing in particular to the

application and adaptation of high-resolution micro-tomographic techniques to

paleontological and paleoanthropological specimens [8, 71, 156, 173–175]. In

addition, a range of new raster-scanning techniques is gradually being adapted to the

study of fossil specimens [89].

In the present article, we discuss recent applications based on the subjective

selection of recent research works that show promise for further extension in the

field of ancient materials sciences. We have deliberately chosen not to attempt to

exhaustively cover all significant ongoing developments. Rather, the present

contribution aims at providing a concise view of areas that could be further

developed and adapted to a wider range of topics concerning ancient materials, as

well as neighbouring fields of research such as environmental sciences.

The main trend observed is the generalisation of high-definition imaging as the

core approach to tackle the heterogeneity of heritage materials across several orders

Top Curr Chem (Z) (2016) 374:7
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of magnitude in length scale. Among other promising developments, we discuss

developments towards a finer discrimination and high-resolution mapping of

heterogenous hybrid (organic–inorganic) compounds across ancient cross-sections,

and the acquisition and processing of accurate structure- and texture-related

information on ancient mineral materials with a strong hierarchical architecture.

2 Morphologies through Density and Chemical Contrasts

The development of high-definition imaging, particularly in the X-ray range, has

been extremely significant for the heritage field in the past 5–10 years. This resulted

from new setups, data collection and data analysis strategies reaching a mature stage

within laboratory environments and at large-scale facilities; in particular, syn-

chrotrons. We discuss here complementary approaches that apply to the imaging of

both bulk artefacts (generally centimeter to decimeter-sized, low spatial resolution)

and samples (down to submillimetric size, high to very high resolution). For such

approaches, two main data collection strategies predominate: full-field imaging and

raster-scanning. We have selected representative examples of both 3D micro-

tomography and fast XRF scanning. Detailed images are used to correlate (spatially-

resolved) local contrasts with the morphology of the sample, which can be further

associated with information from other characterisation techniques. They also allow

to search and analyse details within large areas (volumes) of samples, and to

discover unexpected characteristics of the studied materials on-the-go.

2.1 Visualising 3D Internal Morphologies through Tomographic
Microscopy

Two-dimensional X-ray microscopy has existed for many years and is still an

important tool for the non-destructive investigation of a large variety of samples,

including precious or rare objects [33]. The gained information is, however,

cumulative and the absolute position of the interaction along the beam path cannot

be uniquely determined. Access to the third dimension is achieved by the

acquisition of a number of object views taken at different angles, which are

subsequently combined using analytic [106] or iterative tomographic reconstruction

algorithms. Insight into volumetric information has opened up numerous new

possibilities for addressing old and new scientific questions, with a tremendous

increase in the number of studies in the field making use of this technique.

In their interaction with matter, X-rays, as a consequence of the photoelectric

effect, are attenuated according to the Beer-Lambert law:

IðZ;EÞ ¼ I0ðEÞ exp �
Z

lðZ;EÞ dz
� �

ð1Þ

where I(Z, E) and I0ðEÞ are the beam intensities after and before the specimen under

investigation, respectively, E is the beam energy and Z the atomic number [7]. The

main material property determining the absorption characteristics of a specimen is

its linear attenuation coefficient l related to the imaginary part b of the refraction

Top Curr Chem (Z) (2016) 374:7
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index nðZ;EÞ ¼ 1þ bðZ;EÞi� dðZ;EÞ by l ¼ 4pb=k, where k is the radiation

wavelength [7].

Absorption contrast tomographic microscopy, as a consequence of the strong

dependency of l on Zð/ Z4), is particularly suited to investigate samples composed

of materials with contrasting densities and Z numbers larger than 10 [e.g. alkaline

earth metals (Mg and Ca), transition metals (Fe, Co...), metalloids (Si) and halogens

(Br, Cl, I...)]. Highest contrast is obtained by ad-hoc energy selection of the X-ray

beam ensuring optimal penetration depth into the studied material (l / E�3).

In paleontology, tomographic microscopy has revolutionized the study of fossils,

giving access to 3D morphological, and to some extent, chemical information with

unprecedented spatial resolution, in a non-destructive manner [59]. Insights into

fossil anatomy, development and preservation can be obtained in a high throughput

way, and reconstruction of extinct organisms, fossilized flowers, seeds and fruits

from incomplete remains is strongly facilitated. Computer-assisted treatment of 3D

digital data sets is also very useful to virtually extract delicate fossils embedded in

rocks or matrices that are difficult to dissolve or remove without damaging the

object of interest [50]. In addition to the wealth of morphological and chemical

information, 3D digital reconstructions also permit functional analysis studies and

testing of longstanding debates. With digital 3D reconstructions of the mandible of

two of the earliest mammaliaformes and applying classical mechanics and finite

element modelling, it was, for instance, possible to test hypotheses regard- ing the

functional and dietary specialisation of these primitive mammalians. The results

suggest that early lineage splitting and ecomorphological adaptation of skull and

jaw occurs from the early stages of mammalian evolution [84]. 3D digital data sets,

with the possibility to virtually remove layers or in-fill negative spaces, are also

extremely valuable to investigate the possible taphonomic processes leading at

times to very cryptic fossilized specimens. Virtual taphonomy is an attractive tool,

easing their identification [165]. For instance, in early fruits from the sedge family,

only the hard endocarp is usually preserved, while the same part in modern

specimens is typically buried below a succession of soft layers lost during the

fossilisation process. With virtual taphonomy, these various layers can be digitally

peeled off, revealing the previously hidden, and therefore difficult to guess surface

morphology of the endocarp. Access to this information makes classification of

fossil specimens easier and more reliable.

The great potential of X-ray tomographic microscopy for the study of

manuscripts has been demonstrated in several works, where scrolls have been

virtually unrolled and subsequently deciphered (e.g. [119, 126]). In fact, many

ancient documents have experienced heavy degradation hindering any manipula-

tion, unwrapping or page flipping. The digitization in these works has been feasible,

thanks to the particular chemistry of the used ink (‘‘iron gall’’ ink), with a

formulation containing a sufficient amount of iron to produce considerable contrast

to distinguish the ink from its support. The same approach is also being used in the

framework of the ‘‘Venice Time Machine’’ program (http://dhvenice.eu). The aim is

to digitize all books and manuscripts of the ‘‘Archivio di Stato’’ in Venice, in a fast

and safe way. The chemistry of the used inks for administrative documents is,

Top Curr Chem (Z) (2016) 374:7
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however, mostly poorly known. Although also mostly based on the ‘‘iron gall’’

formulation, the chemical composition, and in particular, the iron content of these

black inks, varies a lot between documents spanning several centuries, and even

within the same manuscript. In most cases, the iron content is sufficient for character

detection, and proof-of-principle studies demonstrated page-by-page deciphering of

a small book [2, 3] (Fig. 1). Analogously, images and sound could be recovered

from degraded acetate films, impossible to unreel because of the film sticking to

itself as a consequence of the breakdown of acetate to acetic acid. Since silver is

responsible for the images in black and white movies, the contrast against the

acetate support provided by X-rays should be sufficiently high to extract the pic-

tures. In a proof-of-concept study, Davis & Mills demonstrated the feasibility with

an X-ray tube, by recovering a few seconds of the opening of the British Gaumont

News, sound included [62].

Synchrotron-based absorption contrast tomographic microscopy is constantly

finding new applications. For instance, Bertini et al. investigated Iron Age Scottish

glass beads, unraveling their internal morphology (e.g. 3D shape, size, number and

distribution of gas bubbles and crystals, the filling of bubbles, characterization and

spatial distribution of different materials within the beads) in a non-destructive

manner, leading to conclusions on manufacturing techniques and location, as well as

pyro-technological development of ancient communities [19].

When X-ray absorption is low or a specimen consists of materials with similar

densities and/or Z numbers, different X-ray-matter interaction mechanisms can be

exploited to enhance the contrast in the object under study. X-rays are in fact not

only attenuated by matter, but also refracted at material interfaces, albeit by only a

tiny angle. This angle is related to the real part d of the index of refraction n,

according to a ¼
R odðx;yÞ

ox
dz and is proportional to the gradient of the phase /ðx; yÞ

of the refracted beam [32], e.g. a ¼ k
2p

o/ðx;yÞ
ox

. The refraction angle can be accurately

determined using different phase contrast techniques, belonging mostly to three

main categories: free-space propagation [45, 167], interferometry [31, 131, 182] and

analyzer systems [43, 63]. All methods have advantages and disadvantages, for

instance in terms of sensitivity, spatial resolution and practicality.

In the case of ancient papyrus scrolls carbonized during the Vesuvian eruption in

79 AD, black carbon-based ink is difficult to distinguish from the carbonized

substrate using purely absorption contrast, due to the similar densities of the

materials [128]. Instead, free space propagation phase contrast helps in this task. In

fact, if the X-rays impinging on the sample are (partially) coherent, the refracted

beam interferes with the direct beam downstream from the specimen. A

characteristic interference pattern, typically known as Fresnel fringes, can be

observed at the object interfaces, facilitating the discrimination of object domains

with similar densities. Because the boundary visibility in particular is intensified in

this way, this method is commonly called edge enhancement. Despite its simplicity,

it is routinely used for the study of delicate charcoalified and lignified fossils, such

as spores, flowers and seeds (e.g. [79]), and for virtual dissection of fossil wood

permineralized with pyrite to facilitate the characterization at the submicrometer

level [172]. In particular, this approach has proved invaluable to map fine
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Fig. 1 X-ray tomographic microscopy of a 1679 Italian document. Several specimen fragments (0.8 cm
diameter) have been stacked to simulate a small volume. a Vertical cut through the 3D reconstructed data
set; the bright area at the top represents a small magnet used to keep the fragments in place. b, d
Photographs of two different characters written with iron gall (b) and Hg-containing (d) ink. c, e The
same two characters read from the digital volume by virtual slicing the tomographic data set. Data
collected at the TOMCAT beamline [170] at the SLS–PSI; Energy: 15 keV, voxel size: 6:5 lm. Source:
Reproduced with permission from [2]
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laminations in enamel and dentine. This is important for studying fossilized hominid

and primate teeth (e.g. [166]) providing insight into the evolution of human growth

and development.

Fresnel fringes do not only highlight interfaces, but can also contribute to boost

area contrast, and therefore enormously facilitate segmentation using straightfor-

ward global thresholding methods as opposed to more complex phase retrieval

procedures. Several phase retrieval algorithms exist, based on different approxi-

mations [36, 46, 88, 114]. The single distance phase retrieval approach after Paganin

et al. [136], thanks to its practicality and robustness, is one of the most used

algorithms for the investigation of natural history (e.g. [80, 132]) and cultural

heritage artefacts, although it lacks quantitativeness and the high frequencies in the

tomographic reconstructions are partially damped. To overcome these drawbacks,

more accurate algorithms exist [46]. Yet they generally require the acquisition of

tomographic data sets at multiple distances and rather complex post-processing

workflows [155]. In selected applications, holotomography gave superior results.

With this technique, it was, for instance, possible to reveal the skull and brain in

300 Ma old fish, despite the small density difference between the pristine rock

matrix and the regions preserving small amounts of soft tissue [141].

Currently, progress in the X-ray imaging field is made towards improved spatial

and temporal resolution. With a projection microscope, it has in fact been possible

to go beyond the typical spatial resolution in the sub-micrometer range of state-of-

the-art hard X-ray microtomography end-stations based on a parallel beam

geometry. Moreau et al. revealed non-destructively, with the required spatial

resolution in the order of hundred nanometers, features (e.g. organization, size and

shape) of in-situ pollen grains in 100 Ma old flowers, critical for plant classification

[132]. Comparable resolution and truly quantitative electron density distributions

can be achieved using ptychography: at each angular position, the sample is scanned

across a coherent, often highly structured, X-ray beam while diffraction patterns are

collected. By exploiting the redundancy provided by the overlapping adjacent probe

spots and iterative phase retrieval algorithms [147], the effects of the sample can be

successfully separated from those of the structured illumination. Visualization with

this emerging technique of cellular and sub-cellular features in apatite preserved

tubular fossils, enabled the reassessment of the phylogenetic affinity of these extant

organisms [60].

Increased temporal resolution, compared to the typical few minutes required at

most microtomography endstations for a tomographic scan, could be valuable for

the investigation of dynamic processes involving natural history or historical

objects. At third generation synchrotron sources, the high brilliant beams coupled to

CMOS detectors permit the acquisition of all projections necessary for a

tomographic reconstruction in less than a second [130], enabling the investigation

of the evolution of the 3D microstructure through time. Although time-resolved

experiments remain rare in the cultural heritage field, this technique could bring

valuable information for the understanding of degradation processes observed, for

instance, on paintings (through exposure to light, heat sources and humidity in a

uncontrolled manner), in particular if such phenomena could be simulated and
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accelerated for research purposes. For instance, Ferreira et al. documented with

synchrotron-based tomographic microscopy the destructive effect of calcium soap

migration in paintings and suggested a formation mechanism [73]. Time-resolved

tomographic investigations could be very useful for testing these ideas and

improving our understanding of the dynamics of formation and migration of these

aggregates, especially if ad hoc materials can be prepared and artificially subjected

to different environmental conditions. The same is true for conservation techniques

of historical objects, where the effects of physical and chemical treatments, in

particular at the micrometer level, are still poorly understood.

2.2 Imaging Flat Artefact and Samples through Fast XRF Raster-Scanning

Highly resolved spatial information about the chemical composition of cultural and

natural artefacts can be valuable in many different aspects. In paintings and

manuscripts, it can reveal the elemental composition of colours and inks. This can

help in uncovering obscured drawings or writings, or reveal information about the

origin, authenticity, degradation and age of the artefact. In natural history artefacts,

such as fossilized animals or plants, it can reveal biomarkers of the original life

form, including soft tissue not seen in the visible image of the fossil. This can lead

to a better understanding of the colouration, anatomy, diet or even health of the

original animal, as well as fossilization, chemical pathways and replacements.

X-ray fluorescence (XRF) detection is one of the most sensitive non-destructive

techniques for analysis and quantification of the chemical elements in a sample,

specifically those at low concentrations. Here, a beam of X-rays of sufficiently high

energy (short wavelength) impinges on the sample and knocks out an inner-shell

electron from the elements of interest (Fig. 2, top left). The hole created in the inner

shell is filled by a second electron from an outer shell, which, as a result, can emit a

secondary X-ray photon, the so called XRF (Fig. 2, middle left). The energy of the

XRF signal corresponds to the difference of the binding energies of the two

electrons involved. As each chemical element has electrons in shells with binding

energies that are unique, it also has a unique spectrum of XRF lines at characteristic

energies. Whether a fluorescence line lends itself to an XRF analysis is defined by

three criteria: (1) the incident X-ray intensity and the XRF signal must be

sufficiently strong to be detectable, (2) the incident and XRF photon energy has to

be high enough to penetrate and exit the matrix of the sample, and (3) the energy of

the XRF line must be discernable from that of other chemical elements in the

sample. In practice, for most elements up to the third row transition metals, the Ka
lines (resulting from an electron in the L shell filling a hole in the K shell) are best

suited for XRF imaging, since they have the strongest signal and highest X-ray

energy and hence penetration (Fig. 2, center). For heavier elements, such as lead for

example, L lines fall into the practical energy range. XRF analyses often focus on

trace metals, as they are chemically important and have distinct XRF lines with

enough penetration power. Of the lighter elements, especially potassium, sulfur,

chlorine and calcium play an important role if the matrix of the artefact allows for

enough XRF signal penetration and extraction.
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The real power of XRF comes to fruition when combining its tremendous

elemental sensitivity with high spatial resolution to create a two dimensional

chemical map of an artefact (Fig. 2, right). This has driven the development of

continuous rapid-scan XRF imaging setups making use of the small, intense, and

collimated X-ray beams produced at modern synchrotron facilities. Here, artefacts

of various sizes can be scanned in a matter of a few hours to produce multi mega-

pixel high-resolution 2D chemical maps. Motivated by the challenge of imaging the

hidden writings in the Archimedes Palimpsest, the first setup at SSRL used 10 ms

readout times and a smaller scanning stage limited to the size of a single folio. The

system was then further optimized in readout speed, and the addition of larger

scanning stages was later used to image the Thermopolis Archaeopteryx, one of the

best-preserved specimens of this icon fossil. Currently, an imaging setup with a

Fig. 2 Concept of XRF imaging. Top left In the XRF process, an inner shell electron is knocked out by
the incident beam (1), and the XRF photon is emitted after the hole is filled from an out electron (2). Top
right The XRF spectrum taken from the Archimedes Palimpsest [11]. All lines are Ka unless labeled
otherwise. Bottom left Concept of the rapid scan XRF imaging setup. The incident X-ray beam is
collimated to the desired sized and the sample is mounted on a scanning stage. The detector is typically
mounted at a 90� angle to the incident X-ray beam and the XRF signal for each pixel is recorded on-the-
fly as the sample is raster scanned continuously in the horizontal while stepping up vertically at the end of
each line. Bottom right Iron XRF map of the area indicated by the white box revealing the Archimedes
writings
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readout speed of up to 2 ms per pixel and scanning speeds of up to 50 mm/s is

operational and available for users beamline 6-2 at SSRL. At this setup a 30�
30 cm2 object imaged at 100 lm beam diameter spatial resolution can be scanned in

about 5 h, resulting in a 9-megapixel, high-resolution digital chemical map of up to

15 different elements. Details about the instrumentation are discussed in references

[10–14, 139, 154, 185]. Smaller objects can also be imaged at about 1 lm resolution

with a slower system at various stations worldwide. There are plans underway at

SSRL to build a new setup that covers a range of beam sizes (1–100 lm) as well as

scanning speeds. Here, the whole artefact can first be imaged at lower resolution,

and once some areas of interest are identified, they can be studied at higher

resolution without the need to move to a different instrument (Sam Webb, private

communication). Furthermore, slower acquisition might be used when the aim is

collecting low-intensity signals from trace elements such as some transition metals,

heavy metals or rare earths. In such case, full XRF spectra need to be collected and

processed to extract meaningful signal intensity and map elemental concentration

across entire fossil morphologies [90, 92].

Such XRF imaging can be further coupled to scans in the excitation energy to

collect speciation-based information, such as to study the chemical environment of

target elements. Gueriau et al. used this approach to the so-called cerium anomaly,

where direct X-ray absorption-based speciation of cerium and respective concen-

tration in rare earth elements (from XRF) provide palaeo-environmental information

regarding the burial milieu and processes [91]. A similar approach was used by

Cook et al. to determine and validate the speciation of strontium within whole

archaeological fish otoliths [51, 52].

Alternately, XRF imaging instruments with resolutions ranging to well below the

micrometer range are used for very small samples, and very large XRF scanning

systems have been developed for the chemical mapping of paintings using both

synchrotron and commercial X-ray sources [4, 5, 68, 104]. The commercial

instruments [4] are based on X-ray tubes and do not have the speed, sensitivity, and

spatial resolution of the synchrotron-based systems, but they have the advantage that

the artefacts do not have to be moved from the museum and that they can be used

for long periods of time. In addition to advances in scanning hardware and readout

electronics, new, faster and more efficient XRF detectors are being developed [152,

153]. All these developments will help to further broaden the use of XRF imaging

methods as a very powerful tool for cultural and natural heritage studies.

3 Heterogeneity in Organic Materials

Synchrotron techniques were reported thus far to be mostly suited to the advanced

study of ancient inorganic materials. From early on, however, synchrotron

experiments were used to trace elemental analysis in organic materials, or to probe

the short- and long-range order of ancient fibrillar organic molecules, such as hair

and wool keratins [22]. Methodological developments in the X-ray range,

particularly at low energy (\1 keV) where the 1s electron binding energies of
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carbon, oxygen and nitrogen are attained, in the UV/visible and in the infrared bring

new capabilities regarding speciation-based identification, discrimination and

mapping of organics or hybrid (organic–inorganic) compounds in ancient materials.

We will discuss below two techniques, deep UV photoluminescence and scanning

transmission X-ray microscopy, where very high spatial resolution can be attained,

and that are currently undergoing significant development. Both approaches are also

applicable to a large class of inorganic compounds, such as transition metals and

semiconductors, respectively, but application to the recognition of spectroscopic

signatures of organic or hybrid-type compounds is particularly underlined here.

3.1 Multiscalar Imaging of Heritage Materials Using
UV Photoluminescence

Spontaneous emission or luminescence is the process by which an electron from an

atom, molecule, or crystal in an excited state undergoes a transition to a lower energy

state, e.g. the ground state, with emission of a photon. The process involves transition

from a non- or anti-bonding to a bonding or lone-pair orbital in amolecule, or from the

conduction to the valence band in crystals. At thermal equilibrium, the rate of

absorption is equal to that of spontaneous plus stimulated emissions. This allows

defining the relationship between Einstein’s coefficients B12;A21, and B21, respec-

tively. In the UV/Vis domain, the nature of the emission phenomenon is principally

spontaneous, whereas this is no longer true at lower frequencies.

Solid-state photoluminescence originates from excited states of electronic energy

levels, and thus provides a variety of information on the physicochemistry of the

material studied. For semiconducting materials, direct information on the band gap

energy and on the amount and nature of impurities, or other type of crystal defects,

is accessible. Photoluminescence can also provide direct signature of organic

groups, such as amino acids tryptophan (2-amino-3-(1H-indol-3-yl) propanoic acid,

Trp) and tyrosine (2-amino-3-(4-hydroxyphenyl) propanoic acid, Tyr). The

spectroscopic response of these two well-known p-conjugated luminophores can

also be used as an indirect probe of their chemical environment.

The luminescence phenomenon can be described by means of its spectral and

temporal components. Emission and excitation spectra inform on the distribution of

probability of the transition between the excited and ground states, and the

luminescence quantum yield reflects the fraction of photons emitted by a material

relative to that absorbed. In turn, the radiative lifetime is the time window during

which the emission of photons can be observed. Both the spectral and temporal

components of the luminescence signal can therefore be exploited to separate,

identify, and characterise species within complex mixtures.

Photoluminescence has been exploited in the field of Cultural Heritage,

archaeology and paleontology since the first quarter of the 20th century as a

practical means to increase contrast between materials at the surface of artworks or

paleontological specimens. Repaints and restorations can result in significantly

distinct luminescence response captured by photography [149]. Similar approaches

were used to enhance contrast and visualize morphological patterns in fossils [110].

Over the last 10 years, development of new imaging setups has allowed for the
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gathering of spatial distribution and spectral information on materials’ emission

properties over artworks, using multispectral or lifetime approaches [40, 134, 179].

Based on these approaches, a new synchrotron-based method has been developed

to study the photoluminescence of semiconductor artists’ pigments at the microscale

using excitation wavelengths ranging from the deep ultraviolet (DUV) up to the

visible range (Vis). The aim was to access the heterogeneity of their emission

properties as a signature of manufacturing processes. This development was

inspired by pioneer work making use of a confocal raster-scanning setup coupled to

a UV synchrotron beam to study the microscale distribution of the steroid

coumestrol in single Leydig cells [82].

A dedicated branch has been developed at the DISCO beamline of the SOLEIL

synchrotron to perform imaging at high spatial resolution and exploit the tunability

of the synchrotron source. The full-field imaging setup developed at the DISCO

beamline was built around an Axio Observer Z1 inverted microscope (Carl Zeiss

MicroImaging, Jena, Germany). The exhaustive description of this home-made

setup is available in the literature [28].

Optimisation of the excitation range in the DUV offers new capabilities to

analyze historical samples, as shown below on one of the earliest surviving Italian

lutes, made by Laux Maler before 1552 in Bologna (Musée de la musique, Paris;

inv. num. E.2005.3.1; Fig. 3) [70].

Synchrotron DUV PL does not require specific sample preparation and can be

performed at ambient atmosphere. The only constraint is the depth of field of high-

numerical aperture objectives, which is below one micrometer in the DUV range.

The surface quality and the planarity of the sample surface should be well controlled

to ensure an accurate focus of the images collected. In the example shown here, the

sample was embedded in methacrylate-based Technovit 2000LC resin (Heraeus

Kulzer), and its surface was prepared using an ultra-microtome so that a satisfactory

optical contact could be obtained between the sample and the quartz slide.

The full-field approach using (multiband) detection in multiple spectral bands is

well-adapted to the collection of low quantum yield PL signals. Hyperspectral

detection is much less compatible with detecting weak emission with high signal-to-

noise ratio (SNR) images. Multiband detection also allows optimising the integration

time for images collected in distinct spectral bands. This is a crucial asset, since the

quantum yield may vary strongly from one material to another, in the 10�1–10�6

range. In addition, visualising PL in distinct bands offers new possibilities to exalt

contrasts between materials. For example, strata of the coating film in the LauxMaler

appear homogeneous using the conventional UV epiluminescence microscope.

However, compositional contrasts between strata are strongly enhanced using

multiband detection in SR DUV PL (Fig. 3a). The contrast of luminescence between

the secondary walls and the middle lamella (Fig. 3e–g) also greatly improves the

description of the microstructure of the wood cell walls.

The tunability of wavelength (i.e. energy) available with the synchrotron source

between 200 and 600 nm is a powerful parameter to enhance contrast between PL

properties of distinct materials. Figure 3g, h illustrates the impact of the excitation
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wavelength; PL under excitation at 275 nm clearly allows an optimized localisation

of the organic embedding medium that has penetrated within the sample.

DUV excitation allows accessing the intrinsic PL properties of specific organic

compounds without requiring any labelling or marking to enhance the signal.

Within wood, luminescence from the secondary walls shows a quite broad emission

band peaking around 340–400 nm when excited in the 240–320 nm range (Fig. 3d).

This signature is consistent with the presence of lignin.
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Finally, one of the main assets of the technique is the capability to image large

areas of hundreds of sq. micrometers at a high spatial resolution. In the configuration

used in the current set up on the DISCO beamline, the minimum pps is 153 nm with a

100� objective, NA = 1.25. In such configuration, the Rayleigh criterion leads to a

resolution of 244 nm at a wavelength of 500 nm, which is almost ideally imaged

with that pps. The ratio between the spatial resolution attainable and the size of the

area probed is in the range of 103–104. This high spatial dynamics allows a clear

comparison of the luminescence of distinct wood cells (Fig. 3b).

DUV photoluminescence micro-imaging offers promising capabilities for the

analysis of a broader range of materials, such as proteinaceous materials or

semiconducting artists’ pigments. PL provides a distinct source of contrast than that

attainable under IR or X-ray excitation to characterise ancient materials at the

submicroscale [179].

DUV micro-imaging allows probing intrinsic photoluminescence contrasts of

organic materials at submicroscale over wide areas. Attaining such spatial dynamics

is a crucial improvement for the study of heterogeneous systems. Imaging the

spatial distribution of minute compounds in their environment within micro-samples

can be the clue to better understand the physicochemical processes induced during

alteration processes, or to identify original materials used during the creation

process of artists or craftsmen. The use of low flux (*1012 ph/s) minimizes flux-

dependant (rather than dose-dependant) radiation-induced side effects. It can also be

considered as an efficient probe to monitor radiation damages that occur during ion,

electron, and X-ray microanalyses [24, 83, 179].

The main limitation of the technique is either due to the very low quantum yields

of PL of certain materials, or to the broadness of emission bands that prevent them

from being used as reliable signatures to identify specific compounds. Further

developments of the approach will soon allow collecting hyperspectral PL cubes

collected with a small wavelength step. This will permit new speciation capabilities

in full-field mode.

3.2 Identifying Organic Signatures through Scanning Transmission X-ray
Microscopy

Paleontological specimens are remnants of once living organisms, and as such, may

preserve ancient biogenic organic molecules. The study of these organics may

provide crucial insights regarding the chemical evolution of life at the molecular

bFig. 3 Comparison between standard epiluminescence and synchrotron full-field multiband imaging on a
cross section sample of the Laux Maler surface coating, one of the earliest surviving Italian lutes.
a Visible epiluminescence light microscopy collected with 365-nm mercury excitation. b Spatially-
registered false-colour RGB image constructed from synchrotron full-field multiband imaging under
275 nm excitation with colour designation: blue 500, 20 nm FWHM, green 465, 30 nm FWHM, red 380,
15 nm FWHM. Image intensity levels in each channel were adjusted using equalisation stretch. 40lm. c–
e Detailed areas, corresponding to those indicated by white rectangles in a. Scale bar 20 lm. Image
intensity levels in each channel were adjusted using a Gaussian stretch. f Detailed areas using similar
excitation and emission parameter as in b–e using a 2–98 % stretch. g Detailed area similar to f under
340 nm excitation and colour designation blue 425, 30 nm FWHM, green 465, 30 nm FWHM, red 480,
17 nm FWHM. Scale bar 40 lm
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level over geological times (e.g. [18, 35, 89]). Similarly, cultural heritage samples

are mixtures of various materials and organics such as substrates, binding media and

pigments. In addition to better constraining the fabrication of these artefacts, the

study of these organics may allow deepening our knowledge about customs of

ancient civilizations [20, 29]. Yet, the heterogeneity, complexity, diversity and

scarcity of organics within paleontological and ancient cultural heritage materials

make it difficult to characterize their molecular structure [25, 28, 89].

Synchrotron-based scanning transmission X-ray microscopy (STXM) offers

spatially resolved information on the molecular structure of organics at the

submicrometric scale. STXM experiments at the carbon absorption edge allows both

microscopic observations, i.e. in situ mapping organic (biogeo)chemical hetero-

geneities at a 15-nm spatial resolution, and spectroscopic measurements, i.e.

recording carbon X-ray absorption near edge structure (C-XANES or C-NEXAFS)

spectra at the same spatial scale. STXM experiments thus consist in collecting

hyperspectral maps from which C-XANES data can be extracted [53]. Absorption

peaks of C-XANES spectra provide information on the molecular structure of the

investigated organics as they correspond to transitions from inner shell 1s electrons

to both unoccupied antibonding p� and low-lying r� orbitals and thus are sensitive

indicators of the local chemical bonding environment surrounding the measured

carbon atoms [74, 102, 133, 168].

STXM is highly complementary to infrared spectroscopy and UV/Vis absorp-

tion/luminescence techniques and offers several advantages [58, 81]. STXM

experiments do not require organics to be extracted from the sample inorganic

matrix. Plus, STXM-based C-XANES spectroscopy allows the direct detection of

functional groups rather than chemical bonds, thus facilitating the identification of

organics [133, 168]. Due to the directness of the signal, C-XANES data collected on

different organic-rich specimens can be easily compared [53]. Even though infrared

spectroscopy is well known for the richness of chemical information it can provide,

its diffraction-limited spatial resolution is restricted to a few micrometers,

conferring a clear advantage to STXM-based C-XANES spectroscopy for the study

of organic-rich samples exhibiting submicrometric biogeochemical heterogeneities

[58, 97]. As absorption of ultraviolet and visible light by organics is restricted to

certain functional groups (chromophores) and as UV/Vis spectra result from the

superposition of electronic, rotational and vibrational transitions, the use of STXM-

based XANES spectroscopy allows a more direct identification of organics within

paleontological and cultural heritage specimens [20, 138]. While TEM-based

electron energy loss spectroscopy (EELS) may be used to obtain chemical

information almost comparable to C-XANES data with even a better spatial

resolution, this technique suffers (in addition to inevitable radiation damages) from

a spectral resolution that remains too low to distinguish among various C bonding

environments separated by only a few tenths of an eV [34, 98].

Similarly to all electric-dipole transition spectroscopies, C-XANES spectroscopy

adheres to Beer’s law. Variations in peak intensities directly result from variations

in concentration of the functional groups absorbing at these specific energies. The

intensity of a given peak is related to the concentration of the functional group

through the specific oscillator strength of the corresponding electronic transition
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[74, 102]. Yet, as oscillator strengths are not precisely known, the absolute

concentrations of functional groups cannot be estimated quantitatively. Neverthe-

less, assuming that the oscillator strength of a given functional group is essentially

the same in different organic compounds, relative concentrations can be discussed

qualitatively by normalizing C-XANES spectra to the total carbon amount

(corresponding to the absorption over the 320–350 eV range).

Despite these unique capabilities, rare are the studies having explored the

advantages of STXM for the characterization of organics within cultural heritage

specimens. Animated by other motivations, Hernandez-Cruz et al. have investigated

the local orientation of silk fibers of a Bombyx mori cocoon using STXM-based

C-XANES spectroscopy [94]. Their results have demonstrated that, in addition to

provide information of the molecular structure of organics, STXM allows

quantitatively mapping the orientation of fibers within a representative protein

sample. This methodology has then been successfully applied by Rousseau et al. to

investigate the dragline silk microstructure produced by Nephila clavipes orb-

weaving spiders, which has allowed them to better constrain the structure-property

relationships of silk samples [151]. More recently, Willneff et al. have used XANES

spectroscopy to investigate the impact of cleaning process (soiling removal) on

paint film surfaces through a variety of wet treatments using aqueous or

hydrocarbon solvent systems [184]. Similarly, Rouchon et al. [150] have used

STXM to document, at the submicrometric scale, the penetration of iron gall ink

within cellulosic paper fibers similar to those of ancient manuscripts as well as the

subsequent degradation of the cellulosic compounds of these paper fibers. Although

these studies have been perform on analogues rather than on cultural heritage

specimens, they illustrate the capabilities of STXM and C-XANES spectroscopy for

the study of organics within such artefacts.

Of note, the main difficulty associated with the study of organics from cultural

heritage specimens is that they may have suffered a diversity of decay chemical

reactions. As organics within these samples may exhibit diverse degrees of ageing,

their recognition and discrimination may be challenging. This is even worse for

paleontological specimens: biogenic organic molecules may indeed experience

multiple stages of degradation induced by a combination of biological, chemical,

and physical factors during geological time scales [18, 89]. The general

paleobiological perception has long been that burial-induced biomolecule degra-

dation processes are detrimental to the chemical preservation of biogenic organics in

rocks. Yet, using STXM-based C-XANES spectroscopy, Bernard et al. have

reported the persistence of partially degraded sporopollenin compounds within

� 230-Ma fern spores having experienced more or less intense metamorphism

during burial down to depths of about 40 km [16, 17]. More recently, the use of

STXM at the carbon and nitrogen absorption edges has allowed Cody et al. [47] to

evidence the (partial) preservation of chitin-protein complexes within � 310 and

� 420-Ma arthropod cuticles. Following a similar approach, Ehrlich et al. [72] have

demonstrated the preservation of chitin within � 500-Ma Burgess Shale sponges

despite burial at depths of � 10 km.

The recognition of bacterial signals within sub-modern samples using STXM is

quite straightforward as illustrated on Fig. 4 [9, 117, 127, 146]. Yet, in rocks, the
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recognition of such signals may become difficult. Via STXM experiments, Cosmidis

et al. have managed to evidence the preservation of biogenic organic signatures

within fossilized biomorphs of bacterial origin in � 25 and � 60-Ma phosphorites

[54, 55]. De Gregorio et al. [64] have reported STXM-based C-XANES data

collected on organic microstructures from the 3.5-Ga Apex cherts, but the

significant degradation experienced by these organics during fossilization and

burial makes it challenging to unambiguously assess their biogenicity. Better

understanding the impact of fossilization and burial-induced degradation processes

on organic signatures has thus recently emerged as a major scientific challenge.

Using STXM to characterize the organic residues of laboratory experiments, Li

et al. [118] and Picard et al. [137] have documented the nature and the extent of the

transformations that may experience microorganisms during burial, thus providing

new milestones towards a better mechanistic understanding of biogenic molecule

degradation processes.

STXM has not yet had its golden age, as illustrated by a number of recent

methodological advances, including notably protocols to precisely estimate N/C and

O/C atomic ratios of organics at the submicrometric scale through the collection of

C- , N- and O-XANES data [6, 47]. In addition, it has recently become possible to

image frozen hydrated specimens at temperatures as low as 100 K using cryo-STXM
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specimen of Farfantepenaeus brevirostris (Kingsley, 1878, MNHN.IU.Na8524) from La Paz Bay,
Mexico. Top left SEM image of the calcifying bacterial colony. Top center TEM image and STXM
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spatial distribution of carbonates (blue) and bacterial organics (yellow). Top right TEM image of a detail
of the ultrathin FIB foil. Organic filaments appear in dark. Bottom C-XANES spectra of organics and
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attributed to electronic transitions of carbon involved in aromatic or olefinic, phenolic, amidyl,
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[123, 135, 181], as well as to perform 3D STXM experiments by combining STXM

with angle-scan tomography [135, 181]. STXM thus holds great promise to

contribute to the current challenges of reconstructing the original molecular structure

of organics preserved within paleontological and cultural heritage materials.

4 Hierarchical Architecture of Materials

The heterogeneity of ancient materials is often multi-scalar, as specific physico-

chemical laws govern the formation and stability of their structure at successive

discrete length scales. Such hierarchical architecture often has a significant impact

on materials properties (resistance to stress, optical response), and chemical

reactivity during short- and long-term alteration. The architecture of such materials

can be directly documented by microscopy techniques (such as electron and optical

microscopy), and indirectly probed through structural methods, such as X-ray (and

neutron) diffraction and small-angle scattering. We selected here two examples with

distinct origins of the multiscale organisation. In archaeological bones and ivory,

ordering results from tight biological control during biomineralisation. In ancient

ceramics, controlled manufacturing process can lead to a thoroughly structured

material, in which distinct structural levels bring complementary clues to

understand the chaı̂ne opératoire (manufacturing sequence) employed by past

craftsmen.

4.1 Quantitative SAXS Raster-Scanning of Archaeological Samples

Scattering of radiation arises from discontinuities in the exposed media at the level of

the radiation wavelength [142]. This can be used a source of contrast, as for dark field

imaging methods. Furthermore, a rigorous analysis of the spatial (and temporal)

distribution of scattered radiation may provide very accurate structural information

[169]. Because of the strong degree of structural hierarchy and heterogeneity of

biological materials [78, 112], one major complication associated with their analysis

is the requirement to combine nanoscale sensitivity with microscopic to macroscopic

field of view. This point is not trivial when considering archaeological objects, as,

except for permafrost conditions, they are degraded over time due to complex bio-

physicochemical alteration processes. Those processes are multi-factorial, non-linear

in time and produce additional inhomogeneities in the materials (see e.g. [15, 49, 93,

143, 144]). Thus, the necessity to analyse the nanoscale properties with biologically,

chemically and physically relevant statistics becomes quite stringent when dealing

with, for example, archaeological bone and ivory.

In the case of X-ray scattering at small angles (SAXS), electron density

fluctuations can be probed at the nanometer scale. This is ideal to study bone-like

materials that consist of collagen fibrils of � 100 nm in diameter, mechanically

reinforced by � 5� 50� 100 nm3 nanocrystals of carbonated hydroxyapatite

mineral [61, 113, 140, 190]. As a consequence, the SAXS signal observed for

bone, antler, dentin or ivory is dominated by the contrast between the mineral
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nanocrystals and the surrounding collagen. The nanocrystal envelope (shape, size

and 3D organization of the nanocrystals) can then be derived from 2D SAXS

patterns [39, 75–77, 99, 189]. This intense signal is overlaid on a weaker one arising

from density fluctuations within the microfibril organization, such that, if the

mineral density is sufficiently low, this signal also becomes visible in the scattering

patterns.

With SAXS, the average structural information is obtained while the details of

the distribution of nanocrystals properties within the probed volume are not. This is

a strong limitation for bone studies, since the microfibrils organization may differ

significantly depending on the histological position, micro-architecture, and

macroscopic anatomical characteristics.

In order to overcome this limitation, spatially-resolved measurements can be

conducted. While such measurements would take 20–60 min and allow resolving

micro-architectural details using laboratory microbeams (photon flux:

� 104�6 ph s�1, beam diameter: 50–300 lm), acquisition only takes a few

(milli)seconds using synchrotron radiation (photon flux: � 109�12 ph s�1), for

bone or dentin sections of � 50–100 lm thick. An additional advantage of the high

brilliance of SR sources is that adequate X-ray optics can be used to considerably

reduce the beam size down to as low as 50 nm for scattering experiments, despite

the loss of photons resulting from the focusing process [145, 158]. Thus, fast

scanning SAXS allows mapping large sample regions with high accuracy. One

obvious problem, common to other scanning imaging methods, is the handling,

storage and analysis of the large amount of data generated during the experiments

(currently 104�6 2D frames). This entails the need for automatic data analysis

schemes that, ultimately, result in a more classical imaging approach, i.e. with little

or no a priori user input for the reduction of the 2D scattering signal to a scalar

metric representing a nanoscale structural parameter in quantitative scanning SAXS

imaging (qsSAXSI) [87, 180].

The nano- to macroscale structural features of bones, coupled to their chemical

and isotopic composition, provide essential biogenic signatures characteristic of the

living and environmental conditions that the individuals experienced during their

lifetimes. Hence, the archaeological records based on these materials constitute

important archives of our past that can be exploited to better understand skills,

cognitive capabilities and life styles in ancient societies (see e.g. [30, 37, 38, 187,

188]).

The potential benefit of qsSAXSI for such purposes can be illustrated by a recent

experiment performed on artificially heated bone at temperatures below 300 �C,
which covers a wide range of actions linked to specific socio-cultural behaviors such

as cooking or tool manufacturing. In the archaeological record, many traces of

heating can be found on bone or dentin artefacts, as evidenced by colour changes

and increased mechanical fragility [42, 163, 164, 171]. However, the heating

process can also be accidental [109] and other diagenetic phenomena may lead to

similar changes [41, 108]. Therefore, reliable markers of heat-induced structural

modifications are required. To decouple the heating effects from other diagenetic

processes, a common strategy is to study the heat induced changes in a controlled
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environment on modern samples. Many such studies have been conducted in a large

temperature range, typically � 50�1000�C (e.g.[95, 96, 148]). However, at the

macroscopic level, the most drastic changes were reported below 300 �C [107] in

the form of an important weight loss ([30 %) and shrinkage, as well as an increased

fragility of the bone samples. Unfortunately, the colour changes are very weak in

this range, which makes it challenging to distinguish heated from non-heated

artefacts. Nevertheless structural modifications are expected to occur in this range.

Recently, Chadefaux and Reiche established a link between the macroscopic and

microscopic changes with a growth and disorganization of the mineral nanocrystals

in bovine bone. However, due to the limited field of view of TEM measurements, it

is not clear whether the data are representative of modifications that may have

occurred at different histological locations [41].

To clarify this matter, qsSAXSI measurements were performed at the cSAXS

beamline of the Swiss Light Source on transverse sections of bovine bone of 200 lm
in thickness over the full cortical shell � 11:5mm� 1:5mm2. The scans were

performed in steps of 50� 20 lm2ðH� VÞ with a beam size of

� 25� 6 lm2ðH� VÞ, which is below the characteristic length scale of the

histological features (� 100 lm). In this experiment, the use of a fast, highly

sensitive detector (Pilatus 2M) allowed recording 172,500 frames in � 2:4 h

(50 ms/frame with a beam flux of � 5� 1010 ph s�1 at k ¼ 0:667 Å) for each

sample. Figure 5b shows the qsSAXSI images of the average nanocrystal thickness

(T) for sample sections heated at 100, 150, 170, 190, 210, 250 �C during 1 h. T is a

standard parameter in the SAXS analysis of bone [77]. While the dimensions of

nanocrystals have been found to vary substantially in the literature, there is a global

consensus on the fact that they are essentially platelet-shaped with a highly

reproducible thickness of 2–6 nm, depending on animal species. This is therefore

one of the most stable metrics to characterize the evolution of mineral nanocrystal

size in healthy and pathological conditions [86]. A significant rise in average

particle thickness upon heating can be observed in Fig. 5b by the increase in image

brightness [85]. This trend can be further quantified by calculating the histograms of

the gray levels of the image, i.e. of the distribution of T-values across the image

(Fig. 5c). In fact, a exponential increase is found in Fig. 5d even at temperatures

below 300 �C. The width of the histograms TFWHM also increases significantly,

meaning that there is a higher range of nanocrystal sizes throughout the sample. The

changes in both parameters imply that the particle growth process upon heating is

heterogeneous throughout the tissue. Such criteria can, therefore, be used to identify

heated bone remains from archaeological contexts and seem to be good markers for

the determination of the heat temperature. Very valuable information can be

obtained using synchrotron qsSAXSI with higher spatial resolution (i.e. beam size

\10 lm) since the images of T can be related to the histological features observed

using other modalities, e.g. light microscopy.

This analytical scheme can also be used to study diagenetic alterations at sub-

micrometer level. This is particularly useful to assess whether or not the

macroscopic preservation state reflects the level of conservation at smaller

hierarchical scales down to the molecular level. This question was at the focus of
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a recent study of the ivory structure of elephant tusks found in a shipwreck at the

site ‘‘Les Poulins’’, North Brittany, France [1]. Quantitative scanning SAXS

imaging measurement were performed at the MySpot beamline of the BESSY II

synchrotron radiation facility (HZB, Helmholtz-Zentrum Berlin für Materialien und

Energie, Berlin, Germany). This study first showed that the thickness of the mineral

nanocrystals is increased in the archaeological samples compared to the modern

ones. Secondly, local fluctuations in the thickness were observed between the inner-

most part of the tusk (pulp) to the outermost region (the cement). While those

changes could have been evidenced by TEM, it is important to note that the analysis

was performed over the full transverse radius of � 2�8 cm, which is clearly beyond

the reach of TEM related methods. Finally, the qsSAXSI analysis also revealed that

Fig. 5 a Optical micrograph of a transverse section of bovine bone used as control (Ref) for this study
and magnified image of a sub region of the sample showing the typical features of interest: an osteon (O)
and a fibrolamellar bone packet (P). The scale bars are, respectively, 1 mm and 50 lm; b qsSAXSI
images of the T-parameter for samples heated at increasing temperatures towards the right. The images
are all displayed with the same colour scale range for T (nm) in order to highlight the increase in
brightness and, thus, in T values; c the histograms of the images shown in b are displayed as a function of
temperature; d the value of the maximum of the histograms, TMAX, is plotted as a function of temperature,
revealing a strong increase in mineral nanocrystal thickness
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the degree of alignment of the nanocrystals and, hence, of the collagen microfibrils

was well conserved, albeit with minor local fluctuations.

Although only qsSAXSI applications to the study of bone and ivory are discussed

in the present contribution, the method could be used to study a much broader class

of materials. The only requirement is that the object must consist of heterogeneities

at the nanoscale. The main advantage is the extent of the regions of analysis, which

is orders of magnitude higher than other nanoprobe methods. Typical applications

include nanocomposite materials such as biominerals, including seashells and

corals. This is also the case for a number of purely organic biological materials (e.g.

wood, hair). Finally, materials containing nano-sized inclusions (ceramics, metals)

are also very good candidates. Overall, the potential of qsSAXSI is huge, and it can

be foreseen that the increased number of beamlines allowing scanning-SAXS with

micro- and nanobeams will provide new opportunities for cultural heritage studies.

4.2 Combining Poly- and Monochromatic l-XRD to Study Operating
Sequences

X-ray diffraction is one of the most efficient techniques to study the crystallographic

composition and the structure of materials. Early on, it was used to determine the

mineralogical composition of archaeological and historical artefacts [105, 183].

With the development of synchrotron facilities, X-ray diffraction techniques have

significantly evolved (focused beam, time resolved and in-situ measurements, etc.),

and the cultural heritage community has greatly benefitted from these improvements

[157]. For instance, the ability to work with a small quantity of material while

keeping a very good angular resolution was a key element in the quantitative study

of Egyptian cosmetics by powder XRD [69]. Recently, this technique has

contributed to probing the rare e� Fe2O3 phase in ancient Jian ceramics [66].

High brightness and high spectral flux of the X-ray sources, associated with the

ability to focus it in order to get very small beams with sufficient X-ray intensity to

detect a diffraction in an acceptable amount of time (\a few min), opened the new

field of crystallographic mapping [100]. Today, new generation synchrotron

facilities can provide micrometer or submicrometer beam sizes in a routine manner

permitting the record of high spatial resolution maps. X-ray diffraction is much

more sensitive to crystal orientation than spectrometry techniques. In fact,

diffraction conditions are very restrictive and only specific orientations with regard

to the incident beam can give reliable diffraction patterns. With a monochromatic

beam, diffraction patterns can be obtained by rotating the crystal (single crystal

diffraction technique) or by placing a large (ideally infinite) number of randomly

oriented crystals in the beam in order to have enough crystallites in diffraction

condition (X-ray powder diffraction technique). The first technique is not suitable for

scanning polycrystalline materials while the second requires the crystallite size to be

much smaller than the X-ray beam size. For example, with a micrometer-size beam

(e.g. 1 lm� 1 lm), only nanocrystals (\100 lm) can fulfil the powder diffraction

conditions. In many cases, archaeological or historical artefacts are constituted of

heterogeneous materials in which several crystalline phases coexist in a wide grain

size distribution. Because of the restriction mentioned above, only the nanometric
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phases can be mapped at high resolution (1 lm step size or less) using a

monochromatic beam.

An attractive solution to study polycrystalline compounds with a spatial

resolution inferior to the grain size is to use a polychromatic beam. Indeed, the

diffraction condition is also wavelength dependent. This is the Laue diffraction

technique, which can be used to analyse a stationary single crystal in any

orientation. The main principles of this old technique are well described in most of

crystallographic books. Laue diffraction takes full advantage of the wide energy

bandpass X-ray spectra delivered at a synchrotron light source and can easily be

combined with microbeams. This technique is a very efficient method to probe

crystals of variable size inside a heterogeneous matrix [101, 176].

Over the last 10 years, Laue micro-diffraction has been successfully applied to

map grain orientation and crystal strains in various polycrystallized and composite

materials [111, 178]. However only a limited number of studies have concerned

cultural heritage materials up to now. For instance, the distribution of micrometric-

sized quartz crystals in the coating layer of terra sigillata potteries was determined

using Laue microdiffraction [159]. Liu et al. reported the presence of BaCuSi2O6

crystals (Chinese Purple) in the paintings decorating Terra Cotta Warriors from the

Qin dynasty, where Laue micro-diffraction was used to investigate the orientation

and the distribution of the grains in the pigment [120]. Similar methodology has also

been applied to the study of colour pigments from an ancient Egyptian coffin

(747–600 BC), where the potential of Laue micro-diffraction for mineralogical

phase identification was addressed [121].

In the crystallographic study of archaeological materials constituted of several

amorphous and crystallized phases with diverse grain sizes, Laue diffraction has

also its limitations. Indeed, this technique is not suitable for analysing small crystals

with respect to a micrometer beam size (e.g. crystal size smaller than 500 nm with a

1� 1 sq. micrometer beam), which are inversely properly analysed using X-ray

powder diffraction. The hybrid approach developed at some synchrotron facilities

where both monochromatic powder microdiffraction and Laue microdiffraction

methods can be combined on the same experimental set-up gives a powerful tool for

extracting structural information over the full spatial range [177]. Quite recently,

this approach was used to investigate at the micrometer scale the structure of

different types of ancient materials [67]. To do so, mappings of the interesting

regions were performed on beamline 12.3.2 at the ALS (USA), one of the few

beamlines over the world offering the possibility to switch between monochromatic

and polychromatic modes quickly and without changing the position of the focal

point on the sample.

The red coatings (slips) of Roman potteries (Terra sigillata and pre-sigillata)

result from the transformation during firing of an iron oxide-rich material obtained

after decantation of clay materials [161]. A fragment of a sigillata with a high-

quality gloss coating is shown on Fig. 6a. The morphology difference between the

body and the coating is shown on the corresponding optical image of the cross-

section (Fig. 6). The complementarities between powder and Laue diffraction

techniques are illustrated through the four following image patterns (Fig. 6c, d).

Well-defined powder diffraction rings are recorded in monochromatic mode from
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the slip of sigillata ceramics, while no diffraction signal is recorded in Laue mode

(Fig. 6). This confirms that the coating is mainly composed of nanocrystalline

phases (corundum and hematite) dispersed in a glassy matrix [162]. On the other

hand, the information obtained in monochromatic mode with a microbeam from the

body of the ceramic is quite complex (Fig. 6d). Highly spotty diffraction rings are

observed, indicating the presence of larger crystals ([1lm), together with

nanocrystalline phases. In this case, a Laue pattern may provide better quantitative

crystallographic information.

The distribution of iron obtained by X-ray fluorescence is shown in Fig. 6e. The

distribution of hematite obtained from both powder diffraction (E ¼ 6 keV) and Laue

diffraction (white beam, 5–24 keV) is presented on Fig. 6f, g, respectively. These

maps reveal that hematite a� Fe2O3 under a nanocrystalline form ismainly located in

the slip where the iron content is higher. The repartition of hematite at themicrometric

scale is quite homogeneous in the slip, which contains only very few micrometric

crystals. Both the homogeneous spatial repartition and the small size dispersion of

hematite crystal in the slip are conferring their characteristic deep-red colour to Terra

sigillata wares. Contrary to the hematite phase formed during the firing process, quartz

(Fig. 6h) is already present in the raw clay materials and then poorly affected by the

heating and cooling stages. Consequently, it can be used as a key element for obtaining

information about the clay preparation process; in particular, the settling and

decantation steps. The quantity of large quartz crystals (1�10 lm) was found to be

much higher in pre-sigillata than in sigillata, in accordance with a change in the clay

preparation process to produce high quality sigillata.

Fig. 6 Example of complementary use of poly- and monochromatic X-ray micro-diffraction concerning
a Terra sigillata sherd performed on beamline 12.3.2 at ALS (USA) and presented in Dejoie et al. [67].
Details are given in the text
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Another example is the thermal treatment of flints carried out by the Chassey

culture that settled in Vaucluse region (France) during the fourth millennium BC

[116]. These flints are essentially constituted of a matrix of nanometric quartz in

which a few larger detritic quartz are included. By separating the diffracted signals

coming from the nano- and the micrometer-scale, the monochromatic/Laue hybrid

approach allowed for the first time evidencing of both a relaxation of the residual

strain in large crystals during the thermal treatment and a domain size increase for

the nanocrystalline part.

Combining Laue and monochromatic microdiffraction on a same instrument

allows for probing the existence, or absence, of micrometric and/or nanometric

phases, and interpreting the associated crystallographic structures in the sample

probed volume. However, although the 2D description of the structure at the

micrometer scale of the material is established, the depth information is still

missing. This could be achieved by implementing 3D methods developed on non-

rotating samples [115]. In the different examples presented, the investigations were

performed at a micrometer scale, but with the development of nano-beams, one can

soon expect to be able to carry out such studies with a higher spatial resolution.

With sub-micrometric beams probing a few tens of nanometers, Laue diffraction

will be the technique of choice to study crystal by crystal most of crystalline phases

of the material, while powder X-ray diffraction will focus on the few additional

nanocrystallized phases (crystal size 6 10 nm). A more quantitative analysis of the

structure, from both monochromatic and Laue data [65], could also provide

additional details on these heterogeneous and complex materials.

Coupling of structural methods with FF-XANES (full-field X-ray absorption near

edge structure) spectroscopy where full-field images are collected while varying the

incident energy of the beam across a characteristic absorption edge is promising.

The later technique was recently successfully used to investigate iron oxide

repartitions in Greek and Roman ceramics. It showed that the differences among

iron oxide repartitions (slip surface, slip core, interface slip/body and body) could be

related to the firing processes [44, 124, 125, 160]. Both the large analyzed area

(1mm2) and the submicrometer resolution of the technique are well adapted to the

investigation of particles on representative areas, at a spatial resolution allowing the

study of the repartition and association and of transition metals.

5 Conclusion

All the above examples took benefit from high-definition 2D or 3D images. Such

images result from collection of data over large fields of view (typically tens of

millimeters to tens of centimeters) sampled at a high spatial resolution (of typically

hundreds of nanometers to hundreds of micrometers). Unprecedented high-

resolution chemical and speciation-oriented description of samples and artefacts

surfaces and volumes over large fields of views now enables studying inclusions,

cracks, abnormalities and defects that often play the lead role in material behaviour

and bring essential clues towards the recognition of manufacturing processes; in a
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word, allowing ‘looking for traces’. It also provides context to such information and

answers the need, well-identified in ancient materials, to search for ‘‘needles in

haystacks’’ [153]. Imaging can also contribute to establishing the statistical

relevance and validation on the collected or even averaged data (e.g. [51] in

stratified archaeological biominerals). In physics terms, it provides the ability to

describe a material over successive length scales, and correlate the information from

different length scales to obtain information on processes (manufacturing,

alteration, etc.), a capability that can be designated as spatial dynamics [20, 29].

The tunability of the synchrotron source is also essential in many ongoing

developments. It can either be exploited statically, by optimisation of the excitation

energy (3D tomography, structural methods, XRF), or dynamically, by scanning (or

perfoming Fourier-transform with respect to a reference beam) over a significant

spectral range in excitation spectroscopies (DUV photoluminescence, X-ray

absorption spectroscopy, etc.). As discussed earlier, the latter spectroscopies are

extremely sensitive to changes in chemical properties and environment of selected

atoms or moieties. Coupling of high-definition imaging with excitation spectro-

scopies provides a range of new spectral imaging approaches where the distribution

of a specific signature can be mapped across a sample or artefact morphology

(Table 1).

This requires fast full-field imaging of large images or fast scans in position

(x, y, [z]), with parallel scans in incident (emission) energy. The question of the

Table 1 Typical experimental parameters available at the end stations used to produce the works

described in the present article

Experiment Energy range

(keV)

Lateral

dimension (lm)
pps (lm2) Nature of information

collected

Tomographic

microscopy

8–250 Few hundreds of

lm to few tens

of cm

ð0:05�50Þ2 Internal morphology;

porosity

Fast XRF raster-

scanning

2.4–23 1� 1 up to

500� 600mm2
ð1� 100Þ2 Elementary

composition

UV/visible

photoluminescence

200–800 nm

1.5–6.2 eV

Few centimeters ð0:15Þ2 Molecular and ionic

signatures; SC

signature and defects

Scanning

transmission X-ray

microscopy

0.2–2 Hundreds ð0:015Þ2 Chemical speciation

Quantitative SAXS

raster-scanning

7–25 ð0:1�50Þ2 ð20�9500Þ2 Size, shape and relative

organization of

nanoscale

heterogeneities

Poly- and

monochromatic

l-XRD

5–24 80� 40 Laue: 2� 2

(1 s/point)

mono.: 3� 5

(90 s/point)

Structural and textural

properties

Lateral dimension typical diameter of FOV or of the raster-scanned area, pps typical projected pixel

(voxel) size, mono. monochromatic, SC semi-conductor
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ultimate spot size attained may be less of a question as imagers with projected pixel

sizes as small as a few micrometers to tens of nanometers are now starting to

become operational, if not routine, in many energy ranges. However, compromises

have to be made between the desired step and beam sizes (or pixel size), lateral

dimensions of images, number of energy positions to collect and process data in

reasonable time, while minimising the risk of radiation-induced changes.

The question of radiation damage may well become the main dimensioning

parameter for a number of reasons. (1) In order to attain a certain number of counts

with a certain noise, the incoming number of photons will have to be identical, albeit

over a smaller area. The flux density is certainly not the only parameter governing

radiation-induced side effects, but one of the central ones, and an increase in flux

density can lead to dramatic changes in the chemistry or magnitude of effects; for

instance, when charges or heat build up locally instead of being dissipated by the

material. (2) As the question of imaging large areas of samples or objects becomes a

major component in many investigations, significant areas of samples or artefacts

may be put at risk. Irradiating centimetric areas may induce significant change in the

colour perception of an irradiated artefact that would not be perceived after

microscale analysis, or may considerably modify the chemistry of samples,

comparably to effects induced under scanning electron microscopy. (3) An

interconnecting method along carefully crafted analytical protocols is often needed,

and irradiation can induce unexpected changes downstream, such as observed in

Fig. 7. (4) Vastly increased flux densities can be attained at modern installations

using undulator- or wiggler-based instruments. For these reasons, most of the

experiments performed on heritage materials may end up being limited primarily by

the risk of local alteration of samples, hence requiring more research efforts to be

undertaken in the field [28, 129].

Another significant ubiquitous constraint is sample preparation, which has also

become a major transverse interest for the field. For high-definition imaging,

specific efforts are needed to overcome limitations to make samples suited both to

high-resolution and large-area imaging. The conjunction of both goals is not

straightforward, and may require, for instance, attaining low roughness across very

wide sample surfaces. In many cases, sample contamination should be as limited as

possible during preparation. Popular ways are the use of unsupported sections,

avoiding embedding media, or using low chemical impact intermediate layers to

isolate samples from mounting resins. Coupling distinct analytical approaches puts

additional constraints to sample preparation. When working on a single cross-

section, this raises the need of ensuring compatibility between the distinct, and

sometimes quite adverse, requirements originating from each technique. Areas

where previous irradiation was performed need either to be identifiable, or to be

recorded accurately at the sample (artefact) level. The long-term recording of this

information when samples are not sacrificed is a very significant issue with no

current solution when involving microscale characterisation. Working on successive

cross-sections prepared a similar way (e.g. successive sections prepared through

ultramicrotomy) raises the need of ensuring comparability between analysed areas

from successive sections. When the thickness of the sections exceeds the size of
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characteristic details studied through microscale imaging, this approach becomes

even less reliable.

Processing large multi-dimensional data sets is a challenge. For instance,

collecting photoluminescence maps at several excitation and emission wavelengths,

e.g. data in Echard et al. ,is four-dimensional and can generate many additional

maps when decomposing these data on the basis of specific spectroscopic signatures

[70]. This raises logistical issues, and also new practical and theoretical problems of

exploration, processing and representation. This is of course not only a constraint, as

developments will offer ample opportunities to take the most benefit of the collected

hypervolumes, while current approaches favor the parallel and independent

processing of connected data (e.g. see discussion in [26, 48] where approaches

are developed to cluster spectral data through hierarchical procedures, and to

perform unsupervised classification through conditional density estimation and

penalized likelihood model selection to regularise spectral images).

This has led to a number of significant research programs, such as European

(COST G8, CHARISMA, IPERION CH) and national initiatives. The sixth edition

of the Synchrotron and neutrons in art and archaeology (SR2A) conference,

established since 2005, and dedicated sessions in conferences such as Technart,

Fig. 7 Radiation-induced side effects from various techniques used to study archaeological fish otoliths.
Ancient ooliths are used as palaeo-environmental proxies of water salinity and temperature [52]. They are
primarily made of aragonite CaCO3. Light microscopy images under visible (a) and UV (b) illumination.
Note the emissions resulting from irradiation for the various techniques used: electron probe micro-
analysis and particle-induced X-ray emission profiles, low-energy high-flux synchrotron XRF maps. High
intensity spots on the border of the XRF maps denote locations where longer point acquisitions were
performed, mostly before launching collection of maps. The question mark indicates an area where a
previous analysis was performed but was not reported, although it is likely to impact further investigation.
Images courtesy P. Cook (IPANEMA)
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showed a significant increase in number of attendees, and demonstrated a broader

extension of the user community towards more ambitious projects gathering

transdisciplinary expertise [21].

To conclude, very significant improvements have occurred, thanks to the

development of synchrotron-based imaging approaches to study artefacts and

samples from cultural and natural collections and sites. These developments now

expand over the whole spectral range accessible at synchrotron facilities, from the

far infrared to hard X-rays. They also bring new capabilities over almost all

elemental, chemical, structural and morphological approaches at unprecedented

resolution over very large fields of view. New practical and theoretical develop-

ments are therefore needed to obtain the best benefit of these new capabilities,

which will surely be the focus of this interdisciplinary work in the coming years.
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69. Dooryhée É, Martinetto P, Walter P, Anne M (2004) Synchrotron X-ray analyses in art and

archaeology. Rad Phys Chem 71(3–4):863–868. doi:10.1016/j.radphyschem.2004.04.129
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Abstract The in situ non invasive methods have experienced a significant

development in the last decade because they meet specific needs of analytical

chemistry in the field of cultural heritage where artworks are rarely moved from

their locations, sampling is rarely permitted, and analytes are a wide range of

inorganic, organic and organometallic substances in complex and precious matrices.

MOLAB, a unique collection of integrated mobile instruments, has greatly con-

tributed to demonstrate that it is now possible to obtain satisfactory results in the

study of a variety of heritage objects without sampling or moving them to a labo-

ratory. The current chapter describes an account of these results with particular

attention to ancient, modern, and contemporary paintings. Several non-invasive

methods by portable equipment, including XRF, mid- and near-FTIR, UV–Vis and

Raman spectroscopy, as well as XRD, are discussed in detail along with their impact

on our understanding of painting materials and execution techniques. Examples of

successful applications are given, both for point analyses and hyperspectral imaging

approaches. Lines for future perspectives are finally drawn.
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1 Introduction

In recent decades there has been a growing interest in the applications of analytical

chemistry for the study of heritage materials. Through scientific examinations,

satisfactory answers have been given to numerous problems of a multidisciplinary

nature, such as the clarification of historical art and archaeological questions (i.e.

execution techniques, attribution, dating, provenance), the assessment of the state of

conservation of artefacts, the establishment of the best conditions to avoid or slow

down alterations, as well as the monitoring of the behaviour of artwork materials

during and after restoration [1, 2].

These studies were carried out in the past mostly by micro-destructive methods

using minimal samples, taken from marginal areas of the artwork during restoration,

in order to mitigate the visual impact of the operation. In other cases, the first

relevant non-invasive analytical approaches were experimented by moving artifacts,

such as manuscripts or small paintings, into a scientific laboratory, and exploiting

bench-top instrumentation (e.g. micro-Raman spectrometers) [3, 4] or accelerators

and large scale facility methods [5–8].

However, a large portion of historical patrimony consists in immovable objects

that cannot be moved from their usual location (e.g. monuments, sculptures,

buildings) and, even in the case of movable patrimony (including precious

paintings, ceramics, gems, manuscripts, etc.), curators normally avoid moving

artworks to a laboratory due to the risk to their integrity and high insurance costs.

For such reasons, many efforts over the years have been oriented towards the design

and set up of innovative mobile instruments with sensitivity and specificity

comparable to their bench-top counterparts, achieving the best compromise between

efficiency and portability in order to apply a method based on bringing the

laboratory to the object and not vice versa.

Such an in situ, non-invasive approach, being able to get valuable information

without altering or moving the object, registered an immediate success, leading to a

rapid diffusion of the use of portable instrumentation that produced in recent years:

(a) a significant change in diagnostic practices, (b) a net increase of scientific inputs

in heritage studies and (c) a positive modification in the relationships between

curators, conservators, and scientists, thus permitting a common language to be

established and partnership strengthened.

After the first national Italian applications and the pioneering and successful

MOLAB (mobile laboratory) experience of the European projects Eu-ARTECH

(2004–2009) [9] and CHARISMA (2009–2014) [10], where a set of integrated

portable instrumentations were offered to European users for in situ measurements,

more and more mobile tools and facilities flourished in different countries that now

permit users, through the national and European IPERION CH programmes [11], to

exploit integrated portable instruments able to non-invasively obtain satisfying

results in the study of a variety of heritage objects and relative inorganic and organic

materials.

In this chapter, following a short general introduction on the limitations and

advantages intrinsic to the use of compact portable instrumentation for analytical
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applications, selected experimental results are presented, mostly obtained in recent

works by MOLAB [12]. The aim is to show actual performances of the non-invasive

approach in the study of atomic and molecular composition of artwork materials,

with particular focus on pigments, colorants and binding media in ancient and

modern paintings.

More recently, following the success of point analyses, innovative chemical

imaging techniques at the macro scale have been also experimentally applied for

in situ examination of paintings. Indications are given on perspectives for future

developments along this direction.

2 Portable Spectroscopic Instrumentation: Benefits and Drawbacks

Passing from bench-top instrumentation to the compact and manageable equipment

for in situ measurements some limitations may be incurred in term of performance,

due to the miniaturization of optical and electronic components and constraints in

the setup geometry. Nevertheless, the performance of portable spectroscopic

instruments has greatly improved in the past decade, narrowing the gap between

portable and bench-top instruments.

Relevant issues can arise regarding spectral interpretation due to the optical and

matrix effects that are present each time a signal is recorded in backscattering,

emission, or reflection mode from materials having a complex, heterogeneous, and

often multi-layered character, as occurs in polychromies.

However, the use of a variety of equipment, a non-invasive approach, and the

accurate preliminary work carried out in the laboratory prior to the in situ campaign

can overcome these limitations. In fact, observations coming from a manifold of

analytical techniques, each overcoming intrinsic limitations of the others, can

provide extensive and complementary information. In addition, since non-invasive

measurements do not require any contact with the examined object, they can be

carried out all over the painted surface on a virtually infinite number of points,

obtaining numerous integrative and representative data. Finally, the preparatory

work carried out in the laboratory on mock-up samples allows a better understand-

ing of the spectra to be achieved, and interpretation models to be built which include

matrix effects. In conclusion, when all this information is jointly analyzed, a more

thorough understanding of the paint chemical composition can be achieved than in

the case of laboratory analyses on few samples, often consisting of specimens

sampled from the borders of lacunae or close to the frame.

In this section, the analytical technique most frequently applied for non-invasive

in situ investigations are introduced and, for each, advantages and limitations are

presented. The techniques are: X-ray fluorescence (XRF), mid- and near Fourier

transform infrared (FTIR) analysis in reflection mode, Raman spectroscopy (with

and without a microscope), ultraviolet–visible-near infrared (UV–Vis-NIR) absorp-

tion and fluorescence spectroscopies, and X-ray diffraction (XRD).
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2.1 X-ray Fluorescence

X-ray fluorescence (XRF) spectrometry allows for a rapid determination of the

elemental composition of a material. The technique is particularly efficient for the

study of high-Z elements in low Z-matrixes. As a mobile tool, it has been

extensively used for analysis in art and archaeology since the early 1970s and,

therefore, represents the first technique to be historically exploited for intensive

in situ non-invasive investigations [13–15].

Today, it is a primary tool universally exploited as a first approach to any study

carried out in situ. Throughout the years, it has provided answers to a huge number

of questions regarding manufactures in art, revealing specific aspects of the working

practice of ancient masters [16–18].

A main limitation of XRF for in situ analyses is that only qualitative results are

generally obtained, because matrix effects related to diffusion, re-absorption, and

Auger ionization do not allow for reliable quantifications. This is particularly true in

the case of complex layered structures, as occurs in paintings. Only in few

favourable cases, has the modelling of the X-ray’s absorption through different

layers allowed for determining composition and thickness of paint layers on the

basis of Ka/Kb or La/Lb intensity ratios. This method was successfully applied

in situ to estimate the thickness of layers in a painting by Marco d’Oggiono, a pupil

of Leonardo da Vinci, and on the Mona Lisa in the Louvre Museum, to determine

how Leonardo achieved a barely perceptible gradation of facial tones from light to

dark (the Leonardo sfumato) [19–21].

2.2 Reflection Infrared Spectroscopy

Reflection FTIR spectroscopy, from the near-IR (NIR) range up to 400 cm-1, is the

most informative and reliable molecular technique among the MOLAB array of

methods [22–32].

In the medium infrared range (mid-FTIR, 4000–400 cm-1), the matrix effect

appears with large spectral distortions, both in band shape and position, that can

affect the interpretation of reflection spectra [33, 34]. Reflection mid-FTIR

spectroscopy from a complex and optically thick surface (as that of a painting)

generally includes the collection of both diffuse (from the volume) and specular

(from the surface) reflection with a variable and unpredictable ratio that

basically depends on the roughness of the examined surface as well as on the

optical properties of the investigated materials. In particular, the specular

reflection is governed by Fresnel’s law and, accordingly, is a function of both

the absorption index (k) and refractive index (n) [35]. As a consequence,

reflection spectra of organic compounds typically show derivative profiles

(resembling the refractive index dependence on wavenumber), while reflection

spectra of many inorganic compounds (sulfates, carbonates, phosphates,

silicates, etc.) are often distorted by the inversion of those fundamental bands

that show k » n [28].

On the other hand, the diffuse reflection is governed by Kubelka–Munk’s law and

depends on the absorption index and scattering coefficient (s). In diffuse reflection,
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the spectral distortions are smaller and concern mainly the relative intensity of

bands. Typically, weak absorption bands increase in their relative intensity with

respect to stronger absorption bands especially when laying at high wavenumbers.

Consequently, overtones and combination bands, usually neglected in transmission

mode can be profitably exploited in reflection mode with substantial advantage,

especially when the fundamental bands of the fingerprint regions are obscured by

overlap with other signals [27, 28]. Moreover, diffuse reflection can also determine

the enhancement of absorption bands related to minor components, allowing (in

favourable cases) for a fine discrimination between pigments made of similar main

chemical structure, as, for example, natural and synthetic ultramarine blue [36] or

lamp and bone black [23].

In the NIR region (near-FTIR, 7000–4000 cm-1), reflection spectra are

dominated by diffuse (volume) reflection because the absorption indices of

materials are generally rather low. As a drawback, near-FTIR spectra generally

show poor specific profiles generated by an overlap of overtone and combination

modes. Nevertheless, this spectral range proved to be useful for a non-invasive,

initial classification of binding media and other natural polymers [37, 38].

Another important advantage is related to the higher penetration depth of near-

FTIR with respect to mid-FTIR that makes it sensitive and exploitable to also

characterize the binding media in the presence of a (preferably thin) layer of

varnish, whose signal would prevail in the mid-infrared range.

A wide database of reflection spectra recorded on model paints composed of a

variety of pigments and binders (different materials and different surface roughness)

allowed distinctive information to be registered and classified, suitable for a correct

interpretation of the mid- and near-FTIR spectral features during diagnostic

campaigns [22–34].

Great advantage of portable FTIR instrumentation (mid and near) lies in the good

performances of the available mobile instruments, that are comparable to those of

standard bench-top equipment.

2.3 UV–Vis-NIR Absorption and Emission

UV–Vis-NIR reflection spectroscopy (typically in the range 190–1700 nm) in

configuration with optical fibres (known as FORS—fiber optic reflectance

spectroscopy) is a well-established technique for the characterization of pigments

and colorants in works of art. It has the advantage of being easy to apply and it

requires short acquisition times (few seconds). In addition, there is a wide

commercial availability of truly portable and relatively inexpensive instrumentation.

Despite the advantages, some shortcomings prevent the reliable use of FORS as a

self-consistent analytical tool. In particular, reflectance spectra in the UV–Vis-NIR

range features broad bands related to electronic transitions (besides a few

vibrational bands in the NIR) and, therefore, they have an intrinsically lower

fingerprinting ability when compared with spectra obtained with other molecular

spectroscopic techniques, such as FTIR or Raman spectroscopy. However, although

in some cases it cannot allow unambiguous identification, its straightforward
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applicability makes it an ideal spectroscopic method in a multi-technique analytical

approach.

Early publications on the topic (without optical fibres) date back to the 1930s

[39]. Since then, it has been widely used alone (typically applied with extension to

the NIR range up to 2500 nm) or in combination with other techniques for the study

of paintings [40–42] and illuminations in manuscripts [43–45].

More recently, UV–Vis-NIR fluorescence spectroscopy has been exploited as an

additional non-invasive tool to investigate coloured materials in paintings,

manuscripts and other polychromies [46]. Its use is particularly advisable when

organic dyes and/or pigments are present with rather good emission quantum yield.

As for absorption electronic bands, the corresponding emissions are usually quite

broad (i.e. several tens of nanometers full width at half-maximum, [FWHM]). This

often causes overlapping among emissions from distinct fluorophores and makes it

difficult to distinguish among them, thus reducing the specificity of spectrally based

discrimination. In addition, the spectral properties of a fluorophore can vary

depending on its microenvironment (e.g. binding media, mixture with other

pigments) with further complications. Nevertheless, on the basis of in-depth studies

in the laboratory (in solution, solid state and, finally, on paint models) it has been

demonstrated that its fluorescence properties may be used to identify anthraquinone

dyes (differentiating between those of animal or vegetal origin) [47], oxazines [48],

indigoids [49], flavonoids and carotenoid dyes [50]. In addition, a few inorganic

pigments (e.g. zinc white [51], Cd-based pigments [52, 53], and Egyptian blue [54])

show rather specific emission bands (the latter two in the NIR range) which can be

exploited for their non-invasive identification.

Here, the limitations produced by matrix effects are related to self-absorption,

that is, absorption by the fluorophore itself of the emitted light, thus erasing a

variable portion of the emission spectrum on the short wavelength side. The

problem of the correction for self-absorption of fluorescence spectra collected on

pictorial works has been addressed, and a method for the treatment of the

fluorescence signals has been first developed for luminophore dispersed in an

opaque layer [55] and then extended for luminophore in a translucent layer on a

coloured background (i.e. glazing technique) [56].

With the aim of increasing the specificity of emission UV–Vis-NIR spectroscopy

toward the molecular recognition of dyes and organic pigments, the exploitation of

fluorescence kinetic parameters has been recently proposed. In fact, kinetic analysis

of emission decay curves can be used to distinguish among different compounds

that have similar fluorescence spectra and may aid in the identification of the

molecular species by comparison with known standards [57, 58].

Notably, a prototype system for integrated measurements of UV–Vis-NIR

reflection spectroscopy (investigating the absorption properties), steady-state

fluorescence, and luminescence lifetimes is currently applied in MOLAB interven-

tions to record on the same spot, in situ, the full photo-physical behaviour of dyes

and pigments on painted surfaces [59].

Top Curr Chem (Z) (2016) 374:10

123 46 Reprinted from the journal



2.4 Raman Spectroscopy

Drawbacks and successes of portable Raman spectrometers for in situ non-invasive

applications have been widely discussed in a recent review paper with a rich,

extended bibliography [60]. Much more than for bench-top applications, molecular

fluorescence represents the main inconvenience for non-invasive Raman spec-

troscopy, especially when analysing paint layers rich of (oxidised) organic

components. In the case of a micro-spectrometry setup, no portable confocal

microscopes are available and this implies the occurrence of matrix effects

producing a high fluorescence background that obscures the weak Raman features.

This limitation is obviously also present in the case of direct use of optical fibres

(i.e. measurements without a microscope).

Other inconveniences arise from the compactness of portable systems, implying a

reduced optical path and, therefore, a lower spectral range and resolution than in

bench-top instruments. Furthermore, shields or correction systems for the daylight are

not always available and, in case of use of scaffoldings, vibrations of the support of the

spectrometer can seriously impede the recording of spectra. A final relevant drawback

is that extreme attentionmust be paid in regulating the laser power, since the surface of

the artefacts may be thermally and/or photochemically altered. This is obviously valid

both for portable and bench-top instrumentation; however, it is evident that

measurements carried out directly on the surface of a precious artwork (i.e. a painting

masterpiece) require much more caution than laboratory investigation on samples.

This calls for careful preliminary studies prior to the in situ campaign to search for the

best compromise between safety of operation and intensity of scattering signals [61].

In general, Raman spectroscopy has proved to be a very successful technique for

in situ studies of illuminations in manuscripts (low fluorescence, due to the

generally high pigment/binder ratio), glasses, enamels, metals, but less for panel and

canvas paintings. In case of mural paintings, the diffuse presence of organic

protectives and/or consolidants, applied in restoration, as well as problems related to

vibrations and defocusing, still usually limits in situ Raman spectroscopy

applications.

As for bench-top instruments, to overcome fluorescence, a great advantage is

offered by the use of high-wavelength lasers, which are able to reduce or eliminate

electronic excitation, as, for example, those at 785 nm (diode laser) or those more

recently introduced in a portable dispersive setup emitting at 1064 nm (Nd:YAG

laser). However, due to the m4 dependence of Raman intensity, the sensitivity of

spectra acquired using a near-infrared excitation is generally very low.

2.5 X-ray Diffraction

XRD is the most reliable method for the identification of minerals or synthetic

crystalline materials. In principle, it represents the fundamental technique to

complement chemical analyses by XRF and vibrational spectroscopy (FTIR and

Raman). However, applications of portable XRD systems for in situ non-invasive

measurements are scarce, mostly due to the severe geometrical restrictions of the

in situ experimental setups that introduce numerous drawbacks. The characteristics
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of existing XRD systems for heritage applications have been recently reviewed and

the performances of each system compared [62]. These instruments are, apart from

two single cases, based on angular dispersion XRD (AD-XRD) and consist of

conventional goniometer-type diffractometers in which data are obtained by

scanning the detector and/or the X-ray source [62–64], or systems that make use of

two-dimensional (2D) detectors, such as charge-coupled devices (CCDs) [65, 66] or

imaging plates, [67–69] that allow for the recording of diffraction data without

mechanical movements.

The positioning of the instrument with respect to the surface to be analyzed is a

critical parameter. For example, referring to the two latter systems, the source (a

selectable X-ray tube) illuminates a small spot on the sample surface at 10�
incidence and the 2D detector is set at the nearest distance from the spot. Thus,

steric hindrances inevitably introduce limits in the 2h angular range of the detected

signals, which are 10�–60� and 20�–55� for the two systems, respectively, with

0.25�–0.3� angular resolution [41]. A higher 2h scan range (24�–134�) with 2h
resolution of 0.12� is available in another system that uses a goniometer. However,

the beam size that defines the spatial resolution is higher [62]. In all cases, due to the

low intensities of the diffracted beams, in situ XRD analyses require acquisition

times that are much longer than for the other non-invasive techniques, amounting to

30 min or even much more, sometimes hours, to achieve one single accept-

able spectrum. A final drawback of non-invasive XRD is that shifts of the diffraction

2h angles can be recorded, mainly due to the different depth of the crystals of the

minerals to be detected (e.g. the crystals of the pigments). This is a disadvantage

that, in principle, could be turned into an advantage when information on the depth

of the pigment layers is required [70].

The advantage of XRD is that the technique is well established, diffraction

phenomena are theoretically well understood (data can be theoretically simulated

from crystal structure data), and a complete reference database is available as a

powder diffraction file (PDF) supplied by the International Centre for Diffraction

Data (ICDD). All these features make XRD a profitable technique to complement

the data acquired in situ by FTIR and Raman spectroscopy, provided that a long-

term analytical campaign is planned (several days), due to the requested long

accumulation time for each point of measurement.

A drastic reduction of the data acquisition time (one or two orders of magnitude)

is, in principle, possible when energy dispersive XRD (ED-XRD) is used, based on

polychromatic excitation (using the brehmstrahlung X-rays that are filtered off in

conventional X-ray tubes) and X-ray energy dispersive detection (i.e. using the

same detector for XRF measurements). This approach represents a possible

alternative to AD-XRD for in situ heritage applications [70–73]. However, in this

approach, some complications arise: first, the quantities that regulate the scattered

intensity depends on the energy; second, the spectral resolution depends not only on

the angular divergence of the X-ray beam, but also on the energy resolution of the

detector; third and most important, XRD and XRF peaks are recorded together in

the same spectrum, sometimes overlapping, an inconvenience that can be avoided

by changing the detection angle, reintroducing in some way the necessity of a

mechanical angular movement. For these reasons, instruments able to carry out both
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angular and energy dispersive XRD have been assembled with the purpose of taking

advantages of both ED-XRD (shorter time and higher energy penetration) and AD-

XRD (higher d resolution).

The first in situ application of a double ED and AD-XRD system was carried out

in Japan to investigate a bronze mirror from the Eastern Han Dynasty (25–220 AD)

and the painted statue of ‘‘Tamonten holding a stupa’’ from the Heian Period

(794–1192 AD) [71]. Two new prototypes have been very recently set up and

successfully tested at ICP-Elettra, showing promising results [73].

3 In Situ Experimental Results

MOLAB has been operative in Italy and Europe for around 15 years (started in

2001, with a national project dedicated to the monitoring of the state of conservation

of the David of Michelangelo [74]) and, during these years, great experience has

been accumulated with a total number of more than two hundred studies on different

types of heritage artworks, including paintings, bronze and stone sculptures,

manuscripts, and ceramics [12].

On the basis of this experience, selected examples of results are presented in this

section on the identification of pigments, dyes, and binders in paintings. It will be

also shown how an important, key passage for the success of the MOLAB

measurements is represented by the preliminary work developed in the laboratory

prior to the in situ campaign.

Using a protocol that starts with XRF measurements, followed in the order by

(a) near- and mid-FTIR, (b) UV–Vis absorption and emission, (c) Raman

spectroscopy, and (d) XRD, it can be assessed that the general characterization of

the execution technique of a painter [identification of pigments and family of

binder(s)] can be achieved today through direct measurements on the work of art,

without any sampling. The necessity of a few micro-samples is restricted to the

solution of specific problems, as the characterization of the paint stratigraphy or the

determination of the detailed nature of binder(s) and colorants [22–25].

Successful applications of in situ non-invasive approaches for the study of

painting techniques have been carried out on masterpieces of different periods and

schools, as Renaissance paintings by Raphael [16], Perugino[17], Leonardo, on

impressionist and post-impressionist paintings by Cézanne [25], Renoir [23] and

Van Gogh [3, 75, 76], and on contemporary paintings by Picasso [77], Burri [78]

Mondrian [79], De Stael, and many others.

3.1 Non-invasive Characterization of Pigments

3.1.1 Identification of Ancient Masters’ Palette

Among these studies, an exemplary characterization of ground and pigments has

been carried out at the Royal Museum of Fine Arts of Antwerp on the triptych

Christ among Singing and Music Playing Angels by the Flemish painter Memling

[80]. The painting, dated ca. 1487–’90, is composed of three panels (ca.
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2 m 9 1.5 m, each) which depict Christ in the clouds, surrounded by 16 angels,

singing and playing different musical instruments. The study has been carried out

through a long-term analytical campaign, in occasion of the restoration of the

painting, when the varnish was removed. In Fig. 1, the MOLAB laboratory setup at

the Royal Museum of Fine Arts is shown.

Together with XRF, reflection mid- and near-FTIR, absorption and emission

(steady-state and time-resolved) UV–Vis spectroscopies, and XRD were exploited.

Non-invasive Raman spectroscopy was not used in this case, because scattering was

fully covered by a large fluorescence background induced by the binding medium.

Preliminary to the study of pigments, the presence of a small lacuna (ca. 0.2 cm2)

in the paint, that left the underlying ground uncovered (Fig. 2), permitted the

materials in the ground layer(s) to be first investigated by mid-FTIR and XRD,

without interferences from the paint. The presence of both gypsum (CaSO4�2H2O)

and chalk (CaCO3) in the ground layers was clearly revealed by mid-FTIR through

the combination and overtone bands at 2200 [27] and 2500 cm-1, [25, 81]

respectively. XRD spectra, collected in these areas, confirmed the presence of both

compounds, as shown in Fig. 2.

The discovery of gypsum was rather unexpected. According to this finding,

Memling here combined the practice of the Western and Northern European artists

to use chalk for the ground, with the habits of the Mediterranean School, known to

employ gypsum for the same purpose [82]. Although it remains not fully established

if the two compounds were mixed or separated in two layers, the occurrence of

gypsum as a preparation layer was confirmed by FTIR measurements which clearly

indicated the presence of calcium sulfate not only from areas with emerging ground

(lacunae), but also from several undamaged areas, through the paint (see, for

Fig. 1 The mobile laboratory, MOLAB, during the campaign at the Royal Fine Art Museum of Antwerp
for the study of the triptych Christ among Singing and Music Playing Angels (ca. 1487-’90), by H.
Memling. The analytical work is proceeding simultaneously applying different techniques. The
instruments rotate in front of each panel in order to investigate the selected areas with all the
available equipment
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example, the spectra reported in Fig. 3: a broad signal at 5150 cm-1, ascribable to

OH combination band of hydrated calcium sulphate [27]).

The figures represented in the three panels of the painting were characterised by a

wide variety of colours and shades that were achieved by the painter combining

different pigments. The variegate chromatic effects were created through specific

mixtures or overlayers, especially on the wings and robes of the playing and singing

angels.

Essential for the unambiguous molecular identification of pigments and mixtures

in these complex areas was the complementary information originated from mobile

FTIR, XRD, and UV–Vis absorption and emission spectroscopy. It was found that

in the wings and robes of the angels, shades from light blue to deep purple were

achieved by combining azurite, 2CuCO3�Cu(OH)2 (identified by FTIR and XRD)

with a variety of other pigments, such as bone black (identified by FTIR), lead white

(revealed by FTIR and XRD), lead-tin yellow type I (revealed by XRD) and/or an

organic red lake, most probably madder lake (identified by UV–Vis absorption and

emission spectral profiles).

These pigments, together with natural ultramarine (present only in precious

details), cinnabar and/or red ochre (in the incarnates), yellow, and brown ochre

composed the full palette of the painter.

In more detail, azurite was characterized by reflection mid-FTIR via the

combination bands of both the copper carbonate (structured signal at 2500 cm-1)

and copper hydroxide moiety (doublet at 4244 and 4373 cm-1) [28] (see Fig. 3);

lead white was mainly identified by the m1 ? m3 combination band of cerussite

(PbCO3) and hydrocerussite [2PbCO3�Pb(OH)2] at 2410 and 2428 cm-1, respec-

tively; while carbon black of animal origin was identified through a small sharp

signal at 2010 cm-1 [28].

Fig. 2 Identification of calcium carbonate and gypsum by both mid-FTIR (a, b) and XRD (c, d) from
two areas (01 and 02) of a lacuna in the paint in Fig. 1 (modified from Ref. [80])
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XRD ascertained and confirmed the presence of the mineral azurite in the wings

and robes of most of the angels and the presence of both hydrocerussite and

cerussite in lead white. In dark blue areas of the robes, where mid-FTIR spectra

showed the presence of carbon black, XRD established the presence of graphite,

intermixed with the blue paint to produce a darker shade.

The combined use of XRF and XRD also indicated that the feathers in the

rainbow-coloured wings of some angels were obtained by combining azurite with

lead-tin yellow. The latter pigment, not visible by reflection FTIR spectroscopy,

was also found in lighter yellow areas, on the mantle of one of the angels, where a

combination of Pb and Sn was revealed by XRF, and XRD ascertained the presence

of a crystalline phase of lead-tin oxide, in particular, lead–tin yellow type 1.

Examinations of deep purple areas suggested that this colour was obtained by

combining azurite with a red organic pigment (layered and/or intermixed).

Reflection UV–Vis emission and absorption spectroscopy succeeded in specifying

the vegetal origin of an anthraquinone dyestuff, representative of madder lake. This

lake was identified by the structured shape of the absorption band, with typical

features at 510 and 540 nm, as well as the maximum of the emission band at

600 nm (Fig. 4) [47, 59]. The identification was also confirmed by the time decay

Fig. 3 Mid-FTIR reflection spectra recorded on two areas of the garment of Christ (see Fig. 1). Spectrum
A (black line) illustrates the presence of both azurite and natural lapis lazuli in the highlights of the blue
gems, while only azurite was found to characterise the blue colour of the garment (spectrum B, black
line). Blue lines reference spectra of lapis lazuli and azurite (modified from Ref. [80])
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values that were of ca. 1 and 4 ns (1, 2 and 4.3 ns of standard madder lake in oil)

[57].

Colours tending to orange, such as the feathers in the wing of one angel, were

obtained by a combination of vermillion with lead–tin yellow, as demonstrated by

XRD and XRF.

Light blue paint was obtained by combining azurite with variable ratios of lead

white. However, mid-FTIR spectra collected on the highlights of the blue gems

decorating the cloak of Christ, revealed together with azurite, a broader absorption

band inverted by a reststrahlen effect, in the range 900–1100 cm-1, corresponding

to the Si–O antisymmetric stretching vibration, and a sharp stretching band at

2340 cm-1 assigned to the CO2 stretching mode (Fig. 3). The distinctive incidence

of silicates, together with the presence of CO2, is an evident marker of the presence

of natural lapis lazuli. The entrapment of CO2 in the b-cage of the sodalite

framework of lazurite is related to the geological genesis of the mineral [36]. The

presence of lazurite over-imposed to azurite was fully confirmed by the XRD

spectra, recorded in the same area (data not shown).

A summary of the obtained results is reported in Table 1, with an indication of

the analytical techniques relevant for the identification. In the table, the results

obtained by MOLAB in the study of another triptych by H. Memling, The Last

Judgement of the National Museum of Gdansk [83] are also reported. The

comparison highlights a substantial analogy of the materials used by Memling in the

two artworks.

In conclusion, it has been shown that the integration of elemental, vibrational,

electronic, and XRD analytical techniques now permits a general description of the

materials used by the artist to be obtained in situ without any sampling, with a

satisfying identification of the inorganic pigments used, accompanied by good

indications of the presence of organic pigments and colorants.

Fig. 4 Left preparation of the measurement with the portable system for absorption/fluorescence
measurements. Right absorption (full line) and fluorescence emission spectra (dotted line) recorded in a
deep purple area. In the inset, fluorescence decay time (red dots), excitation source (black dots), fitting
curve (thin grey line), and distribution of residuals (bottom). Excitation wavelength: k = 455 nm.
Emission max. k = 620 nm (rearrangement from Ref. [80])
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3.1.2 Non-invasive Discrimination of Pigments Showing Varieties in Composition

and Structures

The non-invasive in situ approach has been recently demonstrated to be suitable for

the diagnostic identification of pigments that show varieties of compositions and

structures. This is the case, for example, of the so-called lead antimonates, which

are known to be characterized by a pyrochlore structure, Pb2Sb2O7 (Naples yellow),

where the replacement of Sb by various elements gives rise to formulation varieties

Pb2Sb2-xYxO7-x/2 (Y = Sn, Zn, Fe, Pb) that correspond to different yellow hues

[84–86]. This is also the case of the cadmium sulfide pigments, which share a

common structure based on CdS, but partial substitutions of Cd or S with elements

Table 1 Hans Memling’s use of pigments and ground from the MOLAB non-invasive studies of Christ

among Singing and Music Playing Angels in the Royal Fine Art Museum of Antwerp and The Last

Judgement triptych in the National Museum of Gdansk (Adapted from Ref. [83])

Area of

interest

Christ among Singing and Music

Playing Angels (Antwerp) [80]

The Last Judgement

triptych (Gdansk) [83]

Analytical techniques1

Ground Calcium carbonate and gypsum Calcium carbonate XRF, mid- and near-FTIR,

XRD

Blue Lapis lazuli (only gems of the

Christ mantle)

Lapis lazuli (precious

details)

Mid-FTIR, XRD

Azurite (with black carbon in

darker areas)

Azurite XRF, mid-FTIR, XRD

Smalt – XRF, near-FTIR

Green Cu-based pigments Cu-based pigments XRF

Azurite and lead-tin yellow – XRF, mid-FTIR, XRD

Yellow Lead–tin yellow (I) Lead–tin yellow (I) XRF, XRD

Yellow ochre Yellow ochre XRF, XRD, mid-FTIR

Red/orange Cinnabar Cinnabar XRF, UV–Vis absorption

Purple Madder lake Madder lake UV–Vis fluorescence

emission (steady state and

time resolved)

Brown Ochre Ochre XRF, XRD

White Lead white (hydrocerussite and

cerussite)

Lead white

(hydrocerussite and

cerussite)

Mid-FTIR, XRD

Black Bone black – Mid-FTIR

Incarnates Ochre and/or cinnabar with lead

white

Ochre and/or cinnabar

with lead white

XRF, UV–Vis absorption,

mid-FTIR, XRD

Gilding Pure gold by mixtion or by bole,

goethite and quartz

Pure gold by mixtion XRF, XRD

Binder2 Lipidic (weak signal of proteins

only in some areas with thin

paint)

Lipidic (weak signal

of proteins in some

areas)

Mid-FTIR

1 Portable XRD results refer only to the Antwerp painting
2 See Sect. 3.2 for details on binding media identification
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as Zn, Hg, and Se lead to a variety of tonalities from yellow to orange and red [52,

53].

The discrimination among formulations and structures of these series of

pigments, within the same family, is not straightforward, because their spectro-

scopic properties usually show strong similarities. In addition, XRD could not

always be applied because synthetic historical pigments have often been prepared

by imperfectly controlled reactions, producing not only crystalline but also highly

disordered phases. In this case, the exploitation of vibrational spectroscopy can be

particularly helpful, confirming FTIR and Raman spectroscopy in particular, as

specifically suitable techniques for non-invasive in situ discrimination of the

possible varieties.

The Raman spectrum of pure Naples yellow (Pb2Sb2O7) displays a typical

feature, that consists of strong band at about 510 cm-1 related to the symmetric

stretching of the SbO6 octahedra [85]. The same Raman scattering mode, in a

modified pyrochlore showing orange color, appears split in two bands, one again at

510 cm-1 (but much less intense) and another around 450 cm-1, with further

modifications occurring in the low wavenumber region. On the basis of a structural

study on standards of lead antimonate yellows, these spectral features have been

demonstrated to be distinctive of a doped pyrochlore with Sb partially substituted by

Zn or Sn [86, 87].

Yellow CdS is a semiconductor with a direct band gap of 2.41 eV (512 nm at

room temperature) [88] whose color can be tuned from yellow to light-yellow hues

by partially substituting cadmium with zinc in the crystal lattice, thus forming solid

solutions of cadmium zinc sulfide (Cd1-xZnxS) [89]. Alternatively, co-precipitation

with variable amounts of selenium leads to the formation of cadmium sulfo-selenide

solid solutions (CdS1-xSex) characterized by tonalities ranging from orange to red

[89]. The resonance-enhanced longitudinal optical Raman modes have been shown

to be linearly dependent on the Se and Zn molar fraction of the ternary solid

solutions. These linear relationships are exploitable for the in situ identification of

the composition of ternary pigments by resonance Raman spectroscopy.

In addition to these cases, the study of lead chromates and lead chromate–sulfate

co-precipitates has attracted specific interest, since their possible identification via

vibrational spectroscopy (i.e. IR and Raman) and XRD. These substances compose

the series of pigments known as chrome yellows that were often used by painters of

the late nineteenth century, as the impressionists and post-impressionists. They

show tonalities that range from yellow-orange to pale-yellow according to their

chemical composition (PbCrO4; PbCr1-xSxO4, with 0\ x\ 0.8) [90, 91]. Another

form of lead chromate-based pigment is the co-precipitate with lead oxide and is

commonly known as chrome orange [(1 - x)PbCrO4�xPbO] due to its deep orange

shade.

From the crystallographic point of view, PbCrO4 and chrome orange show

monoclinic structures, while that of PbSO4 is orthorhombic. It follows that a

structural change in PbCr1-xSxO4 co-precipitates is observed with increasing sulfur

content: when x exceeds 0.4–0.5, a modification from a monoclinic to an

orthorhombic structure takes place [95, 96].
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Van Gogh himself, in the letters to his brother Theo and to his friend Emile

Bernard (letters n. 593, 595, 684, 687, 710, 863), mentions the use of three varieties

of lead chromate-based pigments, namely chrome yellow types I, II, and III,

probably corresponding to pale-yellow (S-richer PbCr1-xSxO4), yellow-orange

(PbCrO4) and orange [(1 - x)PbCrO4�xPbO] hues [92–94].
It has been demonstrated that the darkening observed for chrome yellows, caused

by the photo-reduction of original chromates to Cr(III) compounds, is favoured

when the pigment is present in the orthorhombic S-rich form PbCr1-xSxO4 (x[ 0.4)

[75, 95–98]. Thus, the possibility to distinguish among different forms of lead

chromate-based pigments and to map their location all over the surface of a painting

is relevant for the assessment of the areas subject to a major risk of degradation.

In PbCr1-xSxO4 solid solutions, the chromate to sulfate substitution leads to a

volume decrease of the monoclinic unit cell at a low sulfate concentration and to a

change of the crystalline structure from monoclinic to orthorhombic with increasing

sulfur content. These modifications strongly affect the fundamental vibrational

bands of these materials (with changes of shape and wavenumber position of these

signals), making Raman and infrared spectroscopies suitable techniques for their

direct discrimination, even when using a non-invasive in situ approach.

As is visible in Fig. 5, in the Raman spectra collected by a portable instrument

with a 785 nm laser excitation on a series of paint models, the chromate bending

multiplet [m2/m4 (Cr2O4
2-)] appears to be strongly affected by the sulfate

substitution, showing a clear shift of band positions and a modification of band

shapes related to the change of the crystalline structure. Additionally, the symmetric

stretching band of both sulfate [m1(SO4
2-)] and chromate [m1(CrO4

2-)] moieties

shifts slightly toward higher energy, as a function of the sulfate amount. Another

relevant effect of the chromate to sulfate substitution is the decrease of the Raman

scattering cross-section.

Based on the knowledge developed by the study of the laboratory model paints,

non-invasive Raman spectroscopy has been successfully applied in situ to study a

series of paintings by Van Gogh conserved at the Van Gogh Museum in

Amsterdam, namely Sunflowers gone to seed, Bank of the Seine, and Portrait of

Gauguin (Fig. 5). In Sunflowers gone to seed, the spectrum acquired from a yellow-

orange area shows the presence of monoclinic PbCrO4. The spectrum from a

greenish yellow area of Bank of the Seine shows again the spectral features of the

monoclinic PbCrO4, with the additional presence of a signal at 1050 cm-1

indicating a mixture with lead white. Finally, in a light yellow area of Portrait of

Gauguin, the chrome yellow pigment is identified as the unstable S-rich PbCr1-x-

SxO4 (x * 0.5). The presence of the sulfate component is well-evidenced by the

m1(SO4
2-) band at 976 cm-1 and changes of shape and positions of m1(CrO4

2-) and

m2/m4 (Cr2O4
2-) modes.

The presence of lead chromates and unstable lead chromate–sulfate co-

precipitates has been recently found by non-invasive in situ measurements also

on the Van Gogh’s famous Sunflowers painting, in the Van Gogh Museum of

Amsterdam [76].

These results unequivocally demonstrated that Van Gogh employed different

types of lead chromate–sulfate solid solutions, either in undiluted form or in
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mixtures with other pigments (such as lead white, as shown above, red lead and

vermilion). He also used other chromate-based compounds such as chrome orange

[(1 - x)PbCrO4�xPbO] and zinc yellow (K2O�4ZnCrO4�3H2O). All such informa-

tion are essential to curators to implement adequate measures of preventive

conservation [99].

3.1.3 Identification of Synthetic Organic Pigments

The synthetic manufacture of organic dyes was greatly developed following the

discovery of Perkin’s mauve in 1856, distinguishing routes to produce brightly

colored lake pigments which were widespread from the late nineteenth century.

These lakes were later supplemented by the introduction of the first water-insoluble

organic pigments, namely the b-naphthol pigments, and then many others [100]. It

is due to their wide use in contemporary paintings that the identification of synthetic

dyes attracted considerable interest in recent years, leading to a source of literature

exploiting the use of various chromatographic and spectro analytical techniques,

Fig. 5 Raman spectra collected using the MOLAB portable device (excitation line k = 785.0 nm) from:
a oil paint model samples made up of different chrome yellow pigments with different compositions and
structures and b from yellow areas of the paintings Sunflowers gone to seed, Bank of the Seine and
Portrait of Gauguin by Vincent van Gogh (all at the Van Gogh Museum in Amsterdam). c Photo of the
paintings (from top to bottom) with indication of the corresponding in situ Raman spectroscopy
measurement points (rearrangement from Ref. [61])
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namely high-performance liquid chromatography (HPLC), infrared and Raman

spectroscopy techniques [79, 101–104].

Mobile Raman spectroscopy can give a decisive contribution to the identification

of synthetic organic pigments when used in integrated applications with other

mobile techniques as XRF and FTIR. For example, identification of red azo b-
naphthols occurred in an extensive campaign by MOLAB on paintings by Alberto

Burri dating from 1948 to 1975, belonging to the Collezione Albizzini (Cittá di

Castello, Italy). Within the campaign, the use of synthetic red organic pigments by

Burri was identified in two paintings, Rosso (1950) and Rosso Gobbo (1954),

exploiting data from in situ XRF, FTIR and Raman spectroscopy (using a

portable micro-setup equipped with a 532 nm laser excitation).

In the painting Rosso (1950), the generic presence of a red organic pigment was

revealed by UV–Vis fluorescence, which showed a maximum emission around

630 nm. Being, however, insufficient to identify the nature of the pigment, the study

was deepened by exploiting a combination of non-invasive XRF and mid-FTIR

techniques. By XRF examination, these areas showed a weak but clear amount of

chlorine, whose presence was strictly related to the observed red regions (Fig. 6a,

gray line). The same areas, examined by mid-FTIR in reflection mode, revealed

specific distorted bands, consisting of derivative-like bands that corresponded to

those observed on both reflection and transmission spectra on the standard of

pigment red 4 (PR4; Fig. 6b).

This pigment is one of the four commercially available red azo b-naphthols, PR1,
PR3, PR4, and PR6, which are characterized by a common structure where the azo

function (–N=N–) is bound to a naphthol group and to a 2,4-substituted aromatic

ring which features different substitutions for each pigment [100]. In particular, only

PR4 (chlorinated para red) and PR6 (parachlor red) show chlorine as an aromatic

ring substituent, although in different positions. This finding allowed the presence of

PR1 and PR3 to be excluded in the examined painting, circumscribing the

possibilities to PR4 or PR6. In spite of the fact that the FTIR spectrum recorded on

Rosso showed features very similar to those of the PR4 standard and in agreement

with literature data [103], the lack of a reference infrared spectrum of the positional

isomer PR6 did not allow a discrimination of the two pigments with absolute

certainty.

In another painting of Burri, Rosso Gobbo (1954), mid-FTIR spectroscopy

suggested the possible presence of the same red organic pigment. However, more

diverse than in the previous case, no secure PR4 distinctive features appeared in

FTIR (see Fig. 6b, black line) nor in XRF spectra, where a peak at 2.65 keV

corresponding to the chlorine Ka emission (Fig. 6a, inset) was too weak to be

assigned to chlorine with certainty. While XRF and FTIR did not permit an

unambiguous identification, here, micro-Raman spectroscopy measurements on the

same areas of the painting (Fig. 6c, black line) showed scattering features very

similar to those of the two red azo b-naphthols PR4 and PR3 (Fig. 6c, gray and light

gray lines). Further comparison of the recorded spectra with the standards indicated

that the observed strong signal at about 1580 cm-1 is present in PR4 and absent in

PR3. Furthermore, following Raman spectroscopy literature data [103, 104] it has

been possible to distinguish between the red azo b-naphthol pigments PR4 and PR3
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based upon the relative intensities of the intense bands at about 1330 and

1200 cm-1. These findings lead to the exclusion of toluidine red (PR3) and also

para red extra light (PR1), which are characterized by different ring substitutes and

different Raman spectroscopy scatterings, confirming the use by Burri of the

chlorinated para red (PR4) or the positional isomer parachlor red (PR6).

It should be mentioned that the identification of highly fluorescent natural and

synthetic organic dye components, often encountered in ancient, modern, and

contemporary paintings respectively, provide a challenging analytical task for

Fig. 6 XRF spectra recorded on red areas of the paintings Rosso (R50 gray line) and Rosso Gobbo
(RG54 black line) by A. Burri; inset enlarged view of the energy range 1.5–4 keV; b reflection mid-FTIR
spectra collected on the red areas of the paintings Rosso (R50 gray line) and Rosso Gobbo (RG54 black
line) compared with the reflection and transmission mid-FTIR spectra of PR4 standard; c micro-Raman
spectrum collected on a red area of the painting Rosso Gobbo (RG54 black line) compared with the
spectra of PR3 (light gray line) and PR4 (gray line) standards (from Ref. [78])
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conventional Raman spectroscopy in a non-invasive set-up as well as bench-top

applications. For this reason, in recent years, the potential of surface-enhanced

Raman spectroscopy (SERS) methodologies for the ultrasensitive detection of

organic dyes, colorants and pigments used by artists has been widely exploited and

appreciated. The introduction of this analytical tool in the field of heritage research

has significantly improved the chances of successfully identifying dyes on minute

samples. Furthermore, research efforts have been undertaken towards the develop-

ment of an analytical methodology to apply SERS directly to the painting surface.

Minimally invasive SERS substrates have been proposed based on silver-doped

methylcellulose removable gels specifically devised for use when investigating

organic dyes and pigments in paint layers, providing an enhancement of Raman

spectroscopy signals of about 103–104 [102, 105, 106].

3.2 Non-invasive Identification of Binding Media and Other Polymers

Chromatographic techniques (such as gas chromatography mass spectrometry

[GC–MS], pyrolysis gas chromatography mass spectrometry [Py–GC/MS], and

HPLC) have been proven to be the most suitable and consolidated analytical

methods for the full chemical characterization of natural and synthetic polymers

(binders) in paint micro-samples. Often these analyses are profitably preceded by

FTIR measurements on the same micro-samples, as a rapid method for a

preliminary characterization of the polymers, with possible indications on the

presence of pigments and fillers. In fact, binding media, basically proteins,

glycosides, and lipids, in ancient art and a wide range of synthetic polymers in

contemporary art show fairly distinctive vibrational features in the infrared range

[107–110].

Non-invasive reflection FTIR spectroscopy has, therefore, significant diagnostic

potentialities and, even in the presence of distortion effects due to the mixing of

specular and diffuse reflection or overlaps by pigment absorption bands, it has been

demonstrated to be a suitable technique for in situ discrimination of different

families of binders, such as lipids, proteins, and alkyd, vinyl, or acrylic resins,

without any sampling [12, 111].

3.2.1 Preliminary Laboratory Tests

To facilitate diagnostics, detailed studies have been carried out on the most relevant

features of near and mid-FTIR reflection spectra of binders in ancient and modern

art [22, 24, 37, 111, 112]. The investigation was performed recording reflection

spectra on paint reconstructions made of organic media (acrylic emulsion, polyvinyl

acetate resin, alkyd resin, drying oil, and proteinaceous tempera) mixed with several

pigments. This was done to better interpret any possible overlap of relevant

vibrational absorption bands of pigments and binders in the region of interest of the

spectra.

Spectral features relevant for diagnostics have been observed in three different

regions of the infrared spectrum.
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First, the so-called fingerprint region (between 2000 and 400 cm-1) mainly

containing the fundamental modes of binders, as the carbonyl stretching mode

(1740–1730 cm-1), the amide I, II and III bands (1680–1200 cm-1), the CH

bending modes (1380–1480 cm-1), the symmetric stretching C–O–C mode

(1300–1200 cm-1), and the C–O and C–C stretching modes and C=C deformations

(1200–700 cm-1).

Second, the range between 3500 and 2800 cm-1 that includes the CH and NH

stretching modes of the organic binders. In particular, this range can be relevant for

the detection of proteinaceous media thanks to the amide A (at ca. 3300 cm-1) and

amide B (at ca. 3070 cm-1) bands [113] which, although not always visible, are

quite characteristic of polypeptide structures.

Third, the portion of the spectrum between 6000 and 3900 cm-1 corresponding

to the near infrared, mainly including combination and overtone bands of organic

compounds (CH, C=O, NH, C–O functional groups).

It has been noted that in the fingerprint region, vinyl and acrylic spectra show

derivative-shaped profiles, while proteins and oils, and to a lesser extent alkyds,

feature more broad bands (still distorted with respect to the transmission mode

spectra). Thus, it can be inferred that for vinyl and acrylic films, the surface

reflection is dominant while for the others there is a substantial contribution of

volume reflection, the difference being most probably related to the different

absorption coefficient of the polymers influencing the degree of light penetration.

Diversely, the other two regions at higher wavenumbers are characterized by a

prevalence of diffuse reflection. Generally, the presence of a pigment has the effect

of increasing the contribution from volume reflection with a moderate broadening of

the derivative shape that is stronger for the bands positioned at higher wavenum-

bers. Due to the possible coexistence of specular reflection and diffuse reflection, it

is not advisable to transform the reflectance spectra via the Kramers–Kronig

algorithm.

When all these features are taken into account, in spite of the spectral distortions

arising from the sum of the specular and diffuse reflection related to the pigment-

binder mixture and the overlaps with pigment bands, it is possible to individuate

diagnostic bands for each polymeric compound that can be exploited for its non-

invasive identification directly on ancient and modern paintings.

3.2.2 Examples of In Situ Studies

An initial example of the MOLAB analytical campaign is Memling’s triptych, as

presented in Fig. 1. In this case, the near-FTIR investigations registered C–H

combination bands at 4260 cm-1 (msCH ? dCH) and 4340 cm-1 (maCH ? dCH),
attributable to lipids [37], on all of the points measured on the three panels. The

presence of lipids pointed towards the use of a drying oil and/or egg yolk as a

binding medium. Weak protein signals (4595 cm-1, first overtone mCO amide

I ? amide II; 4880 cm-1, (m ? d)NH) [37] were exclusively registered in some

small, damaged paint areas, where the inner ground layer emerged, probably bound

by glue [80].
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A further example is within the study of the painting Sestante 10 by Alberto

Burri, a modern painting which is part of a series created by the artist in 1982,

characterized by geometrical figures of different colour, shape, and surface

roughness (Fig. 7). Here, the use of different binders in different figures was found.

As shown in Fig. 7a, the spectrum recorded from a blue area showed features

clearly attributable to a vinyl binder, with the contribution of both diffuse and

Fig. 7 Detail of the painting
Sestante 10 by A. Burri.
a reflection FTIR spectrum
recorded in the indicated blue
area. b reflection FTIR
spectrum recorded on the
indicated red area (see text)
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specular reflected light, leading to a mixed derivative/positive shape. In addition, the

comparison with reference models of ultramarine blue and ochre in a vinyl medium,

together with other standard reference spectra for fillers (see Fig. 7a), allowed the

presence of compounds, such as gypsum, calcium carbonate and kaolin to be

detected. Diversely, the spectrum of Fig. 7b, recorded in a red area, perfectly fitted

the reference spectrum from a standard of acrylic binder and lithopone, also

reported in the figure. The similarity of the spectral profiles included the presence of

the carbonyl band at about 1740 cm-1, the weaker CH bending at about 1460 cm-1

and the acrylic marker band m(CC) with inflection point around 1175 cm-1.

The exploitation of a large database of reference spectra for the interpretation of

the relevant infrared reflection features recorded on paintings of several contem-

porary artists led very recently to the in situ characterisation of binding media in

masterpieces by Hartung, Capogrossi, Turcato, Afro and other twentieth-century

Italian artists [111].

4 New Perspectives: In Situ Chemical Imaging

The recent development of advanced methods for element-selective or species-

selective imaging of painted surfaces has opened new perspectives for the non-

invasive in situ study of paintings. In fact, through these methods, the distribution of

elements or molecular moieties all over the entire painting can be drawn, giving

relevant information on composition and distribution of materials at the surface and

sub-surface of the paint. The information obtained profitably integrates the data by

point analyses, significantly improving the understanding of the artist’s creative

process (in some cases, including the identification of underpaintings).

Imaging methods for the study of elemental and molecular distributions on the

microscale are currently available in scanning electron microscopes or IR and

Raman micro-spectrometers or at specific micro-analysis synchrotron beam lines.

The extension of these imaging techniques to the macroscopic scale (large surface

of several square centimetres) for in situ non-invasive studies is not straightforward

and different approaches have been put recently into practice, each one with

appropriate advantages and limitations. Some of these methods are full-field

imaging methods, employing cameras or image plates sensitive to the range of the

electromagnetic spectrum of interest, while others are based on a scanning-mode

approach, using well-collimated beams over the painting.

4.1 X-ray Fluorescence Imaging

A scanner for macroscopic X-ray fluorescence imaging has been recently

implemented by Alfeld et al. [114] at Antwerp University to determine the

distribution of pigments on paintings over large areas. Although scanning conditions

can be varied, the scanner consists of an XZ motor stage in a typical setup, covering

a surface of 60 9 25 cm2, on which a 10-W Rh anode transmission tube is mounted,

together with a set of energy dispersive XRF detectors. In the scanning process, a

typical 0.8-mm lead pinhole collimator is employed as a beam-defining optic,
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yielding a beam size of ca. 1.2 mm at the surface of the paint. The scanning is

carried out with a variable step size of 0.5–1 mm, with a variable dwell time.

Another macro-XRF scanner has become commercially available in recent years

from Bruker Nano GmbH (Berlin, Germany) under the name M6-Jetstream. This

system consists of an X-ray tube mounted with a silicon-drift-detector on an XZ

motor stage. Through scanning, the distribution image of the main elements that

compose the surface and sub-surface paint layers in an area of 80 9 60 cm2 is

obtained. The primary beam size can be varied between 50 lm and 1 mm, although

high-resolution scans are only possible in areas of limited size [115].

Alfeld et al. [115] have employed the Antwerp prototype and tested the Bruker

M6-Jetstream to carry out measurements on artworks of several painters. In

particular, with the Antwerp macro-XRF scanner, several paintings by van Gogh,

Goya, Memling, Rembrandt, amongst others [116, 117], have been investigated.

Due to the penetrative character of X-rays, the results obtained have been

profitably exploited, not simply to draw the distribution of elements (and related

pigments) over the surface, but also to reveal distinct features of underpaintings. In

fact, when pigments used in underpaintings have a fairly different atomic

composition with respect to those at the surface, the plot of the distribution of

specific elements leads to underpaint images that emerge with a better clarity than

achievable by traditional radiographies or IR reflectographies. In studies of works

by Van Gogh [118], Goya [119] and Rembrandt [120, 121], paintings that were

erroneously believed to be lost were found below the visible surface.

4.2 Hyperspectral infrared imaging

Delaney et al. have recently described the use of high-sensitivity, portable hyper-

spectral cameras suitable for the examination of paintings, drawings, and

manuscripts’ illuminations. These cameras can operate in various wavelength

ranges, in the visible and near-IR (up to 2500 nm), and are characterized by high

spectral (2.4–4 nm) and spatial resolutions (0.2–0.1 mm/pixel) [122–126].

These visible and near-infrared imaging spectroscopy systems have been

exploited to identify and display the distribution of various pigments, utilizing

electronic transitions, vibrational combination/overtone modes, and near-infrared

luminescence. By this method, through in situ measurements, the pigments used by

Picasso in the Harlequin Musician (1924), [122] part of the collection of the

National Gallery of Art, Washington D.C., were identified and mapped. The results

took significant advantage by the extension of imaging reflection spectroscopy up to

2500 nm and by the inclusion of luminescence imaging spectroscopy data. In

addition, the combination with site-specific in situ analysis, such as XRF, strongly

supported the achievement of a robust pigment identification and their mapping.

Very recently, the coupling of macro-XRF scanning and hyperspectral NIR

imaging have been also attempted, showing the high potentiality of integrating the

two imaging approaches to identify and map artist materials in an early Italian

Renaissance panel painting [127].

In addition to the study of pigments, hyperspectral imaging in the near IR range

has been also experimented to test the performance of the method for the study of
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binders. The possible identification of these organic materials and their distribution

throughout the painted surface has been demonstrated, exploiting the combinations

and higher harmonics of the fundamental bands typical of the fingerprint mid-IR

region which fall within the near-IR range. These chemical signatures include bands

associated with CH, OH, NH and carbonyl groups. The method has been shown to

be suitable for the mapping of egg yolk as binder in an early fifteenth-century

illuminated manuscript attributed to Lorenzo Monaco [124] and the selective use of

animal glue and egg yolk in a Cosme’ Tura painting, dated 1475 (Fig. 8) [125, 127].

A recent work opened promising perspectives also towards the exploitation of

hyperspectral imaging in the mid-IR range. A novel hyperspectral imager (model

HI90, Bruker Optics, Portland, OR, USA), originally developed for the remote

identification and localization of pollutants in the atmosphere, [128] was adapted for

hyperspectral imaging of paintings, and used for identification and mapping of

binding media on the painting Sestante 10 (1982) by Alberto Burri already

mentioned in Sect. 3.2 (see Fig. 7) [129]. The system, based on a focal plane array

mercury–cadmium–telluride (MCT) detector with 256 9 256 pixels, operates in the

range 900–1300 cm-1, permitting the recording of mid-IR spectra to be carried out

at each pixel, with 4-cm-1 resolution. The system couples the focal plane array

Fig. 8 Visible image and
chemical map for Gabriel panel
of Cosme’ Tura’s The
Annunciation with Saint Francis
and Saint Louis of Toulouse
(Samuel H. Kress Collection,
1952.2.6, National Gallery of
Art, Washington D.C.). Left
Colour image. Right False-
colour image showing the
locations of binding media. Egg
yolk binder (red) maps mainly
to Gabriel’s red robe. Glue
binder (blue) maps to areas of
the face and feet. Azurite in a
glue binder (green) and
malachite in an egg yolk binder
(yellow) map to the sky and dark
green tunic and wings,
respectively. Reproduced from
[125] with permission from The
Royal Society of Chemistry
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detector with an interferometer and, exploiting the multiplex advantage, allows for

recording a complete hyperspectral data cube in one single measurement of a few

tens of seconds.

With a setup based on 128 9 128 pixels, three areas (ca. 9 9 9 cm2) of the large

painting (250 9 360 cm2) were analyzed on site at the Ex-Seccatoi del Tabacco

(Citta’ di Castello, Italy), where the painting is in permanent exhibition, through

measurements that required 80 s per each cube.

Within the same areas explored by the HI90, point-analysis measurements have

been also carried out with a portable FTIR spectrometer (Alpha-R, Bruker Optics,

Portland, OR, USA) with the aim to validate the assignment made on the basis of

the spectral data recorded at each pixel. These measurements revealed the excellent

quality of the spectra collected by the hyperspectral imaging system, since the HI90

brightness temperature profiles recorded at each pixel were comparable to the

corresponding Alpha-R reflection spectra (Fig. 9a, b).

The selective use by Burri of different binders to paint different areas of the

Sestante 10 cellotex panel was clearly put in evidence. In Fig. 9a, the visible image

of a 9 9 9 cm2 detail of Sestante 10 is shown. The brightness temperature (BT)

difference image, reported in Fig. 9b, shows the distribution of an acrylic binder in

the red–orange sector, while the BT difference image shown in Fig. 9c, indicates the

use of a vinyl binder common to the red, ochre, blue, cyan, and purple coloured

areas.

Exploring the potentiality of spectroscopically imaging the mid-IR range,

Legrand et al. [130] tested advantages and limitations of a prototype macroscopic

mid-FTIR scanner. The scanning system consisted of a Bruker Alpha FTIR

Fig. 9 a, b Comparison of the spectral profiles recorded with the HI90 (thick lines) and the ALPHA-R
spectrometer (thin lines) for the orange, ochre, green and dark green sectors of the painting Sestante 10
by A. Burri (the rectangles highlight the spectral range considered for the chemical mapping. c, f Images
of two details of the painting. The black rectangle highlights the areas investigated with the HI90 system
(ca. 9 9 9 cm2). d, g False-colour representations of the difference in the mean brightness temperature
between 1154 and 1167 cm-1 and the mean brightness temperature between 1197 and 1209 cm-1

representing the acrylic medium distribution. e, h False-colour representation of the difference in the
mean brightness temperature (measured in Kelvin) between 1250 and 1255 cm-1 and the mean brightness
temperature between 1220 and 1230 cm-1, representing the vinyl binder distribution (rearrangement
from [129])
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spectrometer that was moved all along the XZ plane in front of the painting, while

FTIR spectra were recorded in reflection mode. Since this device scans the object

point-by-point, the recording of full spectra over an extended mid-IR-range

(7500–400 cm-1) at each position is possible, identifying the compounds present

and visualizing their distribution based on their fingerprint features. In one of the

performance tests of the system, spectra were recorded on a detail (8 9 8 cm2) of an

unvarnished folk-art panel painting of Antillean origin (probably twentieth century).

The obtained mid-FTIR chemical distributions were compared and integrated with

the elemental distributions recorded from macroscopic XRF imaging measurements

on the same area, finding good correlations. The crossing of the data by the two

approaches allowed a wide and satisfying visualization of pigment distributions in

red, orange, yellow, green, and blue areas [130].

A comparison between the performances of the two full-field and macro-

scanning approaches in mid-FTIR reveal complementary limits and potentials.

A substantial advantage of the macro-FTIR scanning configuration is that full

spectra are recorded at each position all over the surface of the painting in the whole

range from 7500 to 400 cm-1, obtaining a large quantity of exploitable data.

However, a major important limitation of the prototype macro-FTIR scanner is the

time required to record a hyperspectral dataset that can amount to numerous days

for large surfaces. Nevertheless, many possibilities are available to improve this

aspect, including the use of a more powerful source of mid-IR radiation and of

larger beam focusing and/or collection optics for the reflected radiation. A great

advantage of the full-field configuration of the Bruker HI90 is the fact that the time

necessary to record all the spectra in the examined 9 9 9 cm2 areas (16,384 spectra)

amounts only to 80 s. A major limitation of the HI90 instrument is in the short

wavenumber range that can be explored in the present configuration. This limit is

expected to be overcome in the future with extension to larger wavenumber ranges.

An additional significant limitation of mid-IR imaging, in both full-field and

macro-scanning approaches, lays in the fact that it can be significantly applied only

to unvarnished paintings or to paintings where the varnish has been removed.

Fortunately, for many paintings under restoration, the varnish is at least partially

removed in the preliminary phases of the intervention.

All the innovative data acquired in the most recent years on macroscopic

chemical imaging by XRF and near- and mid-IR spectroscopy open new significant

perspectives for the in situ non-invasive study of paintings. In particular, in situ

macro-XRF imaging is expected to become a widely diffused technique in the near

future, due to both the availability of commercial instrumentation and the

straightforward and reliable interpretation of elemental spectra. On the other side,

both near and mid-IR imaging represent powerful techniques that can deliver

complementary information on the distribution of inorganic and organic materials

which cannot be detected or identified in a unique manner by means of XRF

elemental data. In particular, they can give information on natural and synthetic

binders otherwise impossible to be non-invasively mapped.

Further related research is currently in development for the setup of new methods

for the in situ identification and mapping of chemical components on large areas of

paintings. Of great interest are those regarding macro-XRD imaging, where
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laboratory experiments based on application of synchrotron radiation sources lead to

encouraging successful results [131, 132]. Using synchrotron light, high-energy

(80–120 keV) XRD imaging has been recently experimented for the non-invasive

measurement (in transmission mode) of crystalline phase distributions in paintings.

Potentials and limitations of the experimented technique have been demonstrated

using an authentic sixteenth-century painting as well as model paintings [132]. Very

recently, promising preliminary experimentations have been carried out for the

transfer of the technique from the synchrotron to a compact prototypical system

suitable for in situ applications [117].

5 Conclusions

The results on the most recent in situ application of non-invasive methodologies

outlined in this paper clearly show how the integration of data from different

analytical techniques can successfully overcome the intrinsic limitation of each

single spectroscopic method when applied on heterogeneous samples. At the same

time, an accurate and systematic preliminary work on test samples allows for

overcoming complications imposed by specific optical and matrix effects, making a

satisfactory interpretation of reflection spectra possible.

The presented modus operandi, optimized after years of technological advances

and experience, is based on exploring the atomic and the molecular levels, probing

either electronic or vibrational properties (inducing absorption, emission and/or

scattering phenomena), and employing techniques that are sensitive to highly or

poorly ordered systems. The method allows today’s researchers to successfully

identify pigments in paintings with adequate certainty and completeness, fully

avoiding sampling. In addition, through the exploitation of reflection near- and mid-

FTIR spectroscopy, the family of natural binders widely used in ancient art (lipidic,

proteic, glucosidic) can be disclosed, as well as of synthetic resins, as vinyl, acrylic,

and alkyd, largely employed in contemporary art. Recently, thanks to accurate and

detailed preliminary laboratory tests on a wide set of pigment specimens it has also

become possible in some cases to distinguish composition and structures among a

variety of inorganic pigments belonging to an extended series of compounds sharing

the same chemical class, such as the series of chromate–sulfate coprecipitates,

cadmium sulfides and lead antimonates. In this case, appropriate information is

obtained by Raman spectroscopy through measurements that do not require long

accumulation times nor specific arrangements, apart from control of the power of

the radiation used. The unique advantage of Raman spectroscopy is the possibility

to identify partial or totally amorphous phases frequently encountered in cases of

pigments synthesized in ancient times.

More challenging is the identification of organic pigments. In this case, however,

the synergic use of techniques such as FTIR, UV–Vis and Raman spectroscopy can

lead to satisfactory results. In particular, while UV–Vis absorption and fluorescence

can indicate a colorant’s family, Raman spectroscopy can directly lead, in case of

good scattering cross sections, to its unambiguous molecular identification.

Interesting perspectives are opened by the rapid affirmation of SERS techniques,
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although this approach for non-invasive in situ applications still remains at the

experimental level.

Significant advances in the non-invasive in situ study of painting materials is

represented by the chemical imaging techniques. A prototype macro-XRF scanner

has been set up and exploited to identify and map the distribution of elements (and

related pigments) over the surface of numerous paintings, as well as to reveal

distinct features of underpaintings, with a clearness obtained better than that

obtained by other traditional imaging techniques. By this method, paintings

originally believed to be lost were brought to new light.

The most significant perspectives of further advancements rely on the infrared

hyperspectral imaging. In the near-IR, the most recent hardware and software

achievements allowed successful results to be obtained. A few cases of integrating

macro-XRF and hyperspectral near-IR imaging have been also successfully

experimented.

However, much work remains to be done for the development of methods in the

mid-IR where the systems experimented to date have shown interesting solutions,

but with problems still existing for data acquisition times, for the systems based on

surface scanning, for extension of the explorable wavelength range, and for the full-

field systems. In both cases, good perspectives for improvement are open, which

rely on the use of a more powerful source of mid-IR radiation and better focusing

and collection optics for the reflected radiation in case of the scanning method and

on the introduction of new detectors for the full-field approach.
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Abstract Recent studies are concisely reviewed, in which X-ray beams of (sub)mi-

crometre to millimetre dimensions have been used for non-destructive analysis and

characterization of pigments, minute paint samples, and/or entire paintings from the

seventeenth to the early twentieth century painters. The overview presented encom-

passes the use of laboratory and synchrotron radiation-based instrumentation and

deals with the use of several variants of X-ray fluorescence (XRF) as a method of

elemental analysis and imaging, as well as with the combined use of X-ray diffraction

(XRD) andX-ray absorption spectroscopy (XAS).MicroscopicXRF is a variant of the

method that is well suited to visualize the elemental distribution of key elements,

mostly metals, present in paint multi-layers, on the length scale from 1 to 100 lm
inside micro-samples taken from paintings. In the context of the characterization of

artists’ pigments subjected to natural degradation, the use of methods limited to ele-

mental analysis or imaging usually is not sufficient to elucidate the chemical
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transformations that have taken place. However, at synchrotron facilities, combina-

tions of l-XRF with related methods such as l-XAS and l-XRD have proven them-

selves to be very suitable for such studies. Their use is often combined with

microscopic Fourier transform infra-red spectroscopy and/or Raman microscopy

since these methods deliver complementary information of high molecular specificity

at more or less the same length scale as the X-ray microprobe techniques. Since

microscopic investigation of a relatively limited number of minute paint samples,

taken from a given work of art, may not yield representative information about the

entire artefact, several methods for macroscopic, non-invasive imaging have recently

been developed. Those based on XRF scanning and full-field hyperspectral imaging

appear very promising; some recent published results are discussed.

Keywords X-ray fluorescence � X-ray diffraction � X-ray absorption � Synchrotron
radiation � Paintings � Pigments

1 Introduction

Starting from pre-historic times, human artists have always felt the urge to depict

their surrounding world on various substrates by using colored materials of different

types. Historical paintings, such as, for example, prehistoric cave paintings, are

often called ‘‘windows on the past’’ and have allowed later generations to imagine

how former human societies looked and/or functioned. Historical paintings,

therefore, are an enormously valuable part of the cultural legacy we have inherited

from past generations.

There is a general belief that paintings are complex, but essentially static

assemblages of widely different (in)organic materials. However, at, or just below,

the seemingly placid surface of these works of art, chemical reactions are taking

place that slowly alter the chemical make-up of the paint layers. While some of

these reactions are the result of intimate contact between the different materials,

most are driven forward by external physicochemical factors. A prime stimulus for

reduction–oxidation (redox) reactions is light absorption by colored substances

(molecules) in the ultraviolet (UV) and visible (VIS) range. Such reactions can lead

to spontaneous in situ formation of secondary chemicals that will often differ in

their macroscopic properties (such as color, volume, porosity) from the original

materials. Both the organic components of paint (protein-, saccharide- or lipid/oil-

based binding media, organic dyes, etc.) and/or the inorganic components (mostly

pigments based on metal ions) may be affected. Another important factor in paint

degradation is the often cyclic variation in relative humidity, which causes

condensation and re-evaporation of minute moisture droplets within the microp-

orous, age-cracked paint layers. The latter can act as miniature galvanic cells in

which redox reactions can occur at the interface between pigment grains, binding

medium, and water. In addition, phenomena such as crystallization of salts, the

leaching of metal cations from pigment grains, and in situ formation of metal soaps

can gradually undermine the mechanical integrity of paint materials [1]. Cycles of

condensation/evaporation may also transport secondary alteration compounds
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towards the surface, leading to the formation of weathering crusts. These crusts can

be partly crystalline; almost all have a color and texture that is quite different from

the original material.

When considering the inorganic materials employed as pigments by artists from

the fifteenth to the eighteenth century, a relatively limited evolution can be observed

over time. This is because the chemistry of pigment synthesis was fairly limited in

this period, with the majority of inorganic materials used as pigments still being

naturally occurring minerals. Only in cases of a few exceptions, such as lead white

and smalt, the chemical technology was sufficiently advanced that specific colored

inorganic materials of high quality and chemical stability could be synthesized in

controlled circumstances.

Since the trade in artists’ pigments was well spread, it was possible for artists to

purchase different varieties of the same pigment, often of significantly different

quality and price; in the case of mineral species, these quality differences are related

to different geographical origins and/or the grain selection/purification method to

convert mineral finds into finely ground pigment powder.

Among the pigments employed by fifteenth to seventeenth century fine art

painters in the Low Countries, such as Jan Van Eyck (1390–1441), Hans Memling

(1430?–1494), Quinten Matsys (1466–1530), Pieter Brueghel the Elder (1525?–

1569), Pieter Paul Rubens (1577–1640), Anthony Van Dyck (1599–1641),

Rembrandt van Rijn (1606–1669), Jan Davidz. de Heem (1606–1684), and

Johannes Vermeer (1632–1675), a few fall in a special category. For these, in

many historical paintings, a significant level of chemical alteration of either the

pigment grains themselves or of the paint they are part of is observed. It concerns,

for example, the pigment smalt (a blue, cobalt-doped type of potassium-rich glass),

vermilion red (mercury sulphide, HgS, also known as cinnabar in its mineral form, a

pigment used since antiquity), orpiment and realgar (both arsenic sulphides,

respectively As2S3 and As4S4), and lead white (usually a mixture of cerrusite,

PbCO3 , and hydrocerrusite, 2PbCO3�Pb(OH)2). Smalt is a very frequently

employed blue pigment that turns greyish/pink upon alteration. Since smalt is

often used as part of large surfaces (for example, in a blue sky, in blue clothing of

saintly figures, in the darker backgrounds of indoor scenes) its discoloration can

have a profound influence of the general outlook and color balance of the painting.

This is, for example, the case in a number of paintings by Jan Matsys (1509–1573)

and Rembrandt van Rijn. A less strong, but notable change in color can take place

with vermilion red, where the originally bright red surface may darken; in addition,

the blackened parts of the paint often become covered with white precipitates. In a

number of works by the baroque-era painters P.P. Rubens and Pieter Brueghel the

Younger (1564–1636), such discolorations have been observed. The yellow/orange

pigments composed of arsenic sulphides such as realgar and orpiment have a

reputation of being fugitive, i.e., one assumes them to be converted by the action of

light and humidity to gaseous/volatile As-containing compounds, supposedly

causing the yellow-orange tinting power of these paints to slowly disappear. The

seventeenth century painter J. Davidz. de Heem frequently employs the bright

orange orpiment as part of his intricate flower pieces while in the Rembrandt
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paintings The Nightwatch and The Jewish Bride, realgar is for example employed

for painting yellow/golden highlights of the fabrics.

Near the end of the nineteenth century, a number of scientific and technical

innovations such as the industrial synthesis of new pigments (with bright, more

saturated hues) and the introduction of the paint tube (allowing easy distribution and

use of industrially produced artistic paints) set the stage for a significant artistic

revolution. Indeed, several masters of modern art, such as Joseph M.W. Turner

(1775–1851), John Constable (1776–1837), Camille Pissarro (1830–1903), Paul

Cézanne (1839–1906), Vincent van Gogh (1853–1890), George Seurat (1859–1891),

and James Ensor (1860–1949) avidly made use of the new possibilities the recently

available pigments and paints offered for expressing themselves.

Among the many colors employed by Vincent Van Gogh, the use of yellow

pigments becomes very important after 1885.While in his early period (1883–1885/6),

he employed mainly Naples yellow (lead antimonate) or light hued earth pigments, in

the second half of his career (when he worked in Paris, Arles, and St. Remy,

1885–1890), he frequently employs both chrome yellow and cadmium yellow [2]. As

becomes clear from his correspondence [3], chrome yellows are among Van Gogh’s

favored pigments, featuring in some of his most important paintings from the French

period (1886–1890), such as, for example, the Sunflowers series of paintings. Already

during his lifetime, Vincent van Gogh was aware of the lack of stability of chrome

yellow (see letter nr. 595 from 1898 [3]). In this respect, cadmium yellow had a better

reputation; however, recent investigations have revealed that also this pigment may

change its hue under the influence of time and environmental agents. Its degradation

behavior has been/is being studied inworks of art byVincentVanGogh,HenriMatisse

(1869–1954), and EdvardMunch (1863–1944). The final pigment to be discussed here

isminiumor red lead (Pb3O4);VanGogh and his contemporaries sometimes employed

this orange-red pigment. This substance, frequently used outside artists’ workshops to

protect metals from corrosion, tends to become either white or black, as a function of

its chemical environment.

In order to assess better the current and future state of a painted work of art, it is

highly relevant to have a good understanding of the alteration processes that

gradually affect the materials it consists of. Many of these alteration phenomena

only become visible after an extended period of time and are caused by slow acting

(physico-)chemical transformations in multi-component and multi-phase chemical

systems that only gradually move towards equilibrium. Redox processes have been

identified as being responsible for alteration of a number of inorganic pigments. A

lot of these reactions involved include a photo-activation step and, therefore, require

(sufficiently energetic) light falling on the painting (surface). The secondary

compounds formed in this manner generally are present as micrometer-thin layers,

at or just below the paint surface. Advanced analytical methods that allow to

distinguish between subtly different compounds or valence states of the same

transition metal in these micrometer-thin and superficial alteration layers and that at

the same time are able to provide information on the distribution of such secondary

compounds, are therefore mandatory tools for art-conservation research [4].

Traditionally, to study the chemical make-up of painted artworks in detail,

(minute) paint samples are collected. These tiny samples can be taken using five
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standard ‘‘microdestructive’’ techniques: scalpels or lancets (e.g. [5]); gentle cotton

bud (Q-tip) abrasion (e.g. [6]); microdrilling (involving a 100–200 lm diameter

bore) (e.g. [7]); or laser ablation, the ablated materials being collected on

microscope slides (e.g. [8]). These techniques remove only minute amounts of

material and any damage is effectively invisible to the naked eye; they, therefore, do

not disturb the esthetic experience of the artwork. Moreover, microdestructive

sampling is mostly limited to areas where paint losses have already occurred. The

extracted material often comprises the entire stack of micrometre-thick paint layers

at a given position. To examine the minute samples, one or more non-destructive

microanalytical methods may be employed before undertaking additional analytical

investigations that involve the chemical digestion of the sampled material, or any

other wet-chemical operation. Prior to microanalysis, multilayered paint samples are

typically embedded in resin, cross-sectioned and then polished. Alternatively, the

different materials/layers in a paint sample may be carefully separated from each

other under the microscope for separate analysis.

The range of analytical techniques available to painting researchers is now fairly

extensive and the methods can be used to characterize a painting’s materials in

detail. They include the following: optical microscopy (OM), scanning electron

microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDX) [9],

micro-Fourier transform infrared spectroscopy (l-FTIR) ([10]), micro-Raman

spectroscopy (l-RS) [11, 12], high-pressure liquid chromatography (HPLC), gas

chromatography coupled with mass spectrometry (GCMS), and pyrolysis GCMS

(Py-GCMS) [5, 13–15]. To complement these analytical methods there are chemical

imaging techniques such as synchrotron radiation (SR)-based micro-X-ray fluores-

cence (l-XRF) [16], micro-X-ray absorption near-edge spectroscopy (l-XANES)
spectroscopy ([17]), micro-X-ray powder diffraction (l-XRPD) [18], and syn-

chrotron radiation micro-Fourier transform infrared spectroscopy (SR-l-FTIR). SR-
based photoluminescence is a relative new addition to this series [19]. Often,

combinations of these methods are required to fully understand the paints’

chemistry [20, 21]. This was also the case for a number of the investigations

described below.

Micrometers below a painting’s surface, a wealth of information may be present

about the creative process followed by the artist while making the work of art. The

manner in which a painted work of art was created, its conservation, and exhibition

history may leave material traces behind, for example, in the layer-by-layer build-up of

the artwork. However, this stratigraphic information, comprising structural and

compositional aspects, is usually not easy to obtain in a non-invasive manner. Next to

the visible surface layers, subsurface layersmay includeunderdrawings, underpaintings,

and adjustments made in the course of painting. Together, all these layers determine the

current appearance of the work of art. In a growing number of cases conservators have

discovered abandoned compositions underneath paintings, illustrating the artist’s

practice of reusing a canvas or panel. Imaging methods that can ‘‘read’’ this hidden

information without any damage to the artwork are, therefore, valuable tools for art-

historical research [22]. The standardmethods for studying the inner structure of painted

works of art are X-ray radiography (XRR) and infrared reflectography (IRR), both

penetrative illumination techniques that are optionally complemented with the
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microscopic analysis of cross-sectioned paint samples. Since these methods all have

their limitations, recently, a number of fundamentally new approaches based on X-rays

for imaging the buildup of hidden paint layers systems (and for analyzing small samples

thereof) have been put into practice. Two major motivations can be discerned for the

development of such analytical methods: (a) the desire to knowmore about the creative

process and/or the artist’s way of working that have led to a given artefact and (b) the

need to assess and predict the current and future condition of a work of art. Motivation

(a) is essentially of art-historical nature and seeks to reconstruct (better) the past/history

of an artwork while motivation (b) is more strongly linked to preventive conservation

and to conservation technology and, therefore, mostly concerned with the future of the

artwork [17]. It should be duly noted, however, that for conservation, also an

understanding of the history of awork of art and the artist’s intent is fundamental, since it

provides the basis for assessing the current condition of the artwork and for deciding

which might be the most appropriate interventions [23].

A comprehensive understandingof the paints used in awork of art, therefore, requires

information from across the painting’s surface, as well as on their ordering as a function

of depth [23]. To complement the detailed information that can be gathered from a

limited number of (possibly non-representative) paint cross sections, mobile versions of

different non-invasive spectroscopicmethods can be used to investigate a (much) larger

number of locations on a work of art. By means of portable XRF (PXRF), element

signatures can be swiftly recorded from all differently colored areas of a painting,

allowing indirect inferences to be made on which pigments were used throughout.

Similarly, portable RS and FTIR equipment can be used in a complementary manner to

record molecular spectroscopic data and to assess the presence of any organic

constituents (e.g. [24]). More recently, several X-ray and visible/near infrared (VIS/

NIR) based non-invasive imaging methods have been developed and successfully

employed to document the composition of complete paintings [25–27]. They can be

considered the state-of-the-art equivalents of the two imaging methods that have been

routinely employed in subsurface investigation of paintings for several decades: infrared

reflectography (IRR) and X-ray radiography (XRR). Some of these exploit a scanning

mode of operation (see Fig. 1) and include the techniques of macroscopic X-ray

fluorescence (MA-XRF) [26], macroscopic X-ray diffraction (MA-XRD) [28],

macroscopic Fourier transform infrared scanning in reflection mode (MA-rFTIR)

[29], and VIS/NIR imaging [30]. Camera-based analytical approaches include

hyperspectral imaging in the visible range (350–700 nm), the near-infrared range

(NIR; 0.7–1.7 lm), and the short-wave infrared range (SWIR; 1.7–2.5 lm) [27].

In what follows, after outlining a number of X-ray based methods of analysis

suitable for studying pigment degradation phenomena, we describe a number of

recent studies aimed at unraveling the degradation pathways these pigments are

subjected to. Here, the ability to determine the speciation of the inorganic metallic

compounds on the (sub)microscopic scale is often highly valuable, as this speciation

state often alters during degradation processes. We also briefly describe recently

developed methods of chemical imaging by means of which the distribution of

pigments in paintings can be visualized. It is often interesting to combine both

methods for local (speciation) analysis and large scale chemical imaging in a study

of a particular work of art.
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2 X-ray Based Methods of Analysis

X-ray fluorescence analysis (XRF) is a well-established method of (semi-

)quantitative elemental analysis that is based on the ionization of the atoms of the

material being irradiated by an energetic beam of primary X-rays. XRF on heritage

and archaeological samples is mainly used in reflection geometry to probe the

stratigraphy of polished cross-sections of micro-samples or the exposed surfaces of

objects. The energy of the fluorescent photons is the difference in energy between

the vacancy that is the result of the ionization process and the electronic state of the

electron filling the vacancy [16, 31]. In this manner, the characteristic radiation

emitted by the ionized atoms contains information on the nature and the abundance

of the elemental constituents present. The technique is particularly efficient for

studying high atomic number (high-Z) elements in low-Z matrices. Analysis of the

XRF spectra involves identification of the elements present from the fluorescence

lines observed and estimation of their net intensity; the latter are in principle

proportional to the abundance of the corresponding chemical elements. (Semi-

)quantitative analysis usually involves more complex calculations as initial

absorption of the X-ray beam and absorption of the fluorescent photons in the

material has to be modeled by taking the (expected) matrix composition into

account in an iterative fashion [32–34]. Since XRF meets a number of the

requirements of the ‘‘ideal method’’ for non-destructive analysis of cultural heritage

materials [35], analysis of objects of artistic and/or archaeological value with

Fig. 1 Christ with singing and music-making Angels, Hans Memling (1430–1495, Royal Museum of
Fine Arts, Antwerp, Belgium, panels 779, 778, and 780; oil on panel). a MA-rFTIR scanner in front of
panel 779; b PXRF-analysis of the chest-area of Angel #8, panel 778. c MA-XRF scanner, scanning part
of panel 780, and resulting elemental maps. The FTIR maps shown in a correspond to the white rectangle
in the MA-XRF maps shown in c. Adapted from [21]
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conventional XRF is fairly common. It is in fact one of the most often applied

methods for obtaining qualitative and semi-quantitative information on such

objects. Several textbooks cover the fundamental and methodological aspects of the

method and its many variants [36].

The variants of XRF that are most relevant for the analysis of painted works of

art or of micro-samples taken from such artifacts are (1) PXRF, (2) the X-ray

microprobe (XMP), involving the combined use of l-XRF/l-X-ray absorption

spectroscopy (l-XAS) and/or of l-XRF/l-XRD, usually based on synchrotron

radiation, and (3) MA-XRF imaging.

Portable XRF (PXRF): prior to analyzing painted works of art with more

sophisticated methods, as a means of first exploration or screening of the artifacts,

the use PXRF, sometimes also called handheld XRF (HXRF or HHXRF) is usually

very relevant [37]. Various compact, battery operated devices of this kind are now

commercially available [38–43] next to a number of self-built systems [44–47]. One

of these is shown in Fig. 1b. Since the interaction of individual photons of a specific

energy with single atoms of given atomic number can be very well described, in

principle, any form of X-ray fluorescence and, therefore, also PXRF, has the

potential of being used for (semi-)quantitative analysis. Several calibration schemes

and variants thereof have been developed since the 1970s [48]. Over the past

decade, PXRF instruments have allowed non-invasive analyses to be conducted in

museums around the world, on virtually any size artifact, producing data for up to

several hundred samples per day. However, questions have been raised about the

sensitivity, precision, and accuracy of these devices, and the limitations and

advantages stemming from performing surface analysis on (often) heterogeneous

objects made in obsidian, ceramics, metals, bone, and painted materials have been

discussed [49]. In the next paragraph, a number of recently published studies in

which PXRF was part of the set of analytical methods employed is outlined.

Considering that in PXRF-based studies, the interpretation of the spectral data

obtained from complex, multilayered (paint) systems can be problematic, usually

the advantages of PXRF have been exploited in combination with other, more

surface-specific and/or molecule-specific methods of analysis, in particular vibra-

tional spectroscopies such as Raman and FTIR (micro)spectroscopy.

PXRF has been used extensively both for documentation, as well as for

authentication purposes [50] of works of art of different historical periods. The

painting materials used in prehistoric rock art have been characterized by PXRF,

usually in combination with more specific methods (of molecular spectroscopy)

[51–53]. To characterize the materials and stratigraphies of an Egyptian coffin in the

Museo Civico Archeologico of Bologna (Italy), restored several times in the past, a

two-step approach involving both non-invasive and micro-invasive analysis

techniques was used [54]. The in situ, portable spectroscopies employed included

XRF, fibre optics reflectance spectroscopy (FORS), and FTIR. This multi-technique

approach allowed to reveal many differences in the composition of the (calcite,

CaCO3) ground layer and to identify the pigments in the original [cinnabar,

orpiment, red clay, Egyptian blue (CaCuSi4O10), and copper-based greens] and

restored zones [lead white, Naples yellow (Pb(SbO3)2/Pb3(SbO4)2), cerulean blue

(CoO�nSnO2), azurite (2CuCO3�Cu(OH)2)] of the coffin. In order to resolve
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remaining doubts about the presence of specific pigments in superimposed layers, a

few micro-fragments of paint were removed and analyzed using benchtop methods.

PXRF was combined with portable RS, Diffuse reflectance infra-red Fourier

transform spectroscopy (DRIFTS) and other methods for studying two wall

paintings in the Naples Archaeological Museum. The artefacts were extracted ca.

150 years ago from Marcus Lucretius’ house in Pompeii, showing the result of the

interaction of H2S gas (expelled during the eruption of Vesuvius) on the painting

materials [55]. The efflorescence on the walls of the house and the extracted wall

paintings were also studied [56]. The painted surface of plasters withdrawn from

different areas of the Villa dei Quintili (Rome, Italy) were examined in a similar

manner [57]. A combined XRF/XRD portable instrument was used to study the

pigment palette in the paints of the vaults of the Courtyard of Lions in the Alhambra

Palace (Granada, Spain), identifying (among others) cinnabar and hematite (Fe2O3)

in the red hues, in combination with hydrocerussite in the flesh tones while lazurite

((Na,Ca)8[(S,Cl,SO4,OH)2|(Al6Si6O24)]), azurite, and malachite (CuCO3�Cu(OH)2)
were encountered in, respectively, the blue and green areas [58]. Nubian wall

paintings (from churches in southern Egypt and northern Sudan) from the seventh to

fourteenth century were analyzed with a combination of PXRF and LA-ICP-MS,

allowing the identification of the raw materials employed [59]. On a thirteenth

century icon covered by a nineteenth century painting, an extensive campaign of

non-invasive analytical investigations was carried out using PXRF, FORS, UV–VIS

absorption and emission, allowing the documentation of the gilding techniques

employed and formulation new hypotheses regarding thirteenth century painting

techniques and materials [60]. To document the use of powdered bismuth (Bi) in

Late Gothic paintings and polychromic sculptures, PXRF was used together with

SEM-EDX and optical microscopy [61]. A combination of portable FTIR, Raman,

and XRF was used to identify the rare minerals crocoite (PbCrO4) and mimetite

(Pb5(AsO4)3Cl) in medieval Bohemian murals [62], probably as a result of the

degradation of the pigments orpiment (As2S3) and minium (Pb3O4). The same

methods were also employed to determine the nature of the painting materials

present in Memling’s polyptych Angels Singing and Playing Music [63] (see Fig. 1),

allowing the assessment of the manner in which this painter employed a limited set

of pigments and dyes to accomplish a great variety of color and optics effects. With

the aim of establishing it better into its historical context, a portable XRF–XRD

system was employed to analyze a fifteenth century illuminated parchment from the

Archive of the Royal Chancellery in Granada [64]. This revealed the presence of

gold and silver, lead tin oxide yellow (Pb(Sn,Si)O3/Pb2SnO4), azurite, vermilion,

minium, and malachite. Also, the materials employed by Pieter Brueghel the Elder

in the painting Mad Meg were studied by means of PXRF and other methods [65],

identifying the use of copper resinate green, smalt blue, vermilion red, and lead

white; these findings confirm the hypotheses about ‘‘an economic way of painting’’

by Brueghel. The gold dust, gold leaf, and the materials used for the gilding of two

miniature portraits on copper support from the Evora Museum collection (Portugal)

were examined and analyzed by stereomicroscopy, Raman, and FTIR micro-

spectroscopies, SEM-EDX, PXRF, and liquid chromatography coupled to diode

array and mass spectrometric detection [66]. The pigments and binding media
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employed in Sorolla’s gouache sketches for the Library of the Hispanic Society of

America, New York City, NY, USA have been studied by means of a combination

of PXRF, SEM-EDX, and FTIR analysis, showing that a rich palette of pigments

was used to manufacture these nineteenth century artists’ materials [67]. With the

aim of documenting the evolution in the pigment use of the late nineteenth century/

early twentieth century. Belgian painter James Ensor, and to correlate this technical

evolution with stylistic developments, a systematic survey was conducted mainly

based on PXRF [68]. A series of non-invasive analyses employing PXRF,

portable RS, and FTIR were combined with benchtop micro-Raman and SEM-

EDX investigations to study the complicated mixtures encountered in paintings by

E. Munch and F. Kupka, highlighting the need to employ combinations of methods

in order to arrive at unambiguous pigment identifications [69]. Other works of

modern painters were examined to verify their authenticity [70] or document their

pigment usage [71–75].

Microscopic XRF (l-XRF) is a branch of XRF that has been developed since

1990 [76], mainly thanks to the use and increasing availability of (a) synchrotron

radiation (SR) and (b) various devices for efficient focusing of X-rays [16, 77]. It

can obtain information on the local elemental composition of inhomogeneous

samples. At synchrotron facilities, a variety of micro- or nanofocus optics, based on

refraction [78, 79], diffraction [80, 81], or total reflection [82, 83] of X-rays, is

currently in use to create small beams with energies in the 1–100 keV range and

with diameters of typically 0.1–1 lm. In laboratory l-XRF instruments, mostly

polycapillary lenses are employed for focusing [84–86], providing focused X-ray

beams that usually are 10–30 lm in diameter [87]. Among the commercial

apparatus currently available, there are some specifically developed for the local

investigation of works of art [88]. By incorporation of additional degrees of freedom

of the measuring head, the analysis of Antique manuscripts [89, 90] and bronzes

[91, 92], Medieval paintings [93], Chinese porcelain [94], and Baroque-era

drawings [95] has become possible.

A specific sub-type of micro-XRF investigations are those employing a confocal

excitation-detection geometry [96]. In this case, the recorded XRF signals stem

from a well-defined cube-like ‘‘sampling’’ volume that is situated at the intersection

of the X-ray optical devices positioned between X-ray source and sample (defining

the primary beam) and between sample and X-ray detector (defining the direction

from which XRF signals can enter the detector) [97]. Often, polycapillary optics are

employed for the latter purpose [98, 99]. By moving the sample through this

sampling volume, local information on the elemental composition of the material

being investigated can be obtained. Sequential series of confocal XRF measure-

ments along lines and planes allows to visualize the distribution of chemical

elements of interest in one or two dimensions, creating, for example, virtual depth

profiles, and two- or three-dimensional distributions inside the materials of interest

[23, 100, 101]. After its original introduction at synchrotron radiation facilities

[97, 101–105], the feasibility of performing confocal XRF measurements using tube

sources was demonstrated by several groups around the world [106–110], along

with appropriate deconvolution, quantification, and simulation models [111–118].

Several papers have been recently been published where confocal XRF
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measurements are exploited for sub-surface examination of painted works of art

[119–124], next to pottery [125], coins [86], stained glass [126, 127], painted metal

sheet [128], and natural rock samples [129].

About 10–15 years ago, the main advantages of SR-based l-XRF for the study of

archaeological and artistic materials (such as glass, inks, enamel, metals) were

considered to be its quantitative and non-destructive character combined with the

possibility to perform trace analysis at the 1–10 ppm-level for transition element

metals [130]. At that time, the combined use of l-XRF with l-XAS and l-XRD was

described as an interesting development [131]. Currently, this multi-modal approach

has become standard practice at SR facilities, where the role of l-XRF is still central,

but often no longer ofmajor importance. X-raymicroprobes (XMPs), i.e., synchrotron

beam lines that allow the combined use of these methods are nowadays present at all

SR facilities. Recent review papers [21, 132–134] indicate that they are well-

established, non-destructive analytical tools that are successfully employed in a large

variety of application fields such as materials science/quality control, environmental

science, geology, and life sciences, as well as in cultural heritage investigations.

Figures 2 and 3 show spectral data and chemical maps derived from degraded paint

micro samples. For the investigation of (altered) paint layer samples, also SR-based l-
FTIR is being increasingly used as a complementary method; in addition to the

identification of organic components (binders, varnishes) it provides specific

Fig. 2 a Photograph of Sunflowers by Van Gogh (Arles, 1889; Van Gogh Museum, Amsterdam, the
Netherlands); sampling spots are also shown. RGB composite MA-XRF maps of b Pb/Cr/Zn and c Hg/
As ? Cu/Fe. d Raman and IR distribution of different CY types (LS-CY: light-sensitive chrome yellow
(PbCr1-xSxO4, with x[ 0.4); LF-CY: light-fast chrome yellow (monoclinic PbCrO4); CO: chrome orange
[(1-x)PbCrO4�xPbO]). Triangles show the location of FTIR analyses;‘‘V’’ and ‘‘RL’’ indicate spots
containing also vermilion and red lead. The white circle denotes the location where only red lead was
identified. e Photomicrograph detail of sample F458/4 where SR l-XRF/l-XANES analysis of f–i) were
performed. RGB SR l-XRF images of f S/Cr/Pb [map size: 124 9 51.2 lm2; pixel size (h 9 v):
1 9 0.25 lm2; energy: 6.090 keV]. g, h RG Cr(VI)/Cr(III) chemical state maps [pixel size (h 9 v):
0.7 9 0.2 lm2] and i XANES spectra collected from areas indicated in g, b. Maps of (g, h) were acquired
in the regions shown in f. Adapted from [156]
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information on the presence of counter ions such as carbonates, sulfates, and oxalates

where l-XRF and l-XAS mostly yield data on the metal ions themselves.

SR-based XMPs have proven their value over more conventional combinations

of microanalytical methods, especially for the characterization of degradation

products that are formed in thin layers (smaller than 10 lm in thickness) at the

surface of weathered archaeological and/or artistic materials and artifacts. Since

individual paint layers in paint stratigraphies may be only a few micrometres in

thickness, the lateral resolution offered by laboratory l-XRF is not always sufficient

to extract all relevant information; thus, the collection of elemental maps from paint

cross sections using SEM-EDX at a typical lateral resolution of 1 lm is still

preferred. Occasionally, l-XRF has been used for this purpose, and then mostly in

combination with other laboratory-based methods that provide complementary

information [135, 136]. Since the use of (focussed beams of) synchrotron radiation

exposes the materials under investigation to elevated doses of radiation, not all

materials can be examined without beam damage [137]; phenomena such as gradual

loss of crystallinity, beam-induced oxidation or reduction have been observed in

several cases [138–140].

X-ray absorption spectroscopy (XAS) is based on the absorption of X-rays by

materials in the vicinity of the absorption edge of one of its constituting elements.

The technique provides chemical speciation, i.e. information on the coordination

Fig. 3 a Le bonheur de vivre (aka The Joy of Life, 1905–1906, oil on canvas, 176.5 9 240.7 cm, The
Barnes Foundation, BF719) by Henri Matisse; b S-Ka edge XANES of cadmium yellow (CdS, in red) and
its transparent/colourless oxidation product (CdSO4�nH2O, in green); c, e) Optical photographs of paint
cross sections taken from a; d, f Compound sulphide (red)/sulphate (green) map of the areas indicated by
the red rectangle in c and e (step size: 1 9 1.2 lm2); g–i) XRF, full-field XANES and XRD maps of the
sample shown in e. Adapted from [222]

Top Curr Chem (Z) (2016) 374:81

123 88 Reprinted from the journal



sphere of the selected absorbing element (the central atom). The tunability of the

synchrotron emission with typical bandwidths DE/E smaller than 10-3–10-4, i.e. in

the (fractional) eV range for hard X-rays, permits the fine scanning of individual

element absorption edges. Synchrotron beam line setups are usually optimized to

continuously scan the primary beam energy E with a fixed exit of the beam over the

desired energy range (a few tens of electron volts for XANES or a few hundred eV

for extended X-ray absorption fine structure (EXAFS) spectroscopy). Due to the

high absorbance of many materials encountered at energies below 20 keV most

X-ray absorption experiments for cultural heritage and archaeology are performed

using XANES in fluorescence detection mode by collecting the X-ray signal

typically over some tens of eVs. The XANES fingerprint that is obtained is

compared to that of known reference compounds and in many situations the

unknown fingerprint spectra can be described by a linear combination of the spectra

of the references (see for example Fig. 2i or 3b). By recording l-XRF maps at a

limited number of energies along the XANES spectrum and appropriate transfor-

mation of the resulting intensity distributions, it is possible to obtain species-specific

maps (see for example Fig. 3b). Several reviews on the use of XANES for cultural

heritage investigations are available [17, 20].

X-ray diffraction (XRD): the main use of XRD for the study of paintings and

pigments stems from the fact that identification and quantification of crystalline

phases in complex mixtures is possible. Via appropriate optics, an X-ray micro-

beam of medium to low divergence (typically\3 mrad) is generated that allows a

paint sample or an entire artifact either in transmission or in reflection geometry to

be irradiated (see Fig. 4). Such beams may be generated at synchrotron facilities

using various optics, but also by using laboratory X-ray sources and, e.g., double

focusing mirrors. The powder diffraction rings are usually recorded with a two-

dimensional detector and then azimuthally integrated (Fig. 4e, f), yielding a radial

profile (scattering intensity vs. scattering angle 2h or momentum transfer Q). Each

phase inside the sample gives rise to a series of diffraction rings that appear as sharp

peaks in the radial profile. This ‘‘fingerprint’’ can be compared with databases and

used to identify the phases present. A possible overlap between the diffraction peaks

makes this process more difficult. In a number of cases, also Rietveld analysis [141]

is performed in order to extract quantitative information.

Macroscopic X-ray fluorescence (MA-XRF) imaging is a large scale variant of l-
XRF that has come in use since 2008 when it transpired that hidden/overpainted

layers in paintings can be revisualized in this manner; significantly more (pictorial

and chemical) information can be obtained than by means of X-ray radiography

[142]. It involves the relatively fast scanning of a work of art relative to an X-ray

source and XRF-detector assembly. Either the latter assembly is moved in front of

the stationary artwork (mobile MA-XRF scanners) or vice versa. With typical dwell

times of 50–200 ms per point, a (very) large number of XRF spectra (of the order of

one to several million spectra/artwork) are recorded, yielding (after appropriate

spectrum evaluation [143]) large-scale elemental maps (see Figs. 1c, 2b, c, 7c, d, 8,

9d, 10b). While its development started at a synchrotron facility [144], at which also

the first studies were realized [142, 145–148], relatively soon mobile MA-XRF

instruments were developed that allowed performing scanning experiments in the
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museum or picture gallery where the works of art are normally on display or are

conserved [26, 149, 150]. With these MA-XRF scanners, it was possible to examine

a great variety of artworks by well-known artists such as Rubens [22], Rembrandt

[151–153], Vermeer [154], Goya [155], Van Gogh [145, 156], Magritte [157],

Mondriaan [158] and Pollock [159], and to discover new information on their

artistic history and on their current state of conservation. Several X-ray instrumen-

tation manufacturers and research institutions have recently described MA-XRF

scanners of their own making [27, 160].

3 Multimodal X-ray-Based Identification and Degradation Studies
of Artists’ Pigments

3.1 Pigments As Semi-Conductor Materials

Most of the artists’ pigments of which the spontaneous degradation behavior are

described below are semiconductors. These are materials in which, upon absorption

of photons, electrons can be promoted from the valence to the conduction band,

leaving behind positive holes (see Fig. 5a). As illustrated in Fig. 5b, near the surface

of the material, band bending can take place, which may lead to either electrons or

positive holes being ‘‘injected’’ in the adjacent materials. The (in)stability of these

Fig. 4 a XRR image (obtained via X-ray absorption tomography) of a minium pustule removed from the
surface of ‘‘Wheat stacks under a cloudy sky’’, V.van Gogh (Kröller-Müller Museum, Otterlo, the
Netherlands). b Schematic and photograph of scanning XRF/XRD setup employed at Beamline P06 of
PETRA-III. c XRF and d XRD 2D distribution images of the severed pustule (map size: 80 9 55 lm2).
e 2D X-ray diffractogram of a plumbonacrite-rich location and f corresponding Q-space spectrum
showing the peaks of various lead carbonates. g Color reconstructions of the projected and h the internal
crystalline distribution of the paint sample. Pixel size: 45 lm2 (in c, d, and g); 11 lm2 (in h). Adapted
from [163]
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pigments and the nature of the corresponding chemical transformations may be

better understood/predicted by considering the positions of the valence band

maximum (VBM) and conduction band minimum (CBM) in relation to their

thermodynamic oxidation and reduction potential (uox and ured) and that of water

(see Fig. 5c) [161, 162]. In this manner, the positions of uox and ured can be used for

a fast screening of the stability of semiconductor pigments towards photo-induced

corrosion in an aqueous/humid environment. This theoretical approach corresponds

well with experimental data on pigment permanence and degradation phenomena

found in the literature. By experimentally recording the photo-induced reduction or

oxidation current emitted by the irradiated pigment/paint in an electrochemical

setup that mimics the real environment of the degrading paint, the influence of

potentially harmful environmental parameters (e.g., the wavelength and intensity of

the exciting light, the type of solvent, its pH, the concentration of metal-binding

ligands such as Cl-and HCO3
-) can be rapidly determined. It provides an

experimental way of assessing whether or not a semi-conductor pigment is prone to

photo-induced oxidation or reduction, with the advantage that it is much faster than

more traditional approaches based on artificial ageing of paint model samples.

Accelerated weathering experiments on such materials usually are time-consuming,

limiting the number of environmental factors of which the influence can

Fig. 5 a Indication of the penetration depth of blue (&450 nm), green (&510 nm), and red (&650 nm)
light. b Band bending for n-type semiconductors under illumination: accumulation layer (negative surface
charge), flat band potential and depletion layer (positive surface charge, most common for n-type
semiconductors). Arrows indicate either recombination of generated electron–hole pairs, or charge
separation in the presence of an electric field induced by band bending. c Schematic overview on the
stability of semiconductors in water. Oxidation and reduction potentials of a semiconductor relative to the
oxidation and reduction potential of H2O. d Oxidation and reduction potentials relative to the NHE and
vacuum level for relevant semiconductor pigments or pigment degradation products in aqueous solution
at pH 7 (pH 8.5 for ZnO), plotted versus the valence (dark grey columns) and conduction (light grey
columns) band edge positions at pH 7. Adapted from [161]
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systematically be examined. Moreover, during the long time period of artificial

aging, the possibility exists that several chemical transformation processes (e.g. an

initial photo-induced redox reaction followed by the precipitation of the released

metal ions with suitable anions) may be taking place so that only their compound

effect can be observed [163]. As concrete examples, the degradation behavior of the

pigments cadmium yellow (CdS) and vermilion (a-HgS) were discussed in greater

detail [162, 164, 165].

3.2 Pigment Degradation Studies Related to Fifteenth–Seventeenth
Century Works of Art

Vermilion red (a-HgS) is a very frequently used semi-conductor pigment from the

neolithic period onwards. It has been mined prehistorically and historically in

China, Japan, Europe, and the Americas to extract metallic mercury (Hg0) for use in

metallurgy, as a medicine or preservative, and as a red pigment for (body) painting

and in ceramics [166]. It is a pigment that features a complex multistep degradation

pathway. Chlorine and sulfur K-edge l-XANES investigation were combined with

l-XRD to determine the alteration mechanism that causes red pigment to acquire a

grayish-black aspect (see Fig. 6) [167]. Paint fragments from Rubens paintings and

from wall paintings in the Monastery of Pedralbes in Spain have also been examined

[168–170]. Whereas elemental analyses of the degradation products revealed, along

with mercury and sulfur, the presence of chlorine, XRD identified (in addition to a-
HgS) calomel (Hg2Cl2) and the mercury-, sulfur-, and chlorine-containing minerals

corderoite (a-Hg3S2Cl2) and kenhsuite (c-Hg3S2Cl2). These observations are

consistent with S- and Cl-edge XANES data. The resulting maps reveal a clear

stratification between the primary mercury compounds (a-HgS) and the secondary

species that arose from the interaction with environmental chlorine, leading the

authors to hypothesize that a-HgS first takes up Cl, thereby converting into one or

more Hg3S2Cl2 phases. These light-sensitive compounds, following the loss of

sulfur atoms, can be transformed into Hg2Cl2, whereas sulfide ions oxidize into

sulfate ions. The final step may involve the UV-induced disproportion of Hg2Cl2 to

HgCl2 and may cause metallic mercury to turn white calomel into a grayish-black

substance. No evidence for this transformation could be found with X-ray methods,

although some relevant data were recorded via secondary ion mass spectrometry

[171]. To study in greater detail the principle environmental factors (light, presence

of halides) influencing the instability of red mercury sulfide and to better understand

the chemical equilibria governing the formation and evolution of the different

degradation compounds, a thermodynamic study of the Hg–S–Cl–H2O system was

made in combination with theoretical considerations and experimental ageing

experiments [172]. The latter were performed in O2-rich and O2-poor circumstances

(see Fig. 6d, e). From these it could be concluded that Hg(0), a-Hg3S2Cl2, and
Hg2Cl2 can be formed from the reaction of a-HgS with ClO(g). Artificial aging

experiments were carried out on model samples following the conditions assessed in

the first part, in order to reproduce natural ageing observed on red mercury sulfide.

Similarly to degradation compounds detected on original works of art, mercury

chlorine compounds such as calomel and corderoite were identified on the surface of
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a-HgS model samples when exposed to light and a sodium hypochlorite solution.

Together with these compounds, sulfates were detected as well, and more

particularly gypsum (CaSO4�2H2O) when Ca was originally present in the model

sample. These experiments also showed that light is a necessary factor to obtain

degradation. From the relevant Pourbaix diagrams, it follows that both calomel and

corderoite can be formed at basic pH, which is consistent with their formation in the

presence of NaOCl solution (pH 12) during artificial aging experiments. These

compounds appear to be formed simultaneously, but the visual aspect of the samples

changed during the course of the ageing experiments, showing different steps and

colors. In order to remain stable, corderoite needs chlorine to be always available as

a reagent. In the case of aging in O2-rich circumstances, corderoite after some time

disappeared and was converted into calomel. It, therefore, appears that corderoite is

an intermediate product in the reaction of the formation of calomel from a-HgS.
Mapping of cross-sections obtained from the artificially aged samples revealed a

multi-layered structure similar to the ones observed on altered works of art, with

mercury chloride compounds on top of red mercury sulfide layers and sulfates at the

surface of the samples. Compounds containing both S and Cl are found in

intermediate layers. Concerning the visual aspect of the degradation of red mercury

sulfide, the different compounds detected on the pellets and on historical paintings

(calomel, corderoite, kenhsuite, gypsum) explain the observed white/purple colors,

but not the black one. The attribution of the black colour to meta-cinnabar (b-HgS)

Fig. 6 Photographs of paint micro-fragments taken from: a The Adoration of the Magi, a painting by P.
P. Rubens, Royal Museum of Fine Arts, Antwerp, Belgium; b, c a Roman fresco from Villa delle Torre,
near Pompeii, Italy. d Pellets aged with NaOCl solution and light at different times of ageing: (top panel)
two-layered vermilion|gypsum pellet, aged in a cyclic system; single-layered vermilion pellet, aged in
(middle panel) cyclic and (bottom panel) closed system; e Visible and local backscattered electron (BSE)
image of two-layered vermilion|NaCl pellet, aged with NaOCl in a closed system; the table shows
quantitative SEM analyses results performed on the four points shown in the BSE image (in atomic
percentage; Hg, S, Cl, and Na concentrations were normalized to a total of 100%; C, O, and Al data not
shown here). Adapted from [170]
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turned out to be unfounded. Theoretical spectroscopic results have indicated that

none of the minerals identified as degradation compounds on mercury sulfide

samples is intrinsically gray or black [165]. The presence of elemental mercury was

proposed as a by-product of the photo-induced mechanism that causes the darkening

of the paintings. In some conditions, the formation of Hg0 from HgS is indeed

thermodynamically favorable. By means of electrochemical methods [164, 173], the

formation of metallic mercury from HgS by the joint action of light and chloride

ions could be experimentally demonstrated. All the above consideration could be

brought together in the following sequence of chemical transformations:

HgS ! b� Hg3S2Cl2 ! a� Hg3S2Cl2; c� Hg3S2Cl2 ! Hg2Cl2

! Hg0 þ HgCl2:

By means of a combination of laboratory-based experiments and thermodynamic

modeling, the mechanism(s) and kinetics of cinnabar alteration in fresco applica-

tions was further clarified, specifically the role of light, humidity, and chlorine ions.

Additionally, possible pathways and preventive and remedial conservation

treatments during or immediately following excavation were explored to inhibit

or retard darkening of cinnabar pigmented fresco surfaces [174].

Arsenic sulfide pigments (AsxSy) are yellow (orpiment, As2S3) to orange-red

(realgar, As4S4) p-type semi-conductors that have been used as wall painting

pigments since antiquity, especially in Asia or Egypt [175, 176] and in illuminated

manuscripts [177–179]. They have been used less extensively in Europe where less

toxic or easier-to-use alternatives, such as lead–tin yellow, lead chromate, or

cadmium yellow, were available and preferred. Nonetheless, both orpiment and

realgar are frequently found in easel paintings, especially during the Venetian

renaissance era and in still life or portrait details [180]. It is not also uncommon to

find them in sculptures or decorative art objects [181]. Their sensitivity to light and

resulting photo-oxidation in works of art is well described and often identified

[182–184]: realgar (a-As4S4, monoclinic, red) first becomes para-realgar (b-As4S4,
monoclinic, yellow) which then turns into arsenolite (As2O3, white) while orpiment

(As2S3, yellow-gold) directly turns into arsenolite [176, 180, 182, 185, 186]. In oil

paintings, the chemical degradation of emerald green (Cu(C2H3O2)2�3Cu(AsO2)2)

and of arsenic sulfide pigment have arsenic trioxide (As2O3) as a common

degradation end product. In such paintings where this degradation takes place,

arsenic is no longer confined to the pigment particles, but is detected via elemental

X-ray analysis throughout the whole paint system, e.g., at layer interfaces, in

varnishes, around iron- and aluminium-containing particles, and in the wood

structure of a panel painting. The migrated arsenic is thought to be transported

within the paint system as arsenic trioxide in aqueous form (H3AsO3) by the same

mechanism as its transport in groundwater in the environment. In environmental

studies, the oxidation of As(?III) to As(?V) is well documented; dispersed arsenic

in paintings released from degraded pigments can, therefore, be a marker for water-

linked transport processes [180]. In a cross section from A Stone Cartouche with a

Garland of Flowers (1655) by the Flemish seventeenth century painter Daniel

Seghers (1590–1661), a combination of FTIR and Raman microscopy and XANES
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investigations was employed to identify and image the two oxidation states of the

arsenic sulfide pigment and its secondary compounds—arsenite [As(?III), unde-

graded] and arsenate [As(?V), degraded]. This painting presented unquestionable

signs of alteration as the yellow roses, originally painted using a mixture of arsenic

sulfide and ochre, became transparent over time. The As-K edge l-XANES spectra

and maps collected from the cross section left no doubt that As(?V) compounds are

effectively present while some of the corresponding Raman data are consistent with

this [187]. Some indications are already available that the mineral schultenite

(PbHAsO4) can be formed in situ; a positive identification of this degradation

compound by means of XRD could be realized in several seventeenth century

paintings by J. De Heem (unpublished data).

Smalt was commonly used as a pigment by artists between the sixteenth and

eighteenth centuries. It is a powdered blue potash glass colored by cobalt ions that

easily degrades in oil paint, causing sometimes dramatic chromatic changes in the

appearance of oil paintings. In many cases, reflection light microscopy demon-

strated the presence of partially discolored smalt particles with a remaining blue

core [188] (for an example, see Fig. 9b, c). The composition of smalt can vary

considerably depending on the manufacturing process and the elements that are

present in the raw materials in addition to the essential glass components silica,

potassium oxide, and cobalt. It is known from historical documentary sources that

smalt was available to artists in various grades with different color intensities, but it

can be difficult to distinguish between pigment that is degraded and that which has

always been rather grey in hue. Quantitative analysis of smalt pigment by SEM–

EDX has proved to be a useful method of distinguishing between deteriorated and

well preserved pigment based on the potassium content [189]. A typical pattern was

encountered in a sample from Paolo Fiammingo’s The Sons of Boreas Pursuing the

Harpies (National Gallery London, NG 5467) [190]. In the upper layer of the cross

section, where the smalt is mixed with lead white, it is well preserved and contains

around 13–14 w% K2O. The smalt in the lower layer, which was mixed with only a

little lead white, is degraded: the paint appears yellowish; the pigment has lost its

color almost entirely and contains only 1–2% K2O. In order to investigate the

changes in the structure and environment around the cobalt ion on deterioration and

to further the understanding of the basis of the loss of color, particles of well-

preserved and altered smalt in micro-samples from paintings in the National

Gallery, London, and the Louvre Museum, Paris, were analyzed using XAS at the

Co K-edge [191]. XANES and EXAFS measurements showed that in intense blue

particles, the cobalt is predominantly present as Co(?II) in tetrahedral coordination,

whereas in colorless, altered smalt the coordination number of Co(?II) in the glass

structure is increased, and there is a shift from tetrahedral toward octahedral

coordination. The extent of this shift correlates clearly with the alkali content,

indicating that it is caused by leaching of potassium cations, which act as charge

compensators and stabilize the tetrahedral coordination of the cobalt ions that is

responsible for the blue color. The same samples were analyzed complementarily by

using vibrational techniques such as l-RS and SR-FTIR microscopy [192].

Comparison of the resulting spectra with those from modern smalt, together with

spectral decomposition and correlation with quantitative SEM-EDX analysis, shed
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new light on the role of the various cations in the silicate structure. Important

modifications in the structure of the pigment on alteration were revealed, in

particular the leaching of alkali ions and the formation of silanol groups, which

subsequently condense to create new bridging Si–O–Si bonds and molecular water

in the glass. The degradation mechanism and progressive deterioration of smalt

were reproduced while also a theoretical explanation for the connection between the

discoloration process and structural atomic changes around the Co atom was

provided [193].

From antiquity, the pigment ultramarine was prepared by grinding the semi-

precious stone lapis lazuli (containing the mineral lazurite) into powder. It was one

of the most expensive artists’ pigments throughout history. Lapis lazuli is composed

of various minerals, among which aluminosilicates of the sodalite group. The most

notable is the mineral lazurite (Na,Ca)8(Al6Si6O24)(SO4,S,Cl)2 in which the cations

and anions are trapped within the aluminosilicate framework. The pigment obtains

its color from the fact that S2
- and S3

- anions are present inside the sodalite b-
cages. Evidence of entrapment of carbon dioxide in the natural pigment from

Afghanistan was found by Miliani et al. [194], indicated by the IR absorption band

at 2340 cm-1 and a low frequency satellite corresponding to the 13CO2 isotopo-

logue. The thermal behavior of natural ultramarine was studied by FTIR, UV–vis

spectroscopy, and XRD, from 300 to 1120 K. Measurements showed that CO2 and

the encapsulated S3
- chromophore behave in the same way during the heating

experiment, starting to be released only at about 670 K when the apertures of the

sodalite b-cages became larger as an effect of temperature. The absorption at

2340 cm-1 can be used as a reliable discriminant between Afghan (the most

probable source prior to the nineteenth century for Western artworks) and artificial

ultramarine, a fact of great interest when dealing with the authentication of

artworks. Recently, the possibility was investigated to distinguish lapis lazuli of

different geographic provenance based on their S–K edge XANES spectrum [195].

All examined lapis lazuli samples feature a S-XANES profile consistent with S3
-

being the dominant species (which considered to be the main responsible for the

blue colour); however, also indications for the presence of species such as S4
2-, S4

-

, and S8 are apparent, depending on the origin of the material. However, the

heterogeneity of the natural rocks hampers the straightforward association of one

specific S K-edge XANES spectrum to a region of provenance. The blue pigments

used on altarpieces in the fifteenth century in Catalonia and Crown of Aragon are

principally composed of the mineral azurite. To a lesser extent, lapis lazuli was used

and occasionally in the background areas and for outlining the principal figures;

indigo (of vegetal origin) was used for the chromatic preparation layer. Data from

several altarpieces belonging to well-known artists of that time were analyzed by

SR-XRD, benchtop FTIR and SR-FTIR microscopy, RS, and SEM-EDX. XRD and

SR-FTIR proved to be especially useful. The application of several layers with

decreasing particle size, starting with azurite and finishing with lapis lazuli relates

these artworks van Eyck’s ‘‘Adoration of the Mystic Lamb’’ [196]. Synthetic

ultramarine shares many properties with its natural form. Both natural and synthetic

ultramarine have long been considered to be highly stable to light and compatible

with other pigments. With both pigment forms, in some circumstances, a grey-black
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to greyish/yellow discoloration of ultramarine-containing paint may be observed. In

historical paintings, this phenomenon is known as ‘‘ultramarine disease’’ and is

generally attributed to a break-up of the binding medium. In a recent study on color

changes resulting from the interaction of various inorganic pigments with acrylic

binding media under UV irradiation, ultramarine blue was found to have a very

significant influence on alkyd resin paint, including a loss of blue color [197]. The

opening of the sodalite cages of ultramarine [198] can cause its chromophoric

S-anions to be released, leading to a loss of color of the pigment itself. Recently, Al-

K edge XANES was employed to investigate the white discoloration of synthetic

ultramarine in twentieth century paintings [199]. In degraded areas (induced by

exposure during 1 min to 3 M HCl), the Al K-edge XANES featured an additional

peak, corresponding to octahedral, six coordinated aluminium; in undegraded

ultramarine, only the signature from AlO4 units, part of intact b-cages, are observed.
From this difference, it may be possible to conclude that the degradation of

ultramarine may involve the removal of Al from the aluminosilicate network.

3.3 Alteration of Late Nineteenth/Early Twentieth Century Artists’
Pigments

Below, we describe a number of recent case studies where a combination of X-ray and

vibrational spectromicroscopic methods, sometimes together with more conventional

laboratory-based analysis techniques, was used to shed light onto the degradation

mechanism of pigments employed by artists such as James Ensor, Henri Matisse,

Vincent van Gogh, and contemporary artists. The degradation behavior of various

yellow pigments such as chrome yellow (PbCrO4 or PbCr1-xSxO4 with x B 0.8), zinc

yellow (K2O�4ZnCrO4�3H2O), cadmium yellow (CdS/Cd1-xZnxS), and Naples yellow

[Pb(SbO3)2�Pb3(Sb3O4)2] were investigated by means of l-XAS and/or related

methods, in addition, the degradation of minium (aka red lead, Pb3O4) and Prussian

blue [MFeIII[FeII(CN)6]�xH2O, with M=K?, NH4
? , or Na?].

To elucidate the reasons for the darkening of the originally bright chrome yellow

(CY) paint in works by Van Gogh (see Fig. 2), a combination of l-XRF, S, and Cr

K-edge l-XANES together with scanning transmission electron microscopy

coupled to energy electron loss spectroscopy (STEM-EELS) was employed

[156, 200–207]. This alteration proved to be caused by the surface reduction of

Cr(?VI) to Cr(?III), but was very hard to document in a convincing manner using a

combination of electron microscopy, Raman, and FTIR spectromicroscopies only.

In samples taken from various paintings and in artificially aged CY paint of that

period, Cr(?III) species were found, usually at the boundary between the paint and

varnish layers and in sulfur-rich areas (see Fig. 2h). l-XANES profiling and

mapping (Fig. 2e–g) allowed the determination of the superficial brown coating that

is 2–3 lm in thickness and contains non-crystalline Cr(III) compounds such as

Cr2O3�2H2O, Cr2(SO4)3�H2O, and/or (CH3CO2)7Cr3(OH)2 [200]. The high sensi-

tivity towards darkening of this material could be traced back to the presence of

monoclinic and/or orthorhombic PbCr1-xSxO4 (0 B x B 0.8) co-precipitate phases

that are less stable than monoclinic (S-free) PbCrO4 [203–209]. A change from the
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monoclinic to the orthorhombic structure is observed in PbCr1-xSxO4 when x exceeds

0.4 [202, 208].

To gain a deeper understanding of the behavior of the different types of chrome

yellows, a series of oil paint models was prepared and characterized using a variety

of methods before and after photochemical aging. The materials were obtained by

employing commercial and in-house synthesized powders of PbCrO4 and PbCr1-

xSxO4 co-precipitates with different x values [202, 203]. Also, samples of 100-year-

old commercial paint were subjected to aging and the resulting differences

investigated at the micro- and nanoscale [200, 207]. In parallel, a large series of

around 20 original chrome yellow paint samples, taken from paintings by Vincent

van Gogh and some of his contemporaries were characterized [202]. By combining

the results obtained from paint models and original paint samples, a number of

conclusions could be reached:

(a) Among the aged model oil paints, only those composed of a sulfate-rich

orthorhombic PbCr1-xSxO4 co-precipitate showed a significant darkening after

photochemical aging. Cr K-edge l-XANES investigations the formation of

up to about 60% of Cr(?III) species in the outer layer of the most altered

sample [203]. On the contrary, negligible alteration effects were observed

when sulfate species (such as PbSO4and BaSO4) were absent from the

crystalline structure or were merely mechanically mixed with the original

chrome yellow pigment. Only when the sulfate ions are inside the lead

chromate crystal structure itself, the darkening phenomenon was apparent.

This finding is attributed to a difference in solubility of the chromate

compounds that becomes higher when their crystalline structure changes from

monoclinic to orthorhombic [203]. By means of XRD, RS, and FTIR, it is

possible to make clear the distinction between the different above-mentioned

forms of chrome yellows [202, 208].

(b) an evaluation of the influence of the wavelength (range) of UV–visible light

on the photochemical reduction of the lead chromate-based pigments was also

performed. Light-sensitive sulfur-rich/orthorhombic PbCr1-xSxO4 (x * 0.75)

co-precipitate was exposed to ranges of UV (240 B k B 400 nm), UVA-VIS

(k C 300 nm), blue (335 B k B 525 nm), and red (k C 570 nm) light [203].

These experiments demonstrated that it is possible to slow down the

darkening of this material by minimizing its exposure to wavelengths shorter

than about 525 nm.

(c) The above-mentioned forms of chrome yellow (both stable and less stable) were

identified on about 20 embedded paint micro-samples originating from paintings

byVanGogh and someof his contemporaries. It was also possible to demonstrate

that the identification of these different forms of chrome yellow is possible by

carrying out non-invasive in situ analyses, i.e., by employing portableRaman and

FTIR instrumentation. For example, inVanGogh’spaintingsPortrait ofGauguin

(Van Gogh Museum, Amsterdam, the Netherlands) and Falling Leaves (Les

Alyscamps, Kröller-Müller Museum, Otterlo, The Netherlands) the presence of

the more light-sensitive PbCr1-xSxO4 type of chrome yellow could be identified

[202, 208].
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By means of EELS, nanoscale maps of Cr(?VI), Cr(?III), and S(?VI)-

containing species before and after light exposure of a historical light-sensitive

chrome yellow paint were obtained [207]. This allowed a relatively simple

degradation model to be proposed. Considering that this paint originally consists of

nanograins of PbCrO4, PbCr1-xSxO4 , and PbSO4 fixed in a porous network of cross-

linked oil-based binder in which micro droplets of aqueous solution can be present,

this model assumes that the degradation starts via an initial dissolution of CrO4
2-

ions into the aqueous phase. In their turn, these ions can react with the organic

binder (oil) at those locations where the binder network and the water phase are in

contact, thus oxidizing the binder material; this results in a reduction of the

chromate ions to Cr(?III) compounds. The redox reaction is followed by

precipitation of Cr2O3 as nanometer-thin outer layers on the surface of all particles

that are present. Because of the leaching of chromate ions from the particles, several

core–shell structures can be formed in situ on/in the particles.

An integrated approach based on a combination of diffuse reflectance UV–VIS,

SR l-XRF)/l-XANES, and electron paramagnetic resonance (EPR) spectroscopies

was used to study the photo-redox process in chrome yellows under the influence of

monochromatic light of different wavelengths and several white light sources [205].

EPR spectroscopy was used as a complementary tool to SR-based X-ray methods

due to its sensitivity for revealing species containing one or more unpaired electrons

and for distinguishing different coordination geometries of paramagnetic centers,

such as Cr(?V)-species. Semi-quantitative indications about the darkening of the

paint surface were obtained by UV–VIS spectroscopy. The Cr speciation data

highlighted that the reduction process was favored not only by (blue) wavelengths in

the 400–460 nm range (i.e., where the pigment shows its maximum absorption), but

also by (green) light in the 490–530 nm range. The first evidence of the presence of

Cr(?V)-intermediates in the Cr(?VI) ? Cr(?III) reduction reaction was also

gathered; this allowed the risks of inducing photo-degradation of the 490–530 nm

wavelength range to be explained.

In order to distinguish between the transformations induced by specific relatively

humidity (RH)/temperature conditions (i.e.,[50% RH and a fixed temperature of

40 �C) and exposure to light, monoclinic PbCrO4 , and orthorhombic PbCr0.2S0.8O4

were subjected to separate or combined thermal and photo-chemical ageing

protocols [206]. Diffuse reflectance UV–VIS and FTIR spectroscopies were used to

obtain information associated with chromatic changes and the formation of organo-

metal degradation products at the paint surface in combination with the above-

mentioned Cr-speciation techniques. Under the thermal aging conditions employed,

Pb(?II)-carboxylates and reduced Cr-compounds (in abundance of up to about 35%

at the surface) were identified in the lead chromate-based paints. The tendency of

chromates to become reduced increased with increasing moisture levels and was

favored for the orthorhombic PbCr0.2S0.8O4 compound. In the case of thermally

aged paint models, a higher relative abundance of Cr(?V)-species were observed

than in the case of the equivalent photo-degraded material where mainly Cr(?III)

species were encountered. In paint models first subjected to a thermal treatment and

then exposed to light, compounds ascribable to the oxidation of the organic binder
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were detected for all chrome yellow types investigated; however, the initial thermal

treatment increased the tendency toward photo-reduction of the PbCr0.2S0.8O4

pigment only. For this light-sensitive compound, the variation in thickness of the

photo-altered layer (containing ca 70% of reduced forms of Cr) as a function of

moisture levels could be attributed to a surface passivation phenomenon taking

place prior to photochemical aging.

Three micro-samples from two varnished paintings by Van Gogh and a waxed

low relief by Gauguin (all originally uncoated) were examined with the aim of

better understanding whether or not the application of the top coating influenced the

morphological and/or physicochemical properties of the chrome yellow paint

underneath [204, 209]. In all samples studied, regardless of the nature of the

coatings (resins or wax), l-XRF and Cr-K edge l-XANES measurements showed

that Cr(?III) alteration products were present in the form of grains inside the

coating (generally enriched in S-species); the Cr(?III) compounds were also

homogeneously spread at the paint surface. Inside the coating and within the grains,

the alteration compounds were present in abundance up to 70 and 100%,

respectively, and were identified as Cr(?III)-sulfates and -oxides. The distribution

of Cr(?III) species may be explained by mechanical friction caused by brush-

application of the coating that picked up and redistributed superficially formed

grains of secondary Cr-compounds, likely already present in the reduced state as

result of the photodegradation process. On the basis of the study of varnished

chrome yellow paint models, no evidence could be found of an actively Cr-reducing

role of the varnish or of superficial S-species.

Firm evidence for the chemical alteration of chrome yellow pigments in Van

Gogh’s Sunflowers (Van Gogh Museum, Amsterdam; see Fig. 2) was recently

presented [156]. Noninvasive in situ vibrational spectroscopic analysis at several

spots on the painting was combined with SR-based l-XRD, l-Raman, and l-FTIR
investigations of two paint micro samples to reveal the presence of lightfast PbCrO4

and light-sensitive PbCr1-xSxO4 (with x approximately equal to 0.5). Cr(?III)-

compounds, products of this degradation process, were found at the interface

between the paint and the varnish (see Fig. 2h). Selected locations of the painting

with the highest risk of color modification by chemical deterioration of chrome

yellow were identified; see also Sect. 4 below.

The production records for lead chromate pigments present in the nineteenth

century archive database of Windsor & NewtonTM (W&N) for the manufacture of

their artists’ materials, were recently systematically studied [210]. W&N produced

essentially three pigment types: (a) lemon/pale chrome yellow, based on solid

solutions of lead chromate and lead sulphate [Pb(Cr,S)O4], (b) middle or pure

monoclinic lead chromate (PbCrO4), and (c) deep lead chromate that contains the

latter admixed with basic lead chromate (Pb2CrO5), accounting for 53, 22, and 21%

of the production, respectively. Production recipes for primrose yellow (4%)

resulted in mixed crystals with a high percentage of lead sulphate. Each pigment

type is characterized by only one or two main synthetic pathways; process variations

reveal a systematic and thorough search for a high-quality durable product. A

comparison of the chemical composition of pigment reconstructions with early

W&N oil paint tubes showed that their records entitled ‘‘pale’’ and ‘‘lemon’’
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correlated with the pigment tubes labelled chrome yellow while the records

‘‘middle’’ and ‘‘deep’’ corresponded with the tubes labeled ‘‘chrome deep’’.

Some of the properties of the chrome yellow varieties containing variable

amounts of S have been examined by employing density functional theory (DFT)

calculations in order to better understand their photo-degradation behavior [211].

The results show that the mixed PbCr1-xSxO4 and the native PbCrO4 share a similar

electronic structure, although an energy up-shift of the conduction band is computed

by both increasing the amount of sulfate and passing from the monoclinic to the

orthorhombic phase. The calculations suggest that, when the degradation would be

considered to be purely an electron-exchange phenomenon, the Cr(?VI) photo-

reduction would more difficult for compounds with high sulfur concentration and an

orthorhombic phase. In reality, however, the opposite it true. Thus, it is likely that

the degradation is more strongly influenced by other factors, such as a different

solubility and/or (nano-)morphology of the PbCr1-xSxO4 materials. Another

theoretical study attempts to answer the question whether or not the degradation

of PbCr1-xSxO4 is purely a surface phenomenon; also, the question whether the bulk

properties of the sulfur-rich pigment material trigger the process is still open [212].

First-principles calculations were employed to investigate the role of sulfur in

defining bulk properties such as structure, stability, and optical properties of the

materials. The calculations support the hypothesis that an initial local segregation of

lead sulfate could take place. This material would then absorb UV light, thus

providing the necessary energy for subsequent reduction of chromate ions into the

greenish chromic oxide. To date, no experimental evidence to support this was

found.

The darkening of zinc yellow (K2O�4ZnCrO4�3H2O), as observed in A Sunday at

La Grande Jatte (G. Seurat, 1884, Art Institute of Chicago, Chicago, IL, USA) was

studied by a combination of EELS and Cr-K edge XANES on artificially age model

paint samples and on original micro paint samples [213, 214]. To observe changes,

more corrosive circumstances that needed for chrome yellows were needed,

involving a combination of SO2 gas, 50/90% humidity and light. Next to Cr(?III)

species also dichromate ions [containing Cr(?VI)] were found as degradation

products.

Cadmium yellow (CdS/Cd1-xZnxS) is another class of yellow pigments frequently

employed in the early twentieth century by painters such as Henri Matisse, James

Ensor, Edvard Munch, and Vincent van Gogh. Cd-based pigments share a common

hexagonal wurtzite structure in which cadmium and sulfur can be partially

substituted to generate ternary phases with a wide range of colors from pale yellow

to deep red. Among them, in CdS1-xSex solid solutions, the substitution of sulfur by

selenium decreases the valence-to conduction energy gap, hereby modifying the

color toward orange and red tonalities. UV–VIS-NIR and Raman micro-spectro-

scopies have been used for investigating the composition of ternary Cd1-xZnxS and

CdS1-xSex solid solutions employed as artists’ pigments [215, 216]. The goal was

the determination of the solid solution stoichiometry of a series of Cd-containing

paints, by exploiting the linear dependence of some absorption, emission, and

scattering properties with the pigment composition. The high sensitivity of Raman

spectroscopy to local compositional and structural heterogeneity permitted to
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formulate a hypothesis about the possible presence of quaternary solid solutions

based on the substitution of cadmium by zinc (CdS1-xZnxS1-ySey) in commercial

pigments and by barium (CdS1-xBaxS1-ySey) in historical paints. By employing a

combination of S K-edge l-XANES and l-XRD, it was established that the

oxidation of the pigment cadmium yellow (a-CdS) to cadmium sulphate (CdSO4-

H2O) (white/transparent) was the chemical transformation responsible for the loss of

the bright yellow color in a painting by J. Ensor [217]. In a follow-up paper [218],

the same authors discovered that another chemical pathway has given rise to the

formation of an orange-grey superficial crust in a painting by Van Gogh called

Flowers in a Blue Vase (1887, KMM), containing the grey/white mineral anglesite

(PbSO4) and cadmium oxalate. The chemical and physical alterations of cadmium

yellow (CdS) paints in Henri Matisse’s Le bonheur de vivre (aka The Joy of Life,

1905–1906, The Barnes Foundation, Philadelphia, PA, USA), shown in Fig. 3a,

have been recognized since 2006, when a survey by portable X-ray fluorescence

identified this pigment in all altered regions of the monumental painting. This

alteration is visible as fading, discoloration, chalking, flaking, and spalling of

several regions of light to medium yellow paint. Similar secondary Cd-compounds

(see Fig. 3h), such as CdCO3, CdSO4�nH2O (Fig. 3c–f), and CdC2O4 (Cd-oxalate)

as found in the Ensor and Van Gogh paintings have been identified [219–221]. By

using a combination of l-XRF (Fig. 2g), 2D full-field XANES imaging (Fig. 2h), l-
XRPD (Fig. 3i), and FTIR imaging of the altered paint layers, the question was

addressed what the roles of cadmium carbonates and cadmium sulfates are found in

the altered paint layers [222]. These compounds have often been assumed to be

photo-oxidation products, but could also be residual starting reagents from an

indirect wet process synthesis of CdS. In thin sections of altered cadmium yellow

paints from Le bonheur de vivre the distribution of various cadmium compounds

confirms that cadmium carbonates and sulphates are photo-degradation products.

On the other hand, in Flower Piece (1906, H. Matisse, The Barnes Foundation), the

cadmium carbonates appear to be remnants of the CdS manufacturing process,

where CdCO3 is the starting reagent. By employing TOF–SIMS species-specific

mapping of degraded paint samples, three categories of inorganic and organic

components could also be co-localized throughout i: (1) species relating to the

preparation and photo-induced oxidation of CdS yellow pigments, (2) varying

amounts of long-chain fatty acids present in both the paint and primary ground

layer, and (3) specific amino acid fragments, possibly relating to the painting’s

complex restoration history [223].

As of the 1840s, cadmium zinc sulfides were extensively employed by nineteenth

and twentieth century artists. The direct band gap of CdS is 2.42 eV, but can be

modulated by the progressive substitution of Cd with Zn, resulting in pale yellow

cadmium zinc sulfide pigments. Rosi et al. developed an analytical methodology for

the non-destructive identification of different forms of yellow Cd1–xZnxS solid

solutions based on electronic and vibrational spectroscopies such as XRF, l-RS,
reflection mode UV–VIS-NIR, VIS–NIR emission spectroscopy, and XRD. Six

commercial CdS-based pigments and four historical pigments from the early

twentieth century were examined. The reflection behavior in the VIS range and the

emission profiles in the VIS and NIR ranges reflected the pigment composition
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while l-RS allows to monitor the short range disorder in the CdS lattice caused by

Zn substitution. Information on the stoichiometry of the solid solutions and on their

local structure could be obtained via XRD and by employing different Raman on/off

resonance excitation conditions [215].

Minium or red lead (Pb3O4) is another frequently employed pigment by Van

Gogh and contemporary artists. This orange–red pigment has been used since

Antiquity. It contains both Pb2? and Pb4?-ions and has sometimes been observed to

lose its red color. These transformations are either described as darkening of the

pigment caused by the formation of either plattnerite (b-PbO2) or galena (PbS) or as

whitening by which red lead is converted into anglesite (PbSO4) or (hydro)cerussite

(2PbCO3�Pb(OH)2; PbCO3). By examining a degraded paint sample from Van

Gogh’s Wheat Stacks under a Cloudy Sky (1889, KMM) by means of conventional

2D and tomographic XRPD, it was possible to elucidate the degradation mechanism

of minium and identify a missing link compound [163]. The degradation process

was understood to be induced by absorption of 550 nm (or shorter) wavelengths,

promoting electrons from the valence to the conduction band of minium. These

electrons may reduce Pb(?IV) to Pb(?II). The in situ formed Pb2? (perhaps in the

form of PbO) then captures CO2 (either atmospheric or the result of oxidation of the

paint binding medium) to form various lead carbonates. Next to the frequently

encountered cerussite and hydrocerussite, a very rare lead mineral, plumbonacrite

(3PbCO3�Pb(OH)2�PbO), was revealed to be present. The location of this compound

was revealed via XRPD-tomography (Fig. 4b) of a hemispherical paint protrusion,

at the centre of which a partially degraded grain of minium was present (see Fig. 4g,

h). Evidence for the presence of a series of consecutive equilibria, gradually

transforming plumbonacrite into cerussite via hydrocerussite was found. In a

follow-up paper, the influence of several parameters on the tendency towards

degradation of minium such as (a) a surplus of PbO inside the red lead material

itself, (b) the pH, and (c) the concentration of available HCO3
- or CO3

2--ions was

investigated [224]. For demonstrating the photoactivity of the pigment, an

electrochemical setup with a minium-modified graphite electrode (C l Pb3O4) was

used. It could be confirmed that minium behaves as a p-type semiconductor,

photoactive during illumination, and inactive in the dark. Raman measurements

confirm the formation of degradation products. The photo-activity of the semicon-

ductor pigment is partly defined by the presence of PbO impurities; these introduce

new states in the original band gap. It was experimentally evidenced that the

presence of PbO particles in minium leads to an upward shift of the valence band,

reducing the band gap. Thus, upon photoexcitation, the electron/hole separation is

more easily initialized. The PbO/Pb3O4 composite electrodes demonstrate a higher

reductive photocurrent compared to the photocurrent registered at pure PbO or

Pb3O4-modified electrodes. In the presence of bicarbonate ions, a significantly

higher photoreduction current is recorded because the PbO that is formed in situ

reacts further to become hydrocerussite. It could be shown that the presence of

bicarbonates in the environment stimulates the photodecomposition process of

minium and plays an important role in the degradation process.

The fading of modern pigments based on Prussian blue blues [MFeIII[FeII(-

CN)6]�xH2O, with M=K?, NH4
? or Na?], another class of pigments frequently
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employed by Van Gogh [2] and other artists [69, 225], in the presence of various

white pigments has also been investigated [138, 226–230]. Painted samples were

studied by UV–VIS, Fe K-edge X-ray absorption, 57Fe transmission Mössbauer

spectroscopy, and attenuated total reflectance (ATR) infrared spectroscopy. XAS

revealed an effective decrease in the iron coordination number in the aged samples,

which, combined with Mössbauer data, suggest a reduction of the surface iron ions

in the Prussian blue upon exposure to light.

4 State-of-the-Art X-ray-Based Chemical Imaging of Painted Works
of Art

4.1 Macroscopic X-ray Fluorescence Imaging (MA-XRF)

In a number of recent papers, the results obtained via MA-XRF were compared to

those obtained by other methods providing elemental distribution information on the

square meter scale. Next to XRR, also neutron activation autoradiography (NAAR)

provides information of this kind [231]. Given the differences between XRR, MA-

XRF, and NAAR in the fundamental physical phenomena exploited, a theoretical

comparison of their capabilities is not straightforward and critical comparisons of

their use on the same painting were not available until recently. While NAAR

images tend to be more difficult to interpret because they usually contain

contributions from more than one element/pigment, MA-XRF maps provide more

direct and intuitive information on the distribution of pigments. The different

mechanism by which the images are created also effects the sharpness of the

resulting image. In NAAR, for example both the copper and mercury radionuclides

produce high-energy radiation. In the case the photographic film not in direct

contact with the paint, the path the electrons must bridge between paint and film can

cause can cause blurring of the NAAR images. By contrast, MA-XRF images that

are obtained by scanning can be much sharper in such cases. However, the

absorption of characteristic XRF radiation emitted by elements in underlying paint

layers by overlying strata may significantly influence the maps.

During the investigation of Rembrandt’s painting Susanna and the Elders

(Gemäldegalerie, Berlin, Germany), XRR, NAAR, and MA-XRF data were

juxtaposed [232]. In the XRR images, which are dominated by the Pb distribution,

many pentimenti (i.e., intentional changes to the composition, made by the original

artist) are visible, but given the complex genesis of the painting, their identification

in the radiograph was not straightforward. The painting features a considerable

number of overpainted features and a wide range of pigments with different

elemental tracers, including earth pigments (Mn/Fe), azurite (Cu), lead white (Pb),

vermilion (Hg), and smalt (Co, As) are present. MA-XRF suffers from few spectral

overlaps and the scanning of the painting was performed in a few tens of hours and

in situ, i.e. in the museum itself. NAAR required the stay of the painting at a nuclear

research facility for several weeks while inter-element interferences are more

difficult to resolve. Moreover, only a limited number of elements contribute to the

acquired autoradiographs, most notably Mn, Cu, As, Co, Hg, and P while highly
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relevant elements such as (K), Ca, Fe, and Pb do not show up in the NAAR images.

However, NAAR provides a higher lateral resolution and is less hindered by

absorption in covering layers, which makes it the only method capable of

visualizing P in lower paint layers. Comparison of the MA-XRF Pb and Hg

distribution of Susanna and the Elders suggest, for example, that the first Elder’s

hand was repositioned several times.

Another painting by Rembrandt that was studied by both MA-XRF and NAAR is

An Old Man in Military Costume (1630–31) in the J. Paul Getty Museum (Los

Angeles, CA, USA) [151]. The objective of the study was to virtually reconstruct

the hidden portrait below the one that is now visible. The challenge of

reconstructing the overpainted figure in An Old Man in Military Costume was

significantly advanced by the judicious combined use of imaging methods. XRR

provided information on part of the face and the area of the eyes since it largely

reflects the distribution of lead white. NAAR provided a strong image of the face

and cloak of the underlying figure, along with an indication of the chemical

composition. The single-element distribution maps produced by MA-XRF provided

additional details into the shape of the underlying image and the composition of the

pigments used. The underlying figure’s face proved to be richer in mercury than the

face of the figure on the surface. Likewise, the cloak of the underlying figure was

found to be richer in copper than the surface figure although the nature of the

copper-containing pigment could not be determined from these data. The use of iron

earth pigments, specifically, Si-rich umbers, came forth from complementary

information provided by the NAAR and MA-XRF maps; more specifically, the MA-

XRF Fe distribution revealed the shape of the first portrait’s gorget or collar. These

data were used to create a false color digital reconstruction, yielding the most

detailed representation of the underlying painting to date. This new reconstruction,

and associated information on the pigments employed in both the upper and lower

images serves to invigorate the art-historical discussion on the exact nature of the

concealed figure and its significance in Rembrandt’s oeuvre.

NAAR and XRF imaging were also used in the investigation of The Reading

Hermit (1630), allegedly painted by Rembrandt [233].

Gradually, the elemental mapping capabilities of MA-XRF are being employed

for the investigation of works of art other than oil paintings. Its applicability for

investigating stained-glass windows inside a conservation studio was assessed by

analyzing a well-studied late-medieval panel from the City Museum of Bruges

(Belgium), showing Saint George and Saint Michael (see Fig. 7) [234]. Although

accurate quantification of components is not feasible with this analytical imaging

technique, plotting the detected intensities of K versus Ca in a scatter plot allowed

distinguishing glass fragments of different compositional types within the same

panel (Fig. 7c1–c4). In particular, clusters in the Ca/K correlation plot revealed the

presence of two subtypes of potash glass and three subtypes of high lime-low alkali

(HLLA) glass. MA-XRF results proved to be consistent with previous semi-

quantitative SEM-EDX analyses on two glass micro-samples and theories on glass

production in the Low Countries formulated in literature. A bi-plot of the intensities

of the more energetic Rb-K versus Sr-K emission lines yielded a similar glass type

differentiation and presented a suitable alternative in case the Ca/K signal ratio is
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affected by superimposed weathering crusts. The MA-XRF maps permitted the

identification of the chromophores responsible for the green, blue and red glass

colors. In addition, by contrasting MA-XRF Maps from the interior with exterior

side of the window, it was possible to discriminate between glass panes made in

colored pot metal glass (i.e., glass that is colored throughout the pane) and those

made in multi-layered flashed glass (i.e., colorless glass covered with one or more

thin, intensely colored glass coatings). The benefit of obtaining compositional

information from the entire surface, as opposed to point analysis, was illustrated by

the discovery of what appears to be a green cobalt glass feature (see Fig. 7d) that

was previously missed on this well-studied stained-glass window, both by

connoisseurs and spectroscopic sample analysis. Generally, the major benefit is

the ability to acquire compositional data from the entire surface in a non-invasive

way. In addition, the ensuing chemical data can be presented in a visual way, hence

making their interpretation easier for non-XRF specialists. However, in contrast

with conventional SEM-EDX and l-XRF point analyses on samples, MA-XRF

experiments do not provide accurate quantitative composition information on the

Fig. 7 Stained glass window from the collection of the City Museum of Bruges showing Saint Michael,
dated ca. 1490, in front of the MA-XRF scanner; b schematic of build-up of a stained glass window and
measurement geometry on interior side. The table lists sampling depths for different XRF energies;
Elemental maps collected from the interior side: c1 K, c2 Ca, and c3 S; c4 Ca vs K-Ka intensity scatter
diagram with pixels clusters indicated; c5 Locations of color-coded pixel clusters. Elemental maps
collected from the interior side: d1 Cu and d2 Co; from the exterior side: d3 Ag, d4 Cu, and d5 Co.
Adapted from [234]
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different glass components. Although essentially qualitative in nature, the resulting

insights are particularly useful for conservators who are typically interested in an

efficient discrimination of the historical phases in one specific window rather than in

the exact chemical composition of the different glass types present. The mobile

aspect of the instrument allows performing the experiments directly inside a

conservation studio and the ensuing elemental distribution maps can also serve as

functional working drawings during the actual treatment. However, the lack of

absolute concentration data of the various glass constituents does prevent inter-

comparison of MA-XRF data obtained from different stained-glass windows. In this

framework, combining the MA-XRF maps with SEM-EDX analyses on a limited

number of samples is expected to be particularly relevant. Moreover, by creating

MA-XRF maps, sampling locations for SEM-EDX investigations can be selected in

a highly substantiated way. Thus, the number of micro-samples required for

obtaining a comprehensive compositional overview of the glass types present in a

glass window can be minimized and the resulting sample data can be extrapolated to

the rest of the glass surface in a more confident manner.

The benefits and limitations of employing MA-XRF for the study of manuscript

illuminations were recently discussed [235]. As a representative example of this

type of objects, a fifteenth century Italian manuscript fragment from the collection

of the Fitzwilliam Museum in Cambridge (UK) was investigated. MA-XRF

scanning of this fragment was undertaken to gain insight into the materials and

techniques of Renaissance illuminators and to help answer specific questions

regarding its authorship and place of execution, currently considered to be either

Bologna or Rome. The non-invasive analysis permitted to reconstruct the palette

employed by the anonymous illuminator and highlighted the likely use of two

unusual pigments: an arsenic sulphide glass and a manganese (hydr)oxide.

Identification of the latter would have been difficult without an elemental Mn

map, which showed no overlap with the Fe distribution, excluding the presence of

umber pigments, widely used and, therefore, less distinctive of a specific artist or

school. The use of manganese oxides as black pigments as hitherto been identified

almost exclusively in easel paintings by a number of sixteenth century artists

working in northern and central Italy, such as Perugino, with whom the unknown

artist of the manuscript fragment shows stylistic affinities. Although MA-XRF could

not provide a definite answer to the question of geographic origin, this kind of

analysis did offer strong support to securely place the fragment within a specific

artistic milieu. In order to realize a more precise and more reliable pigment

identification on these type of artefacts, MA-XRF scanning is best combined with a

series of RS or XRD point measurements.

MA-XRF was used together with optical coherence tomography (OCT) for the

inspection of a late sixteenth century illuminated parchment manuscript (a gradual),

originating from the Convent of the Benedictine Sisters in Lviv (Ukraine) (Fig. 8)

[236]. It was employed both for mapping the elemental distribution over large parts

of the folios (which included illuminated initials; see Fig. 8a–d), for quantitative

analysis of the composition of the smalt pigment, and for documenting changes in

the composition of the iron gall ink on different pages. OCT, by providing cross-

sectional images of painted details, helped to interpret the XRF results. Of the two

Top Curr Chem (Z) (2016) 374:81

123107Reprinted from the journal



non-invasive techniques, MA-XRF appeared to be the more useful. As opposed to

the local approach employed with PXRF, the ability of MA-XRF to scan large areas

allows for a more general characterization of the object, not restricted to small

regions of examination or to the collection of samples from them. OCT also yields

images of relatively large structures; Fig. 8e shows virtual OCT cross sections of

different locations on the manuscript. However, OCT suffers, due to the high

scattering properties of historic parchment, from the drawback that the information

retrieved is relatively limited.

To illustrate the interplay between spectroscopic methods for non-invasive

imaging, for point measurements and for microscopic pigment identification/

imaging, their combined use for a full characterization of the fifteenth century work

of art, Christ with Singing and Music-Making Angels, by Hans Memling was

described [21]. This involved the recording of MA-XRF and MA-rFTIR maps (see

Fig. 1), providing information on Memling’s painting and colour rendering

technique. For example, vermilion red was used in the cloak embroidery and in

the bright red parts of the wings of some of the angels, while at a lower

concentration level, it was also present in the flesh tones of the faces. In the more

purplish tones, madder lake was the major colorant, sometimes mixed with azurite.

The latter pigment was also employed in all blueish areas. For the hair of the angels,

clay-containing earth pigments (Fe, e.g. from goethite) were employed, with lead tin

yellow for the highlights. The worn gilded background features high Au and

reflected infrared signals but also Ca and Fe signals, both of which originate from an

underlying adhesive bole layer. In Fig. 1c, a composite of the relevant MA-XRF

Fig. 8 a Optical photograph and elemental maps of b Fe, Hg, c Pb, and d Co a capital ‘‘B’’ from a
sixteenth century gradual, originating from a Benedictine Convent (Lviv, Ukraine) e OCT profiles of
several details of blue-lettering (red rectangles). Adapted from [236]
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elemental maps is shown. In the examined areas, almost no indications of pentimenti

were encountered.

4.2 Studies Combining Large-Scale Chemical Imaging and Microscopic
Paint Sample Analysis

Next to the use of MA-XRF and related methods for subsurface visualization of

overpainted representations, this chemical form of imaging of paintings is also

increasing being used as part of pigment degradation studies. Below a number of

investigations are described where macroscopic chemical imaging is combined with

microscopic analyses of minute paint samples.

4.2.1 Identification and Localization of Different Smalt Types in ‘‘Saul and David’’,

Rembrandt

The painting Saul and David shown in Fig. 9, is thought to date from c. 1652 and

previously was attributed to Rembrandt van Rijn and/or his studio. It is a complex

work of art, recently subjected to an intensive conservation treatment and associated

investigation [153]. It was anticipated that its analysis would shed light on

authenticity questions and Rembrandt’s role in the creation of the painting. The

painting was thought to have been started in a colorful style characterized by great

detailing and smooth handling of the paint. In contrast, the adjustments made to the

painting during the second stage are painted very loosely; some scholars are in

doubt whether this second stage was executed by Rembrandt—some of his

assistants may have completed the work. It would seem that the painter was

experimenting with the use of smalt in this second phase, since it was found over

much of the painting, not only in the blue areas of the turban, which belong to the

first phase. The extensive use of smalt, especially in mixtures with bone black,

lakes, and earth pigments is considered typical of Rembrandt’s late painting

technique. Its pigment combination was not only useful to create coloristic effects,

but also for its drying properties and to give bulk and texture to the paint. As part of

the investigation into the authenticity of the curtain area, a number of paint micro-

samples were examined with light microscopy (LM) and SEM-EDX. Given that the

earth, smalt, and lake pigments used in the painting could not be imaged with

traditional imaging techniques, the entire painting was also examined with state-of-

the-art non-invasive imaging techniques. Special attention was devoted to the

presence of cobalt-containing materials, specifically the blue pigment smalt,

considered characteristic for the Rembrandt’s late artistic production [152]. The

painting and a selected number of MA-XRF distribution maps, recorded prior to

removal of overpaint and darkened varnish layers, are shown in Fig. 9a, d,

respectively. From the Fe and Co distribution maps, it is immediately clear that the

upper right canvas piece (part c) painted in a monochrome dark tone does not show

the same origin as the canvas sections of Saul and David (parts a and b,
respectively). Both Co and Fe appear to be present throughout the c area at high

abundance; the joins between the various sub-parts, as well as the entire c-section
were uniformly covered with an Fe- and Co-containing paint in order to dissimulate
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the differences with sections a and b. The Co map of the a-section demonstrates

that smalt was extensively used in the areas of the turban, the curtain, Saul’s

garments and his chair. K is associated with smalt, but also with red lake (likely

from alum or KOH added during its production). The Fe-distribution in the a-
section is quite different from the other elements since it is dominated by the earth

pigment-containing areas, where the Fe concentration is much higher than in smalt

(where it is of the order of a few wt%). The Co map has a patchy appearance at the

left and bottom of the picture, areas corresponding to Saul’s cloak, which initially

appears to have extended over the chair. The lighter (higher intensity) areas in the

Co map correspond to the thicker/more intact smalt-rich paint. Paint cross-sections

(Fig. 9c) from the dark patchy areas in the scans of Saul’s show the presence of an

incomplete smalt-rich top paint layer applied on top of red lake glazes. The partial

removal of the smalt paint from Saul’s garment and chair is most likely due to a

misinterpretation during a past restoration, where a restorer tried to recover the

bright red color of Saul’s cloak, obscured by a discolored and darkened smalt layer.

In the Ni:Co correlation plot (Fig. 9e, f), the existence of smalt characterized by

various distinct Ni:Co ratios is clearly visible. Next to the ‘‘medium Ni’’ group of

pixels (labeled red in Fig. 9f), a smaller group of pixels (labelled green) is present

characterized by a Ni:Co ratio that is ca. 25% higher than in the ‘‘medium Ni’’

group. This ‘‘high Ni’’ group of pixels is situated in Saul’s turban and some small

parts of his clothing. The ‘‘medium Ni’’ group of smalt pixels corresponds to patchy

areas of paint of uneven thickness that are present in Saul’s garment in sections a
and b. The pixels belonging to the curtain area in the background between the

figures of Saul and David, generally showing both a low Co and Ni intensity, were

labelled blue. In magenta, a fourth group of pixels, characterized by a very low Ni to

Co XRF intensity ratio is also visible in Fig. 9g, corresponding to the paint used to

cover the canvas insert c [153]. Microscopic examination of paint samples from this

Fig. 9 Saul and David by Rembrandt, (c. 1652, 126 9 158 cm, Royal Museum Mauritshuis, Den Haag,
the Netherlands, inv. no. MH621, oil on canvas); b, c Optical micrographs of two paint cross sections
(locations indicated); d MA-XRF maps (1656 9 1311 pixels) of various elements present in the painting;
e Ni-K vs. Co-K XRF intensity scatter plot; f as E, color codes: green: ‘‘high Ni’’, red: ‘‘medium Ni’’,
magenta: ‘‘low Co/Ni’’, blue: ‘‘rest’’; g location map of color-coded pixels. Adapted from [152]
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section showed that Co is not present in the form of smalt pigment particles but in a

more finely divided state, dispersed through the layer. The Co material was likely

added to the nineteenth century overpaint as drying agent. In sections a and b
however, the Co and Ni are definitely present inside coarsely ground smalt particles.

The difference between the ‘‘medium Ni’’ and ‘‘high Ni’’ areas could also be found

back in the quantitative SEM-EDX data of paint samples from both areas (shown in

Fig. 9b, c). From analysis of a series individual smalt particles it was possible to

infer that (a) the leaching process significantly decreases the K2O content of the

glass, typically from a level of 10–16 to 2–5 wt% while it does not seem to have a

large effect on the observed NiO:CoO concentration ratio; (b) the two average

NiO:CoO ratios obtained in both areas of the painting are significantly different at

the 99% confidence level: the ‘‘turban area’’ particles on average show a mean

NiO:CoO concentration ratio of 0.35 ± 0.06 (1 s) that is significantly higher than

the average ratio of the particles in the ‘‘garment area’’ where it is 0.28 ± 0.07. This

observation is consistent with the MA-XRF scatter plots of Fig. 9e–g, were in the

turban area, a Ni:Co intensity ratio that is ca. 25% higher than that in the garment

area is observed. In this manner the combination of quantitative SEM-EDX analysis

and MA-XRF scanning revealed that three types of Co-containing materials are

present in the Saul and David painting.

4.2.2 Evidence for Pigment Degradation in ‘‘Sunflowers’’ by V. Van Gogh

The Sunflowers painting shown in Fig. 2 was painted by Vincent Van Gogh in Arles

in 1888–89 as part of a series of seven, all depicting a bouquet of sunflowers in an

earthenware pot. The extent to which spontaneously occurring color changes have

influenced today’s outlook of the paintings has been questioned, while previous

studies showed that CYs (PbCr1-xSxO4 with variable sulfate content x) are prone to

darkening due to (photo-)reduction. The formation of reduced Cr is more favored

for sulfate-rich, lemon-yellow, orthorhombic PbCr1-xSxO4 varieties of the pigment

(with x[ 0.4) than for the orange-yellow, monoclinic PbCrO4 that is the most

lightfast of these materials [200, 202, 203, 205, 206]. A combination of non-

invasive methods such as MA-XRF, FTIR, and RS were performed in situ on the

version of Sunflowers owned by the Van Gogh Museum (Fig. 2a). Microscopic

investigation of minute paint samples was undertaken (1) to assess the extent to

which the painting contains lightfast PbCrO4 (henceforth denoted as LF-CY) and

light sensitive S-rich PbCr1-xSxO4 (x[ 0.4) (LS-CY), and (2) to determine whether

or not these pigments have been subject to a reduction process [156]. The MA-XRF

maps of the painting (Fig. 2b, c) show that Pb and Cr are the main elemental

constituents of the sunflower petals, the orange corollas and the table area. In the

pale yellow background, Zn is the predominant element (Fig. 2b), suggesting the

presence of zinc white (ZnO), while Pb and Cr are present in a significantly lesser

quantities. In some of the ochre and orange tones of the sunflower petals, besides Pb

and Cr, Hg, and/or Cu and As were also found (Fig. 2c), due to the presence of

vermilion (HgS) and/or emerald green [3Cu(AsO2)2�Cu(CH3COO)2]. In areas of the

sunflower petals and the upper region of the vase with no or very little Pb and Cr, Fe

is the main constituent element instead, indicating the use of a yellow ochre (Fe-
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hydroxide based pigment). All the above-mentioned pigments are frequently

encountered in works by Van Gogh. In the green(ish) areas, besides Cu and As, Pb

and Cr are sometimes found together too, suggesting the use of mixtures or

overlapping brush strokes of emerald green and CYs. The Pb-La:Cr-Ka XRF

intensity ratio changes throughout the painting (Fig. 2b), suggesting a distribution

of different CY types. However, the presence of other Pb- and/or Cr-based

pigments, also frequently used by Van Gogh, such as red lead (Pb3O4), lead white

[PbCO3, Pb3(CO3)2(OH)2], or viridian green (Cr2O3�2H2O), and variations of the

paint thickness (giving rise to self-absorption of variable magnitude), could also

cause a change in the Pb-La:Cr-Ka intensity ratio. No meaningful S-distribution

maps could be recorded, mainly due to the spectral overlap between the S–K and

Pb-M XRF signals and the limited MA-XRF sensitivity for these signals. More

reliable insights into the distribution of the different types of CY were obtained by

performing vibrational spectroscopic and structural analyses at a select number of

points on the surface of the Sunflowers painting (see Fig. 2d for a summary of the

results). In the light yellow table area, non-invasive Raman and reflection mid-FTIR

analyses revealed the presence of LS-CY (x & 0.5). This finding was confirmed by

SR-based l-XRD and vibrational spectroscopic analysis of a sample from the region

(F458/4). In the Zn-rich pale yellow background, Raman spectroscopy (Fig. 2d)

again demonstrated the presence of LS-CY (x & 0.5). For the sunflower petals,

various CYs appear to have been used. While in the light yellow areas, a type of LS-

CY very similar to that detected in the table and background was identified by

Raman spectroscopy, on the other hand, in the ochre-yellow petals, the presence of

LF-CY (i.e., monoclinic PbCrO4) was observed. Occasionally, this is mixed with

LS-CY or red lead. Chrome orange and vermilion red are sometimes also present in

the darker/orange petals. SR-based l-XRD and l-Raman mapping experiments of

regions of interesting of one of the studied paint samples (F458/1) confirmed the

non-invasive analyses: LF-CY is the chief constituent of the orange-yellow shades,

while LS-CY (x & 0.5) is the main phase in the lighter yellow hues. Clear

indications for the gradual conversion of Cr(?VI) to Cr(?III) were found. Next to

Cr(?III)-rich particles, Cr(?III)-species are present as a 2–3 lm thick layer right at

the varnish/paint interface. Here, the relative abundance of Cr(?III) is around 35%,

decreasing to 0% when going deeper inside the yellow paint. This pattern is very

similar to that previously observed in photochemically aged LS-CY (x[ 0.4) paint

models [200, 203, 205, 206]. In summary, the non-invasive identification and

macro-scale level distribution of the light-sensitive chrome yellow in the Sunflowers

painting in combination with analysis of paint micro samples has permitted to

identify selected locations with the highest probability/risk of color change due to

Cr(?VI) reduction and to provide the first evidence on the conservation state of

chrome yellow in selected regions of the painting.

4.2.3 Combining MA-XRF and VNIR Hyperspectral Imaging for the Study of Le

Portrait, R. Magritte

Diffuse reflectance imaging spectroscopy can be used to separate and identify many

artist pigments by virtue of their unique electronic transitions and vibrational
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features in the visible to reflective near infrared (400–2500 nm) [27, 157, 237–240].

When combined with MA-XRF scanning results, a more complete identification and

mapping of artists’ materials is possible [27].

‘‘Le portrait’’ (The Portrait, 1935, The Museum of Modern Art (MoMA), New

York City, NY, USA), shown in Fig. 10, is a painting by Belgian surrealist artist

René Magritte (1898–1967). It is a classic example of Magritte’s imagery,

characterized by the realistic representation of ordinary objects made surreal by

context or their relationship to each other. In the corresponding XRR image, an

underlying composition is visible, showing the head and torso of a female nude. A

similarity between the figure in the XRR image and the upper left quarter of a

painting by Magritte entitled ‘‘La pose enchantée’’ (The Enchanted Pose), presumed

lost, can be recognized. Preliminary in situ analyses by means of PXRF suggested

the presence of a chromium based pigment in the sky and of an iron oxide based

pigment in the darker areas of the female face. To gain a more thorough and overall

depiction of the hidden layer, MA-XRF was used to identify and map the

distribution of key chemical elements representative of pigments commonly found

in artists’ paintings, thus revealing information on the color palette employed by

Magritte while painting ‘‘La pose enchantée’’. Secondly, visible and near infrared

(VNIR) hyperspectral imaging was performed to complement the information

obtained by XRR and MA-XRF, both with respect to the hidden figure and to

Magritte’s palette in both pictorial layers [157].

The results of these investigations are summarized in Fig. 10. The Pb distribution

map (Fig. 10b) bears a significant and expected resemblance to theX-radiography, but

is no longer encumbered by the stretcher and hardware and thus easier to interpret. The

brushstrokes around the bottle confirm that the bottle was painted right on the top of

original painting and that the background around itwas painted afterwards. The female

Pb 
Fe Pb 

Cr Zn 

(B) 

(C) 

(D) 

(E) 

(A) 

Fig. 10 a ‘‘Le portrait’’, René Magritte (The Portrait, 1935; oil on canvas, 73.3950.2 cm2; Metropolitan
Museum of Modern Art—(c) C. Herscovici/Artists Rights Society (ARS), New York, USA); b rotated
MA-XRF Pb-L map; c different detailed MA-XRF of the facial area with adjusted contrast; d first
transmission mode NIR eigenimage of 1000–1500 nm spectral region (after histogram equalization);
e composite image obtained by overlaying the image of d with Cr (light blue), Fe ? Hg (red) MA-XRF
maps. Adapted from [157]
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figure is visible in the Pb map, showing that this element is more abundant in the

highlights of her face and body. The Zn distribution map, looking like the negative of

the Pb map, suggests the presence of this element in the ground layer. The dark color

used in the bottle appears to stem mainly from carbon black, as Ca and P appear co-

localized;Magritte used this pigment also in other paintings. Next toK and Fe, also Cd

is detected in the black. It is not unusual for Magritte to modify the tonality of his

blacks by mixing with other colors, such as cadmium yellow, in his palette. The same

elements are also present in the dark green used to paint the shadow of the plate, the

haft of the knife and the top of the bottle. The relative proportions vary slightly as does

the green tonality. No other element related to the inorganic green pigment could be

identified, suggesting the green was produced by mixing bone black with cadmium

yellow, painted over the blue sky of the hidden painting. In subsequent measurements

diffuse reflectance spectroscopy (DRS) supports the use of a cadmium yellow in the

dark glass of the bottle, its shadow and in the knife handle given the observation of a

sharp transition edge at 470 nm, consistent with the presence of CdS [241]. The Cr

XRF signals, recorded in the shadowof the plate and knife and in the top half part of the

bottle, only, suggest that Magritte did not use a chromium oxide green pigment as part

of the top-level blue nor in the dark paint of the bottle and shadows. Rather, this

element is present in the sky of the underlying painting, its X-ray fluorescence likely to

be totally blocked by the lead white in the top ochre paint while the top blue paint and

especially the black and dark green paint are (partially) transparent for Cr XRF

radiation. No metallic elements (such as Co, Cu, Fe) were detected that could relate to

the blue color on the top half of the painting using the MA-XRF scanning. This rules

out many blue pigments such as cobalt, Prussian or cerulean blue; however,

ultramarine blue (Na8–10Al6Si6O24S2–4) cannot be ruled out (Na, Al, Si, and S,

characteristic elements of ultramarine, are all difficult or impossible to detect in typical

MA-XRF experimental conditions). PXRF measurements using a He flush revealed

weak peaks for Al and Si, supportive of the assignment of ultramarine. DRS

measurements of the blue background revealed a broad absorption centered at 597 nm

and a peak reflectance at 483 nm, also consistentwith the presence of ultramarine blue.

The green shifted reflectance maximum may in part be due to a contribution of the

chrome oxide below. The red color of the slice of ham and of the eyelid were rendered

with vermilion red; this pigment was also used in the underlying composition, in

highlights over the nose and lips of the nude (Fig. 10c, e). The MA-XRF Fe and Pb

maps as well as the diffuse reflectance measurements show that the rest of the

figure was painted with an iron oxide based red pigment and lead white for the

highlights. NIR hyperspectral imaging of the painting (400–2450 nm wavelength

range) in transmission mode was found to give more information about the pictorial

features of the prior painted composition than imaging in reflectance mode. Principle

component analysis (PCA) analysis, followed by histogram equalization was used to

maximize the clarity of the features from the earlier painting [242, 243]. The

appearance of the nude woman corresponds well to the photograph of the prior

painting. In the spectral region from 1450 to 1680 nm,MinimumNoise Fraction PCA

(MNF-PCA) yields a first eigenimage (Fig. 10d) that showsmore of the sketches of the

pictorial elements. Figure 10e clearly illustrates the complementary nature of MA-

XRF and VNIR imaging. While in the darker areas, the XRF signals from the lower
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figure can more easily reach the XRF detector that is positioned in a reflection

geometry, the opposite is true for the NIR signals that were recorded in transmission.

The lighter, more lead white-rich paint is more transparent for the NIR photons while

the dark, boneblack-rich areas efficiently absorb the NIR radiation In this particular

case, both imaging methods together are capable of revealing all details of the face,

showing the characteristic enlarged lips, nose, ears and eyes that are expected. In a

similar study on a Degas portrait, it was possible by employing XRF data alone, to

faithfully reconstruct the original colours of the overpainted face [244].

5 Conclusions

In this review, an overview was presented of recent developments regarding the

characterization of pigmented materials used by painters from the seventeenth to early

twentieth century based on various forms of X-ray-based spectroscopic and imaging

analysis. XRF covers a wide range of instrumentation that can be profitable employed for

this typeof investigations, ranging fromfairly compact andcost-effectiveportabledevices

to sophisticated synchrotron beam lines where elemental imaging with submicroscopic

lateral resolution is possible. Microscopic XRF is well suited to visualize the elemental

distribution of key elements, mostly metals, present in paint multilayers on the length

scale from1 to 100 lm inside paintmicro-samples taken frompaintings. In the context of

the characterization of the pigments that suffer from spontaneous degradation, the use of

methods limited to elemental analysis or imaging usually is not sufficient to elucidate the

chemical transformations that have taken place. However, at synchrotron facilities,

combinations of l-XRF with related methods such as l-XAS and l-XRD have proven

themselves to be very suitable for such studies. Their use is often associated with l-FTIR
and l-RS spectroscopy since these methods deliver complementary information on the

molecular natureof thematerials present, atmoreor less the same length scale as theX-ray

microprobe techniques. The combined use of these methods has allowed elucidating the

degradation pathways of some of the pigments frequently employed by fifteenth to

twentieth century painters such as P.P. Rubens, Rembrandt van Rijn, V. van Gogh, J.

Ensor, and H. Matisse. Some of these studies are now started to being combined with

mapping of the distribution of pigments on the square metre scale.

References

1. Cotte M, Checroun E, De Nolf W, Taniguchi Y, De Viguerie L, Burghammer M, Walter P, Rivard
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Abstract We present an overview of recent advances in the application of Fourier

Transform Infrared (FTIR) microscopy for analysis of complex, multicomponent,

and multilayer samples such as those typically encountered in the field of heritage

materials. This technique is particularly useful since it allows identification and

localization of both organic and inorganic (if IR active) compounds. New

improvements have been possible thanks to the introduction of ad hoc sample

preparation methods to obtain either thin or cross sections that allow both avoidance

of contamination from organic embedding resin and improvement of the quality of

the acquired spectra. Moreover, integrated use of spectra registered in the near-

infrared (NIR) and mid-infrared (MIR) regions allows better comprehension of

cross section composition. Data interpretation has been improved thanks to the

development of chemometric methods for elaboration of hyperspectral data. A new

and very promising field is the development of enhanced FTIR methods for

detection of trace components in microextracts. These systems, allowing detection

of extractable organic compounds from about 0.1 mg of sample, will be extremely

useful in the future for analysis of natural and synthetic colorants, varnishes

extracted, for instance, from cotton swabs used during cleaning of paintings, and

organic residues on archeological remains.
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1 Introduction

The energy of most molecular vibrations corresponds to the infrared region of the

electromagnetic spectrum. These vibrations may be recorded and measured in the

infrared spectrum. Therefore, infrared spectroscopy can be used to characterize both

organic and inorganic materials, since most functional groups have fundamental

vibration frequencies in the infrared region, particularly the mid-infrared (MIR),

extending from 4000 to 450 cm-1. The absorption bands of most functional groups

lie beyond 1500 cm-1, while the region below 1500 cm-1 (‘‘fingerprint’’ region) is

characteristic of each individual chemical compound. In this region, some bands

associated with functional groups are also present and may be used for interpretation

of the infrared spectrum of an unknown compound. Materials that are not active in

the mid-infrared region (oxide, sulfides, etc.) can be analyzed if the FTIR

spectrometer is equipped with a far-infrared (FIR) detector, allowing collection of

spectra in the 650 to 50 cm-1 spectral region.

Infrared spectroscopy allows chemical characterization of both organic (binding

media, varnishes, adhesives, coatings, consolidants, etc.) and inorganic materials

(pigments, corrosion products, salts, etc.). The result of infrared analysis is a

spectrum, where the percentage of transmission/absorbance of the sample is plotted

against the wavenumber (cm-1) at which the transmission/absorbance of the

analyzed sample occurred [1–3].

1 – TRANSMISSION
Gold 
support

2 – REFLECTANCE ABSORPTION 
SPECTROSCOPY (RAS)

3 – TOTAL REFLECTION

Glass slide

Sample
Specular 
component

Diffuse 
component

Fig. 1 Different modes for FTIR analysis of solid sample
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The improvement in terms of spectral resolution and detection limit obtained with

the transition from dispersive IR to FTIR instruments allowed widespread use of this

technique as a suitable tool for study and conservation of cultural heritage materials

[4]. Subsequently, the development in the early 1980s of FTIR microscopy

represented a powerful innovation for microdestructive analysis of small samples [5].

An FTIR microscope consists of an FTIR spectrophotometer combined with an

optical microscope with all reflecting optics and aspherical surfaces adapted to

infrared radiation to minimize optical aberrations. A conventional infrared light

source (typically a Globar silicon bar heated to 1500 K), which emits radiation from

1.5 lm up to a few tens of microns, is directly sent to the microscope rather than to

the spectrophotometer sample chamber, without any modification to the interfer-

ometer. The user interface for data acquisition and processing is also the same as for

conventional FTIR spectroscopy.

The microscope is designed for observation in both transmission and reflection

modes. A system of dichroic mirrors allows both visible light and IR radiation to

pass through the same optical system, permitting one first to observe the region of

interest visually and then to record the corresponding IR spectra. Analysis by FTIR

microscopy may be accomplished in several modes, depending on the amount and

type (powder or fragment) of sample available (Fig. 1) [6].

Carminium

Red real sample 

100015002000250030003500
Wavenumber (cm-1)

(a)
(b)

(c)

Fig. 2 a ‘‘Battaglia di Cialdiran,’’ canvas painting exhibited at the Mirto Palace Museum, Palermo, Italy;
b optical microphotograph of a squeezed red microparticle sampled from the red robe of a warrior:
c transmission FTIR spectrum collected from the area identified with a square black box in (b); the
squeezing of the microparticle results in partial separation of the dye from the other components, allowing
identification as carmine
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Transmission measurements by means of IR radiation passing through the sample

benefit from high energy throughput resulting in high sensitivity. Transmission

analysis is particularly suitable for small particles (sampled from larger fragments

under the stereomicroscope), or thin films employing IR-transparent salts as support

(i.e., NaCl window) [7], or a diamond anvil cell. In the latter case, the particle is

placed onto a microcompression cell made of diamond and pressed in order to be

squeezed. The hardness and inertness of diamond allow analysis of a large variety of

samples without contamination. The IR spectrum of diamond presents absorption

bands between 2500 and 1800 cm-1, a spectral region relatively free from

characteristic absorptions of common organic compounds. The diamond anvil cell is

particularly useful for analysis of single organic dye particles, especially when the

dye is mixed with absorbent inorganic salts and organic binders [8]. Indeed, in bulk

samples, dye identification may be prevented due to overlap with bands of organic

binder or other inorganic components. On the other hand, squeezing a particle

enriched in dye may partially allow one to separate it from other components to

record its spectrum (Fig. 2).

Transmission measurements can also be performed on thin sections obtained

after polishing or microtoming a cross section. To obtain high-quality spectra, their

thickness should be below 15 lm.

Alternatively, films can be analyzed using reflection–absorption spectroscopy

(RAS) by applying the thin film onto a metal surface. In such conditions, the IR

radiation passes through the sample and is reflected back by the metal surface.

Therefore, the thin layer is crossed by the IR beam twice, yielding a high-quality

spectra comparable to those recorded in transmission mode. However, reflection–

absorption spectroscopy (RAS) can only be applied in some restricted cases where

either the sample can be easily flattened (i.e., films, powders, particles or fibres, etc.)

or where a thin layer is applied onto a metallic surface (i.e., protective coatings on

metal artworks or varnish layers on gilded art objects) [9].

When the sample is not thin enough to allow transmission of IR radiation, or

when it cannot be dispersed into a transparent medium, reflection techniques must

be used for both surface and cross section analyses. Reflection methods are based on

the principle that, when incident radiation passes through two different media, it is

split into reflected and transmitted beams in different proportions according to the

ratio between the refractive indexes characterizing the two materials [10].

Specular reflection is mirror-like reflection where the incident and reflected

angles of the IR radiation are equal; this generates spectra characterized by

Reststrahlen bands. When the analyzed surface is not totally reflecting, broadening

and shift of the bands generated by diffuse-like volume reflection are also observed

[10, 11]. Although the optical layout of micro-IR systems generally favors the

specular component of light, both morphological and optical properties of the

sample generate light containing surface and volume reflection in variable and

unknown proportions. As a consequence, the usual spectral transforms that can be

used on specular-like surface reflection bands, such as Kramers–Kronig and

Kubelka–Munk, are not applicable [12], and the resulting spectra are difficult to

interpret. Therefore, to obtain a highly reflecting surface, perfect sample planarity

has to be achieved, as discussed in Sect. 3.
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The total reflection mode is widely used in portable FTIR equipment [11], since it

can acquire spectra in situ without the need to collect samples or be in contact with

the surface under examination. In spite of the fact that total reflection has also been

used to study paint cross sections [8, 13], the attenuated total reflection (ATR) mode

is commonly preferred, since the recorded spectra are more easily comparable to

those obtained in transmission mode.

Macro ATR tools can be coupled to bench FTIR spectrometers, allowing

examination of particles and sample surfaces; the disadvantage of this method lies

in the difficulty of localizing the exact area of analysis. On the other hand, slide-on

micro-ATR (lATR) devices used in FTIR microscopy enable both surface and

stratigraphical analyses.

ATR is based on the principle that total reflection is produced when incident

radiation passes from a material with higher refractive index to one with a lower

value, for a particular incidence angle called the critical angle. When the incidence

angle (h) is greater than the critical one, an evanescent wave is formed on the

surface of the higher refractive index material (IRE, internal reflection element) and

can penetrate the optically less dense medium placed in contact with it, resulting in

attenuation. ATR spectra are similar to those acquired in transmission mode, but

present some distortions in term of relative intensity and wavenumber shifts,

principally at lower wavenumber. Indeed, the penetration depth of the evanescent

wave (dp) not only depends on the refractive index of both the IRE and the analyzed

material but is also a function of wavelength, as shown by Eq. 1.

dp ¼ k

2pn1
ffiffiffiffiffiffiffiffiffiffiffi

sin2 h
p

� ðn2=n1Þ2
ð1Þ

where k is the wavelength of the incident radiation, n1 is the refractive index of the

IRE, n2 is the refractive index of the sample, and h is the incidence angle of the

radiation on the interface [14].

This explains why absorption bands at low wavenumber are enhanced whereas

absorption bands at higher wavenumber are completely absent or less intense

compared with the same spectrum acquired in transmission mode. Furthermore, the

refractive index of the sample is a function of wavelength, and frequency shifts are

also observed, mainly at lower wavenumber.

ATR correction algorithms, as proposed in most commercially available FTIR

software packages, have proved to be ineffective in the case of analysis of mixtures,

corresponding to the majority of samples collected from artworks. The simplest way

to compare ATR and transmission spectra is therefore to create a reference library

of known compounds, whose spectra can subsequently be compared with those of

unknown samples.

Spatial resolution is a crucial aspect of FTIR microscopy, especially when thin

layers or small particles have to be characterized. When using a single-element

mercury–cadmium–telluride (MCT) detector, the spatial resolution is related to the

dimensions of the aperture, which cannot be smaller than the theoretical diffraction

limit of about 10 lm. However, it is difficult to obtain good signal-to-noise (S/N)
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ratio with infrared beam aperture dimensions of 10 9 10 lm2. Sufficient energy to

collect spectra is ensured when using a 20 9 20 lm2 aperture [6].

With respect to other acquisition modes, lATR allows investigation of smaller

areas while maintaining the same aperture, thanks to the magnification factor of the

IRE [15]. Indeed, the investigated area in lATR is equal to the aperture divided by

the IRE refractive index, meaning that greater sensitivity can be achieved with this

technique.

In recent decades, the introduction of mapping and imaging systems has allowed

acquisition of chemical maps showing the distribution of different identified

compounds over a selected area of the sample. FTIR mapping systems operate by

sequential data collection, using a single-element mercury–cadmium–telluride

(MCT) detector, adjustable apertures to select the dimensions of the investigated

area, and a motorized stage. The spatial resolution is related to the aperture

dimensions and the acquisition method (reflection, transmission, or lATR).
Furthermore, overlap between two adjacent surface areas during data collection

allows further increase in spatial resolution. The main disadvantage of such

mapping systems is the long time (hours) required for acquisition, although this may

not be so relevant when dealing with important cultural heritage samples. As an

alternative, FTIR imaging uses a multichannel detector where small pixels of about

6 lm are distributed over a grid pattern (FPA, focal-plane array) [16, 17]. In this

way, the detector collects several spectra simultaneously, thus allowing faster data

collection. Typical IR-sensitive FPA detectors include 64 9 64, 128 9 128, and

256 9 256 elements (pixels) arranged in a regular pattern. Compared with mapping

systems, where geometrical apertures are used, the spatial resolution in this case is

determined by the pixel dimensions. Indeed, this type of detector allows one to

record the optical signal over the entire field of view (FOV) and requires no

aperture. Unfortunately, this also yields poor spectral quality (low signal-to-noise

ratio, S/N), since the amount of photons received by each pixel is inversely related

to the number of pixels. For large detectors, this means low photon quantities. The

lATR configuration can provide spatial resolution of approximately 5 lm,

increased compared with imaging in transmission or reflection mode. Moreover,

the cutoff of focal-plane array detectors at 900 cm-1 is a significant disadvantage in

distinguishing several inorganic compounds (i.e., calcite and lead white) which

show characteristic absorption bands below this wavenumber.

Linear array detectors (for raster scanning) have recently been developed,

combining several mercury–cadmium–telluride (MCT) detectors with a motorized

stage to scan lines sequentially. This system reduces the acquisition time by a factor

corresponding to the number of detector elements. The size of individual elements is

25 lm, permitting acquisition of high-quality spectra. In transmission or reflection

mode, the achieved resolution of 25 lm can be reduced to 6.25 lm using an optical

zoom, while in lATR the spatial resolution is reduced by the crystal magnification

(to *6 lm with a germanium crystal). Recently, a new integrated FTIR microscope

has been designed, offering the powerful combination of a microscope with an

incorporated FTIR spectrometer (interferometer, source, laser, and detector). The

main advantage of this setup is its higher energy compared with conventional
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systems, where energy losses occur due to the optical path of radiation from the

spectrometer to the microscope [18].

In summary, FTIR analysis can be performed using either an FTIR spectrometer

or its combination with a microscope (FTIR microscopy). Different methods can be

applied using both techniques, and samples can be analyzed in both transmission

and reflection mode (Table 1).

2 Application of FTIR Microscopy in NIR Region

The development of near-infrared-based spectrometry dates back to the 1960s when

Karl Morris of the US Department of Agriculture conceived low-noise instrumen-

tation with computerized control of the spectrometer along with computerized data

acquisition combined with use of a multivariate approach to analyze data and the

use of diffuse reflectance measurements [19], allowing collection of useful spectra

from a large variety of products without the necessity for pretreatment. The NIR

region (13,300 to 4000 cm-1) has been widely exploited in bench and portable sys-

tems for macroscopic analysis of samples in different fields (pharmaceutical,

forensic, polymers, food) [20–25]. Indeed, NIR spectroscopy is a fast, noninvasive,

and cost-effective analytical method, allowing noncontact measurements in

reflectance mode and providing molecular information on complex matrices.

Moreover, use of this spectral range may be extremely useful, as combination and

overtone bands have lower absorption and are therefore not distorted by the specular

reflection component. In addition, if the surface is not completely planar, these

bands are enhanced by volume reflection, which often turns out to be very useful in

chemical characterization of materials [26]. On the other hand, only functional

groups containing N–H, C–H, O–H, C–O, and C–C bonds produce significant

vibrational bands in the NIR range. Moreover, combination and overtone bands are

generally broader and less well resolved than fundamental bands, and overlap with

one another. For these reasons, the information obtained in this range may be less

Table 1 Different methods for FTIR analysis

Transmission mode

(analysis domain)

Reflection mode (analysis domain)

FTIR

spectroscopy

(MIR)

KBr, NaCl pellet, Nujol,

liquid cell (bulk)

Micro-ATR (bulk, surface), Diffuse Reflectance Infrared

Fourier Transform (DRIFT) spectroscopy (bulk)

FTIR

spectroscopy

(FIR)

Polyethylene (bulk) Diamond micro-ATR (bulk, surface)

FTIR

microscopy

Micro diamond cell,

NaCl window (bulk)

Specular reflection (surface), specular reflection imaging

(stratigraphic, surface), reflection–absorption

spectroscopy (RAS) (surface), single-point micro-ATR

(stratigraphic, surface, bulk), micro-ATR mapping

(stratigraphic, surface), micro-ATR imaging

(stratigraphic, surface)
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specific than that obtained in the mid-infrared region, and mixtures of organic

substances can barely be distinguished. For this purpose, a multivariate approach is

usually required to extract useful information from spectra [27, 28].

In the field of cultural heritage, noninvasive in situ NIR spectroscopy investi-

gations have been performed for identification of painting materials [26–30],

evaluation of the long-term stability of historical papers [31], and study of

degradation processes on calcareous stones [32]. Recently, Dooley et al. proposed

the use of an advanced NIR reflectance imaging system for identification of organic

substances in paintings, exploiting the vibrational overtones and combination bands

of fundamental absorptions, which are less affected by potential pigment

interference [33].

Only a few studies concerning use of FTIR microscopy in the near-infrared range

for analysis of artistic multilayered samples have been reported in literature [26, 33,

34]. Rosi et al. [26] reported the application of micro-IR spectroscopy in reflection

mode in the 5600 to 960 cm-1 range in combination with principal component

analysis (PCA), for mapping the distribution of organic and inorganic materials in

standard mock-ups and in a 17th century polychrome wooden sculpture. The spectra

collected from different samples allowed identification of gypsum and linseed oil.

Poli et al. [34] carried out micro-infrared total reflection measurements in the range

from 5266 to 1000 cm-1, exploiting the broad spectral response of a mercury–

Fig. 3 PC1–2 score plot representing the separation between natural resins and linseed oil based on NIR
spectra; LO linseed oil, S sandarac, SH shellac,M mastic, D dammar, COL colophony, C copal. Reprinted
from [35], with permission from Elsevier
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cadmium–telluride detector to include near-infrared information without modifica-

tion of the standard mid-infrared micro-FT instrumentation. The NIR region was

employed for identification of azurite on a microsample of an undated panel

painting.

Recently, our research group made use of the spectral range from 8000 to

675 cm-1 to analyze paint cross sections in total reflection mode [35]. The main

focus was to identify the type of resin employed as an ingredient in varnish layers or

as a mordant for gildings in some real paint samples. A hyperspectral dataset

obtained by mapping selected areas of cross sections was elaborated using

chemometric methods, as illustrated in Sect. 4.

Two hyperspectral data matrices were created for the NIR and MIR regions,

respectively, and subjected to specific mathematical preprocessing before chemo-

metric elaboration. Principal component analysis (PCA) performed on the NIR

matrix provided better resolution of the different layers with respect to that

obtained using the MIR region. In particular, we showed how the NIR range may

be particularly interesting for identification of varnish layers containing natural

resin.

Indeed, MIR spectra of different natural resins show extremely similar profiles

[35, 36]. Thus, it is difficult to identify not only an individual resin but also the

more generic terpenoid category among: (a) sesquiterpenic resins (i.e., shellac),

(b) diterpenic resins containing abietane compounds (i.e., colophony), (c) diter-

penic resins containing polymerized communic acid (i.e., copal, sandarac), and

(d) triterpenic resins (i.e., mastic and dammar), while it is quite easy to distinguish

a resin from a siccative oil. Conversely, FT-NIR analysis revealed the presence of

bands characteristic for each investigated category. Multivariate analysis (Fig. 3)

of the spectra related to the NIR range allowed separation of the different resin

classes [35].

3 Optimized Preparation of Paint Cross and Thin Sections

Characterization and stratigraphic localization of the different components consti-

tuting paint layers are fundamental to achieve profound knowledge of both the

painting technique and state of conservation.

In this regard, preparation of paint thin and/or cross sections represents a crucial

step in examination of paintings. The procedure for mounting multilayer artistic

samples as thin or cross sections for microscopic analysis was developed in the early

20th century and rapidly became a standard method in museum laboratories [37,

38]. The embedding procedure performed using wax or synthetic resins is followed

by grinding, polishing, or microtoming of the embedded sample block to produce

either cross or thin sections, revealing the complete layered structure to be analyzed.

Prior to application of specific elemental and molecular investigations, observation

of mounted cross sections under optical microscopy allows study and documen-

tation of the structure and morphology of paint layers, providing information on the

painting techniques adopted as well as presence of nonoriginal overpainting added

during previous restoration interventions.
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Different types of synthetic resin have been used as embedding materials. In

particular, polyester resin was introduced in the mid-20th century [39], and is

nowadays commonly used in many scientific laboratories all over the world. In

1994, Derrick et al. [40] published a study on different types of embedding resin

used for preparation of thin and cross sections, highlighting the advantages and

disadvantages of different synthetic polymers. In particular, problems related to

identification of organic substances (binding media, varnishes, etc.) due to

contamination that may arise from the embedding resin have been discussed.

Indeed, even if synthetic resin is particularly useful for preservation of the physical

integrity of samples during polishing or microtoming, it is clear that its absorption

bands may interfere with the characteristic bands of organic substances used as

binders or varnishes, which are usually present in very low concentrations.

Consequently, in many cases, the strong absorption bands of the embedding

medium in the mid-infrared region make binder identification very difficult or

almost impossible. The contribution of the embedding resin can be removed by

mathematical subtraction of its spectral profile from the sample spectrum [41].

However, this process is quite critical, since the bands related to contamination are

less intense than those registered from the pure resin, and simply subtracting the two

spectra may lead to underestimation of some bands that may derive from the sample

as well. Moreover, it is worth noting that paint sample materials may show partial

solubility in liquid prepolymer [38], as already reported in identification of wax-

based finishing layers [1], where the high capability of the embedding resin to

dissolve such natural organic substances was highlighted. Different FTIR

microscopy modes can be used depending on the thickness of the cross sections;

in fact, transmission modes are preferred for thin sections, whereas total or

attenuated total reflection (ATR) modes have to be used with cross sections, as they

are too thick for analysis in transmission.

Several strategies have been proposed to obtain thin or cross sections with the

aim of preventing or reducing contamination effects induced by the embedding

procedure while improving the quality of the sample surface to maximize the signal

obtained by FTIR microscopy.

3.1 Thin Section Preparation

Samples prepared as thin sections provide better results than cross sections when

submitted to analysis by transmission-mode FTIR microscopy, micro-X-ray

diffraction (lXRD), and micro-X-ray absorption near-edge spectroscopy

(lXANES) [42]. Nevertheless, compared with cross sections, preparation of thin

sections is more destructive and difficult [42–45].

In particular, preparation of thin sections is preferred when FTIR analysis is

performed using a bright and collimated synchrotron radiation (SR) source (i.e., SR-

FTIR) [46]. Indeed, analysis of cross sections presents some limitations, since total

reflectance spectra appear distorted and more difficult to interpret, while ATR is

rarely used with a SR source due to difficulties in aligning the beam with the crystal.

For these reasons, in recent years, new strategies for preparing thin sections have

been proposed. Pilc et al. [41] proposed embedding paint samples on silver chloride
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to obtain thin sections by microtomy. Even if this method prevented contamination

of the sample, its main disadvantage is that silver chloride darkens on exposure to

light, hindering localization of samples within blocks. Pilc et al. [41] also

experimented with KBr as an embedding medium, but found that samples mounted

in this way were difficult to microtome, as they tended to fragment and break up.

Van der Weerd et al. [43] described a new method for preparing thin sections by

embedding the paint chip in KBr and then polishing the obtained KBr pellet from

both sides. However, this method presents some drawbacks, since samples prepared

in this way are extremely fragile and difficult to handle, and without experience, it is

also possible to lose the sample altogether [42].

Cotte et al. [42] proposed protecting the sample from resin infiltration by first

wrapping it in aluminum foil, before embedding it with subsequent microtoming.

However, this approach presents some practical difficulties when small fragments

have to be handled.

Recently, application of gold coating was proposed to protect the sample from

the embedding epoxy resin before microtoming [47].

Alternatively, the diamond anvil cell offers a rather classical and straightforward

approach to flatten small pieces of paint and decrease their thickness [48–51]. Even

if interesting results can be obtained, the layers are distorted due to the applied

pressure, thus precise localization of different components may be hindered by

interlayer contamination. Therefore, in studies on degradation pathways, precise

localization of degradation products cannot be carried out properly.

An embedding-free technique was recently proposed for fresh and soft paintings

containing organic binders at high concentration, consisting of microtoming the

sample after wrapping it in two polycarbonate foils [52]. This method is particularly

suitable for polymeric samples, replicas or historical paintings with strongly bound

and cohesive layers. In particular, soft samples such as layers of varnishes applied

on violins [45, 53, 54] can be directly microtomed without embedding. However,

these embedding-free methods cannot be applied for brittle samples, since material

loss can occur during microtoming. In this case, AgCl can be used as a barrier

coating to protect the sample before embedding in a resin. Then, the entire block can

be microtomed [52]. Use of AgCl presents two advantages: first it protects the

sample from resin contamination, and secondly it provides to the sample mechanical

properties suitable for microtomy.

3.2 Cross Section Preparation

To overcome problems related to preparation of thin sections, several strategies

aimed at obtaining cross sections have been proposed with the aim of both avoiding

resin contamination and optimizing the surface morphology to improve spectral

resolution.

Use of infrared-transparent salts as embedding materials for cross sections was

proposed to avoid contamination by the embedding resin and improve detection of

organic substances, thanks to their transparency within the diagnostic infrared

spectral region from 4000 to 400 cm-1. KBr, for instance, has been proposed for
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cross section preparation [55], taking inspiration from previous studies in which this

salt was used to produce thin sections [43].

As KBr is a fragile material, development of a specific sample holder was

proposed to improve the polishing step (Fig. 4) [55].

This method allowed significantly improved detection of organic substances as

well as microscopic observations of paint cross sections under ultraviolet light,

thanks to the absence of a fluorescence contribution arising from the embedding

resin (Fig. 5).

However, the KBr embedding method presents some specific drawbacks, mainly

related to the brittleness and hygroscopicity of the inorganic salt. In fact, Scanning

Electron Microscopy (SEM)/Energy Dispersive X-ray (EDX) analysis performed on

the surface of these cross sections revealed the presence of KBr resulting from the

dry polishing procedure adopted [56]. This unwanted presence of KBr not only

affects surface elemental analysis but also has consequences in reducing the infrared

spectral quality during acquisition. This effect is particularly observed when time-

consuming chemical maps are acquired and may be related to absorption of

humidity by KBr present on the surface [57].

Moreover, it was observed that sample flatness was significantly dependent on

operator skill. For this reason, the procedure has been modified [56] using the

inorganic salt as a barrier against resin infiltration. In this way, the sample protected

by KBr is embedded in synthetic resin; use of this external coating aimed to

physically stabilize the fragile KBr pellet as well as protect it from atmospheric

humidity (Fig. 6). More constant and reproducible results were obtained in terms of

sample flatness thanks to the improved physical stability of the sample and the use

of a polishing sample holder, designed to reduce the influence of the operator during

the polishing procedure (Fig. 7).

Fig. 4 Sample holder for samples embedded in a KBr pellet. Reprinted from [55], with permission from
Elsevier
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It is worth noting that the planarity of the sample surface is particular important

for FTIR analysis in both ATR and total reflection modes. In the first case, the

improvement of the spectral quality strongly depends on the achievement of a flat

surface, which optimizes the contact between the sample and the ATR crystal. In the

total reflection mode, a smooth surface maximizes the specular component,

allowing collection of more intense spectra.

As an alternative to KBr, sodium chloride (NaCl) has also been proposed as an

embedding material, thanks to its high performance in terms of physical stability,

cost, and reduced harmful effects [56]. In particular, NaCl-embedded samples

Fig. 5 Cross section photomicrographs of a sample from a Nepalese mural painting embedded in
polyester resin under a visible and b UV light, and in KBr under c visible and d UV light. The
fluorescence of the paint layer (b, d) is better documented in the sample embedded in KBr (d)

300mg
KBr

60sec

2 tons
2 min

3 tons
13mm

~3mm

PolishingSynthetic resin

KBr

Synthetic resin

Fig. 6 Preparation of paint cross sections embedded in KBr and resin: the sample is positioned parallel
to a KBr pellet, previously gently pressed. Some KBr powder is added to cover the sample, and the whole
system is pressed into a new pellet, which is further embedded into a polyester resin support and polished.
Reprinted from [56], with permission from Springer
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appear to be more resistant to ATR crystal pressure compared with similar samples

embedded in KBr (Fig. 8). Moreover, NaCl-embedded samples need a lower

pressure to obtain good contact and good spectral quality. In this way, problems

related to displacement of the ATR crystal during mapping analysis may be

reduced.

Resin contamination not only occurs due to its infiltration into the sample

porosity, but is mainly due to its spreading on the surface of the cross section during

the polishing step [57]. Argon-ion beam polishing can be used to reduce this

Fig. 7 Polishing sample holder. Reprinted from [56], with permission from Springer

Fig. 8 Confocal image (2009 magnification) acquired after lFTIR-ATR analysis on standard mock-ups
composed of a linseed oil–lead white paint layer applied over gypsum/glue ground, embedded in a NaCl
and b KBr. Application of the same pressure on the two cross sections results in the sample embedded in
NaCl appearing less damaged than the one embedded in KBr. Reprinted from [56], with permission from
Springer
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pollution effect and achieve good cross section surface quality. The system consists

of a specimen chamber with a turbomolecular pump vacuum system and an optical

microscope for sample positioning. After evacuating the specimen chamber, the

investigated region is irradiated with a broad argon-ion beam in the accelerating

voltage range between 2 and 6 kV. To prevent beam striations (curtain effect) and

achieve uniform etching of heterogeneous samples characterized by the presence of

materials with different hardness, the specimen stage can be rotated by 30� during
ion-beam milling and rocked by 30� [58].

The main advantage of this system lies in the high quality of the sample surface,

which is free from pollution by the embedding medium used. This method was first

used by Boon et al. to improve the surface preparation of paint cross sections for

SEM imaging [59, 60]. Recently, argon-ion milling has been applied for preparation

of paint cross sections embedded in either synthetic resin [57] or KBr [56] for lATR
analysis. In both cases, the optimized surface morphology allowed acquisition of

well-resolved FTIR spectra. SEM-EDX analysis carried out on KBr-embedded

samples revealed a decreased amount of KBr particles on the sample surface

(Fig. 9). This may explain why the spectral quality remains quite good during

mapping acquisition [56].

As an alternative to the KBr embedding system, various materials have been

tested as barrier coatings against infiltration of embedding resin [40].

Fig. 9 SEM-EDS elemental mapping analysis performed on a standard mock-up made of a linseed oil–
lead white paint layer applied over gypsum/glue ground, embedded in KBr, before and after argon-ion
milling polishing procedure. White circles indicate presence of KBr on sample surface before polishing
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For this purpose, cyclododecane (C12H24), [61], a material commonly used by

conservators as a temporary consolidant, has been proposed and tested thanks to its

ability to sublimate at room temperature [62, 63]. Porous samples are first

consolidated with saturated solution of cyclododecane in toluene (80 % w/v) or

melted cyclododecane. Then, the samples are embedded in resin and cut by

microtomy [61]. Cross-sections were analyzed after 24 h, after complete sublimation

of cyclododecane. Even if the proposed method limits interference from embedding

materials, different drawbacks were observed, including significant sample manip-

ulation and possible reduction of sample stability after cyclododecane sublimation.

As mentioned above, the surface roughness of the paint stratigraphy is a key issue

to consider when FTIR microscopy is performed in both ATR and total reflection

modes. In fact, surface morphology plays a crucial role in the success of the

analysis, since good contact between the ATR crystal and the surface is needed to

achieve significant results. Moreover, smooth surfaces enable maximization of the

specular component, responsible for the presence of distorted peaks, which appear

with a first-derivative-like shape for organic substances or as inverted bands for

inorganic compounds [64]. Moreover, if the surface is not completely optically flat,

a diffuse reflection component whose shape is similar to transmission bands may

also be observed. Corrections, such as the Kramers–Kronig (K–K) transform

algorithm [65], can be applied to convert reflectance into transmission spectra when

only bands with first-derivative-like shape are present. However, if organic and

inorganic components are present simultaneously and the surface is not completely

smooth, as in paint cross sections, it is not possible to apply a specific correction and

spectra appear difficult to interpret. Therefore, maximizing the specular component

results in higher intensity of the detected signal, but spectra are characterized by

distorted signals.

On the other hand, the diffuse component produces bands which are not distorted

and can be easily compared with transmission spectra. For this reason, even if the

overall signal is reduced, an alternative strategy could be based on achieving a

surface rough enough to maximize the diffuse reflection component [66].
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16 µm

25.7 µm
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Fig. 10 Confocal image of paint cross section collected from a panel painting and prepared after
pretreatment with cyclododecane. The different hardness of the paint layers and use of water as lubricant
during microtoming result in production of a rough surface and material loss corresponding to the water-
sensitive gypsum/glue ground. Reprinted from [57], with permission from Elsevier

Top Curr Chem (Z) (2016) 374:26

123 144 Reprinted from the journal



In particular, the surface morphology of cross sections obtained with the

cyclododecane method (Fig. 10) allows detection of diffuse bands in total reflection

mode; these bands can be highly diagnostic, as they are more similar to transmission

bands compared with distorted specular signals [66]. However, this embedding

method presents some limitations for spectra collected in ATR mode [57], as

analysis of such rough surface areas is difficult, because of the poor and uneven

contact between the ATR crystal and sample.

4 Chemometric Approaches for Elaboration of ATR-FTIR
Hyperspectral Data

Molecular analysis by micro-FTIR mapping and imaging allows collection of a

considerable number of infrared spectra from bidimensional scanning of the sample

surface, providing information about the spatial distribution of different compounds

with a resolution that is a function of the objective aperture dimensions, the selected

stage step, and the refraction index of air (in the case of spectra collected in total

reflection mode) or the ATR crystal (in the case of lATR mode).

lFTIR chemical maps/images can be obtained by plotting the intensities of

characteristic absorption bands, coded on a chromatic scale (blue–red color scale),

in correspondence with their spatial location within a selected sample area [67, 68].

Overlapping all of the maps/images corresponding to each wavelength, the dataset

can be represented in three dimensions (two spatial dimensions plus the color-coded

absorption intensity) as a hyperspectral parallelepiped, usually referred to as a

hypercube (Fig. 11).

Fig. 11 Hyperspectral parallelepiped or hypercube
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Nevertheless, the use of a univariate approach may result in problems related to

the presence of complex mixtures, which may affect the correct identification and

spatial localization of the compounds. Indeed, due to the heterogeneity and

complexity of painting materials, overlapping of characteristic bands in the mid-

infrared region may occur, as well as variations in their relative intensity. It has been

widely demonstrated that, when datasets are constituted by multiple objects and

intercorrelated variables, univariate methods—which examine one variable at a

time—considerably underutilize the information contained therein. Conversely,

multivariate approaches can consider and represent all the information in an easily

understandable way.

Chemometrics is a chemical discipline born for interpreting and solving

multivariate problems in the field of analytical chemistry. Wold used the name

‘‘chemometrics’’ for the first time in 1972 to identify the discipline performing

extraction of useful chemical information from complex experimental systems

[69]. In the last decade, chemometrics has played a crucial role in interpretation of

spectroscopic data and has been increasingly used in the conservation science

field.

One of the most widely employed chemometric tools is principal component

analysis (PCA). PCA is an unsupervised exploratory method that looks for

directions of maximum variance within a multivariate data space, based on the

assumption that high variance (i.e., high variability) is synonymous with a large

amount of information. The searched directions, which are called principal

components (PCs), are orthogonal. This implies that they are not intercorrelated,

and therefore that they never account for duplicate information [70]. From a

mathematical point of view, the PCs are expressible as linear combinations of the

original variables. The coefficients which multiply each variable, called loadings,

represent the cosine values of the angles between the PCs and the original

variables, varying between -1 and ?1. The larger the absolute value of the

loading, the larger the contribution of the corresponding original variable to the

PC.

One of the main advantages of using PCA is related to the possibility of

representing large amounts of complex information by way of simple bi- or

tridimensional plots. Indeed, the plots obtained using two or three PCs can be used

to represent the objects (score scatter plots), the original variables (loading plots), or

both objects and variables (biplots). Score scatter plots may allow observation of the

distribution of the objects in the plane described by two or three selected PCs,

providing information about multidimensional structures existing among the

objects, such as similarity, groupings, and trend patterns.

Loading plots are bidimensional representations of the loading values of the

original variables on two selected PCs, providing information about the importance

of the variables and about their intercorrelation, with respect to the fraction of

variance (i.e., information) explained by those PCs. Relationships existing between

variables and objects can be described by joint examination of loading and score

plots.
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4.1 Application of PCA for Elaboration of lFTIR Maps

In the last years, several research efforts have been devoted to application of

chemometric approaches for interpretation of FTIR data acquired from artistic

samples [36, 71–78].

Recently, these methods were employed for interpretation of hyperspectral data

obtained by FTIR mapping or imaging.

Hyperspectral data are arranged in three-dimensional matrices with dimensions

X 9 Y 9 W, where X and Y are the number of vertical and horizontal measurement

points, respectively, while W is the number of spectral variables recorded at each

point (e.g., the different wavenumbers). Nonetheless, each point can be considered

as an independent object if the three-dimensional array is unfolded into a

bidimensional matrix, structured with J = X�Y rows and W variables. This

transformation is necessary for application of usual chemometric techniques, which

generally require bidimensional matrices.

After such elaboration, the objects may be refolded (Fig. 12) as in their starting

configuration. This is particular useful because each point of the map can then be

represented using a chromatic scale, for example, from blue (minimum) to red

(maximum score value), considering the corresponding score value for a given PC.

In this way, a sort of multivariate picture of the investigated sample is obtained

which shows all of the information explained by that PC.

Fig. 12 Scheme of application steps of PCA multivariate approach on lFTIR 3D data arrays
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First attempts proposed interpretation of lFTIR maps by representing score maps

and by the visualization of score scatter plots, loading plots, and loading profiles

(Fig. 12) [76, 77].

An improvement in data interpretation was obtained thanks to the integration of

scatter plots and score maps, employing the so-called brushing approach (Fig. 13)

[78]. This method allows identification of correspondences between clusters of

scores (detectable in the scatter plots) and specific areas within a PC score map, thus

making it possible to understand to which particular part of the investigated sample

those points correspond (Fig. 13c, e). Furthermore, the spectral profiles of such

objects may be extracted and interpreted by considering an average spectrum. This

information can integrate analysis of the loading values, enabling identification of

the spectral bands most involved in defining each subarea under investigation

Fig. 13 PCA elaboration on lFTIR map acquired from a real mural sample from Ercolano.
a Photomicrograph of sample cross section, b PC false-color (RGB) image obtained by coding the
score values on PC1, PC2, and PC3 as the intensity of the red, green, and blue channels; c PC2–3 score
scatter plot: clusters highlighted in green and red indicate objects localized within the PC3 score map:
layers 1 and 2, respectively; d PC2–3 loading plot, underlying the wavenumbers which mainly
characterized green points in the PC2–3 score scatter plot (2850, 2920, and 1734 cm-1) and
wavenumbers which mainly characterized red points in the PC2–3 score scatter plot (1726 cm-1);
e PC3 score map, allowing clear distinction of the three layers present in the sample; f average spectral
profile extracted from layer 1; g average spectral profile extracted from layer 2; h PC2–3 score scatter
plot with spectra of pure standard compounds used as reference materials: Paraloid B72 (red square) and
beeswax (green square). Reprinted from [78], with permission from Springer
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(Fig. 13d, f–g). Finally, PC false-color (RGB) images can be obtained by coding the

score values on three selected PCs as the intensity of the red, green, and blue

channels (Fig. 13b). This generally allows one to illustrate the overall location of

painting materials in a single image [35, 78]. As an example, Fig. 13 reports results

obtained on a paint cross section collected from a mural painting from the

archeological site of Ercolano (Erc3), Italy [78]. The joint interpretation of score

and loading plots and the average spectra of points in the score plot corresponding to

specific layers allowed identification of the protective layers present in the sample.

In particular, Paraloid B72 (a commonly used acrylic consolidant and protective

coating) and beeswax were identified in layer 2 and 1, respectively.

Chemometric elaboration of FTIR hyperspectral data implies use of preprocess-

ing tools aimed at extracting the maximum useful information from the dataset.

However, incorrect use of these correction tools may have negative effects in terms

of amplifying noise or introducing artifacts. For this reason, the following section

presents a short description of the commonest preprocessing treatments.

4.2 PCA Preprocessing Treatments

In the case of complex analytical signals arising from FTIR microscopy analysis, a

number of preprocessing tools can be used with the purpose of:

1. Eliminating or reducing random noise

2. Eliminating or reducing unwanted systematic variations

3. Reducing or compressing acquired data

Unwanted systematic variations can result from instrumental difficulties,

experimental conditions, and/or physical characteristics of the samples. In general,

it might be advantageous to avoid unwanted signal variations by improving the

experimental settings, but this approach is not always feasible.

Furthermore, in many cases, the effort that is needed (complex sample

pretreatments, accurate temperature control, etc.) may be so great to become

incompatible with practical and logistic issues in terms of time consumption or

economic resources [79, 80]. For these reasons, when possible, it is preferable to

remove signal variations afterward, by data preprocessing.

Correction of systematic differences among spectra is possible using row

preprocessing treatments.

Row centering removes systematic location differences, such as baseline shifts,

from a set of spectra, as shown in Fig. 14. Indeed, each absorbance value (yi,v)

referring to a specific spectrum (yi), defined by v variables (the wavenumbers in an

IR spectrum), is corrected individually by subtracting the mean absorbance value

(yi) for spectrum yi. The resulting values (yi,v
* ) of the row-centered spectrum are

obtained as

y�i;v ¼ yi;v � yi: ð2Þ
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As a consequence of this transformation, the mean value of each spectrum

becomes equal to 0.

Standard normal variate (SNV), or row, autoscaling corrects both location and

dispersion systematic differences between spectra, thus removing baseline shifts and

correcting global intensity variations (see Fig. 14). The values of an SNV-

transformed spectrum are obtained by first row-centering the spectrum (yi) then

dividing the single absorbance values by the absorbance standard deviation si
calculated considering the whole spectrum:

y�i;v ¼
yi;v � yi

Si
: ð3Þ

Fig. 14 Effectiveness of a number of row pretreatments in eliminating addictive, multiplicative, and
global intensity effects. Reprinted from [70], with permission from Elsevier
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In this way, each spectrum presents a mean value equal to 0 and a standard

deviation equal to 1.

As for other corrections, SNV has to be used in a critical way; indeed, since this

transformation has the peculiarity of potentially shifting informative regions

throughout the signal range, interpretation of results referring to the original signals

may be misleading [81].

First and second derivative treatments after smoothing increase the apparent

resolution of overlapping peaks, accentuate small structural differences between

nearly identical signals, and correct for baseline shifts and drifts, depending on the

derivation order, as shown in Fig. 14 [70, 83].

In particular, the first derivative of a signal y = f(x) is the slope of the tangent to

the signal at each point:

y
0 ¼ dy=dx: ð4Þ

The second derivative provides a correction for both addictive and multiplicative

effects and represents a measure of the curvature of the original signal. It is obtained

as a further derivation of the first derivative:

y00 ¼ d2y=d2x: ð5Þ

Although these transformations allow signal resolution enhancement, they may

also result in enhancement of noise, which is usually characterized by high-

frequency slope variations. To prevent this drawback, signals may be firstly

smoothed, often using the Savitzky–Golay algorithm, to reduce the noise thanks to

this moving-window averaging method [82].

Column preprocessing corrects systematic differences among variables, acting on

each variable individually (the absorbance values at a certain wavenumber in all the

dataset).

When column centering is performed, the absorption at a specific wavenumber

for all the dataset is corrected individually by subtracting the mean absorbance

value for this specific wavenumber for all the dataset (yv) from each individual

absorbance value (yi,v), as follows:

y�i;v ¼ yi;v � yv: ð6Þ

After transformation, the mean value of each column is equal to 0.

Column autoscaling eliminates systematic location and dispersion differences

among heterogeneous variables. Indeed, the mean value of each single variable after

such transformation is equal to 0, and the standard deviation to 1. Each variable is

corrected individually by subtracting its mean (yv) from each of its values and then

dividing by its standard deviation (sv), as follows:

y�i;v ¼
yi;v � yv

Sv
: ð7Þ
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In this way, all the variables have the same a priori importance. This correction

may be extremely useful in the case of signals in which all the variables have the

same nature and measurement units, such as spectra, if there are relevant variables

characterized by a relatively low mean value and/or standard deviation. Otherwise,

this pretreatment may decrease the signal-to-noise ratio, since the same weight is

given to the noisy parts.

5 New Perspectives on Application of FTIR Microscopy
for Characterization of Artistic Materials: Enhanced FTIR-Based
Methods

In 1980, Harstein et al. [84] discovered that, when a molecule was adsorbed on a

metal surface in the form of nanoparticles or nanoislands, its infrared absorption

was significantly more intense than expected. This effect, named surface-enhanced

infrared reflection absorption (SEIRA), is observed in transmission, attenuated total

reflection, total reflection, and diffuse reflection. Similarly to surface-enhanced

Raman scattering (SERS), the enhancement is produced by a combination of

electromagnetic and chemical mechanisms [85–89]. The metal islands are polarized

by the incident infrared photon field through excitation of collective electron

resonance, or localized plasmon modes. The dipole (p) induced in an island

generates a local electromagnetic (EM) field stronger than the incident infrared

photon field around the island. In particular, the intensity of the enhanced EM field

decays with the distance of the analyte from the metallic surface. Moreover, in the

proximity of the nanoislands, the local EM field is normally polarized at every point

along the surface. The scheme reported in Fig. 15 explains the EM enhancement

and the surface selection rules.

A chemical contribution to the SEIRA effect is observed when the analyte is

chemisorbed on the metal surface, since additional dipoles are induced in the metal

islands [89]. The enhancement factor and the prevalence of electromagnetic or

Fig. 15 Schematic representation of electromagnetic mechanism of SEIRA on metal island films
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chemical contributions must be evaluated in each specific case, according to the

nature of the SEIRA support used and of the molecular species investigated.

Different types of enhancing surfaces can be successfully applied to obtain such a

SEIRA effect. The most widely used supports are obtained by producing island

films with coinage metals [90–93]. With the advent of nanotechnology, a lot of

enhancing surfaces have become available for SEIRA spectroscopy [94, 95]. Thin

metal film evaporation under vacuum has been demonstrated to be an effective

approach to obtain irregular surfaces (also applied for SERS analysis) [96, 97]. This

is a simple and inexpensive procedure that provides a disordered, rough thin film of

metal on a suitable holder. The deposition rate of the metal and the film thickness

are crucial parameters in this technique to obtain an active surface. In particular, it

was found that a slow rate of deposition generally provides the best enhancement

[97]. An alternative method to obtain a metal film is electrochemical deposition. A

suitable potential or current is applied to an electrolyte solution of salts of the metal

to be deposited, under potentiostatic, galvanostatic, or potential cycling conditions.

Rough electrodes obtained using this procedure have been proposed as low-cost

substrates for SEIRA analysis [98].

Metal colloids have become the most commonly used substrates, in both SERS

and SEIRA, thanks to their easy preparation and the possibility of inducing

aggregation, during and after synthesis [99, 100]. In more detail, metal colloidal

nanoparticles may be produced using chemical (reactions in solution), physical

(laser ablation), or photophysical (photoreduction of Au and Ag salts) methods.

For SEIRA analysis, the sample can be placed in contact with an active substrate

using different methods. Using the ‘‘drop-drying method,’’ a dilute solution of

analyte is applied onto a support and analyzed after drying. Another possibility is to

form a thin film of the sample on the metal surface by evaporation under vacuum.

SEIRA analysis can also be performed on Langmuir films obtained by horizontal

deposition in a Langmuir balance followed by transfer to the SEIRA substrate [94].

Moreover, depending on the type of support, different configurations such as

sample–metal, metal–sample, and metal–sample–metal have been successfully

adopted.

Since the enhancement factors (about 10–1000 times) of SEIRA are not

competitive when compared with those of SERS, little attention has been dedicated

to possible applications. However, cross sections for infrared absorption are an order

of magnitude larger than corresponding Raman cross sections. Thus, even if SEIRA

enhancement is modest, it can be effective in practical applications, so both

techniques are under development as promising optical sensor technologies [94].

Recently, two other enhanced-sensitivity FTIR methods, namely super grazing-

angle reflection spectroscopy (SuGARS) and grazing-angle attenuated total

reflection (GAATR), have been described [101–104].

These two techniques have in common a thin layer of sample deposited on a

high-refractive-index material (a metal for SuGARS, silicon for GAATR), analyzed

in ‘‘ATR mode’’ with a high-refractive-index internal reflection element (typically

germanium) at high angle of incidence (AOI) (Fig. 16). In particular, the AOI must

be greater than the critical angle for the ATR material–substrate interface for

GAATR (i.e., for the germanium–silicon system, H[ 59.6�) and larger than the
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AOI for the Ge–sample interface for SuGARS. In the GAATR configuration, it is

not possible to use lower angles (even if greater than the Hc for the IRE–thin film

system); indeed, the evanescent wave would be refracted at the interface between

the thin film and the support (for example, silicon) following Snell’s law. The

SuGARS configuration cannot be considered an ATR technique, because the

substrate has a much higher refractive index than germanium. Nevertheless, the

metal substrate confines the transmitted wave to the film, which has the

consequence that the intensity of the wave in the film is greatly enhanced. When

thin layers such as monolayers are applied on either silicon or a metal and analyzed

in grazing conditions, the absorbance of the spectral bands is greatly amplified

[101–104]. Based on simulations, the two techniques provide similar results and

comparable performance. In particular, it was observed that the absorbance

enhancement is high for very thin layers (about 10 nm) and then decreases to one

(no enhancement) with increasing thickness [102]. Even if, to date, mainly

simulation studies have been performed, these two techniques have the potential to

be used in fields such as forensic, material, or conservation science, where the

amount of sample is generally extremely limited.

5.1 First Applications of Enhanced FTIR Methods for Analysis of Artistic
Materials

SEIRA, GAATR, and SuGARS appear to be very promising systems for analysis of

thin films or in the case of very small amounts of material being available. In the

field of conservation science, these methods can be applied for analysis of thin films

applied on metallic surfaces such as varnished metal leaves applied in gilding

techniques and protective coatings applied on metal objects, or for analysis of

microextracts.

Analysis of dyes represents a possible field of application, as their character-

ization is a well-known challenging task, due to their inherent high tinting strength

and consequent low concentration in the carrying matrix [105]. High-performance

liquid chromatography (HPLC) is usually the technique chosen to precisely identify

the nature of dyes and mixtures thereof [106, 107]. Alternative protocols including

nondestructive investigations such as UV–Vis reflectance or fluorescence measure-

ments conducted directly on dyed fibers prior to more invasive analysis have also

been suggested [108, 109].

ATR crystal

Silicon (GAATR)
Gold (SuGARS) 

Sample (thin layer)

Fig. 16 SuGARS and GAATR
configurations
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Vibrational spectroscopic techniques such as infrared and Raman spectroscopies

have been employed as well, with consistent difficulties linked to the sample

typology and the amount necessary to obtain good-quality spectra [110]. In Raman

spectroscopy, problems related to the relevant fluorescence emission from dyes have

been overcome by means of SERS methods which can be applied both directly on

fiber or on dye extracts [111–116]. For IR spectroscopy, extractionless protocols

cannot be applied because the less intense signals from dyes are completely hidden

by strong bands characterizing the IR profile of the textile material onto which they

are absorbed.

Therefore, dyestuffs must be extracted from their textile support, which is

generally performed using the same extraction procedures applied for HPLC

experiments, taking into consideration that strong acid-based extraction procedures

must be avoided because they would cause hydrolysis of the fibers, forming soluble

species whose IR absorption could overlap with that of the dyes.

Recently, it was shown that, starting from less than 0.1 mg of dyed fiber and

employing a microextraction procedure, it was possible to identify the dye by using

a SEIRA-based method [117].

In particular, 10 lL of microextract was mixed with the same aliquot of gold

nanoparticle (AuNP) colloidal solution obtained by laser ablation [118]. Compared

with metal colloids obtained by chemical reaction, AuNPs obtained with laser

ablation avoid the presence of spurious byproducts which may affect the results.

Two aliquots of the obtained solutions were spotted onto a gold-coated glass slide

before and after addition of the gold nanoparticles and analyzed in RAS mode. As
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Fig. 17 SEIRA spectrum recorded on the border of a drop obtained by spotting 1 lL of solution
extracted from a few millimeters of a single fiber dyed with Acid Orange 7: a mixed with AuNPs
obtained with laser ablation (red profile) and b without addition of AuNPs (blue profile); full scale



reported in Fig. 17, enhancement of the signal could be observed when the analyte

was added with AuNPs [117].

We recently found a greater signal enhancement when we spotted microextract

onto a gold-coated glass slide and performed the analysis in lATR mode (Fig. 18).

This setup is similar to SuGARS, although commercial ATR systems generally

have a fixed angle of incidence, which is typically selected to enable routine lATR
analysis and is far from grazing conditions. Moreover, we found that this setup is

particularly useful to analyze layers formed after evaporation of a small volume

(about 1 lL) of dye microextract, being thicker (more than 300 nm) than the

monolayers suitable for SuGARS.

Our research group will shortly publish on the application of this method to

analysis of dyes.

6 Conclusions and Future Perspectives

FTIR microscopy is one of the most versatile techniques for analysis of complex,

multicomponent, and multilayer samples such as those typically encountered in the

field of heritage materials. Indeed, even though great efforts have been devoted to

development of nondestructive portable systems for in situ analysis of cultural

objects over recent years, the information that these techniques can provide is still

incomplete for comprehensive understanding of layer-structured artworks. For this

purpose, new methods such as nuclear magnetic resonance (NMR) profilometry and

terahertz spectroscopy [119, 120] have been proposed to provide nondestructive

stratigraphic information, but they only allow one to obtain information on the

presence and homogeneity of layered structures but not yet to chemically

Fig. 18 ATR analysis on spot applied on a gold-coated glass slide: a schematic of setup; b gold-coated
glass slide with colorants spotted on it; c ATR objective
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characterize each layer. Therefore, the development of FTIR microscopy-based

methods for analysis of artworks will provide complementary chemical information

on materials used by ancient artists. More precisely, FTIR microscopy performed in

the near-infrared (NIR) region in total reflectance mode can be a complementary

tool for characterization of paint cross sections. Integrated use of information

recorded in both NIR and MIR regions is extremely useful for molecular

investigation of both organic and inorganic substances, due to the fact that

combination and overtone bands present in the NIR region, even if weaker and less

selective than those in the MIR region, are not distorted by reflection phenomena.

Thus, NIR spectra can be efficiently used as a spectral fingerprint for stratigraphic

characterization of paint cross sections.

One of the main interesting research fields will probably be further development

of procedures for analysis of multilayer historical samples by means of SR-FTIR

microscopy. The brightness and collimation of SR light are particularly useful for

identification of complex mixtures and thin layers. The main drawback is that SR-

FTIR microscopy analysis is performed either in total reflection, which produces

highly distorted spectra, or in transmission, which is applicable only for thin

sections. Several methods have been proposed to obtain thin sections, but the

effectiveness of these preparation procedures varies with the sample composition,

and in some cases sample integrity may be irremediably compromised. Thus, further

research is needed to propose more controllable procedures. On the other hand,

significant improvements will be obtained by designing ad hoc ATR systems which

can be easily coupled with SR light to analyze both cross and thin sections.

Chemometric elaboration allows easy interpretation of complex hyperspectral

data acquired by lFTIR mapping and imaging techniques. Further progress could be

made through the development of tools that allow elaboration of hyperspectral data

obtained via different molecular (i.e., Raman and FTIR) and elemental (i.e., SEM-

EDX) techniques, providing an easy way to couple correctly points acquired by the

different systems, considering that it will be hard to select exactly the same area and

that the spatial resolution may be different.

A very interesting and promising field is the development of enhanced lFTIR-
based methods for detection of trace components in microextracts. Further efforts

will be devoted to optimize microextraction procedures for different kinds of

substances (i.e., natural colorants, synthetic colorants, varnishes extracted, for

instance, from cotton swabs used during cleaning of paintings, organic residues on

archeological remains, etc.) to improve the detection limits. At the moment,

applications of these methods for identification of trace amounts of dyes in

microextracts have provided the first successful results. In particular, coupling of

lFTIR to thin-layer chromatography supports used for separation of mixtures of

dyes is currently under study by our research group, and results will be published in

the very near future. These applications will open new frontiers in the use of FTIR

microscopy for trace analysis.
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Abstract Rooted in the long tradition of Raman spectroscopy of cultural heritage

materials, in this work we provide a personal perspective on recent applications and

new frontiers in sampling modalities, data processing, and instrumentation.
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1 Introduction

Thirty years after its first application to the study of artworks [151], Raman

spectroscopy today is an established tool for the molecular investigation of cultural

heritage materials. Its characteristics of high spatial resolution (typically ranging

between 1 and 10 lm), both in terms of lateral resolution and depth profiling (with

confocal instruments), molecular specificity (buttressed by the availability of ad-hoc

built databases), non-destructivity, coupled with the ability to conduct in situ

analysis, and extreme versatility in terms of the areas of applications (spanning

minerals, gems, organic and inorganic pigments and their degradation products,
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3 Sorbonne Universités, UPMC Université Pierre et Marie Curie-Paris 6, MONARIS ‘‘de la

Molécule aux Nano-objets: Réactivité, Interactions et Spectroscopies’’, UMR 8233, UPMC/

CNRS, 4 Place Jussieu, Paris Cedex 05 75252, France

123

Top Curr Chem (Z) (2016) 374:62

DOI 10.1007/s41061-016-0061-z

161Reprinted from the journal

mailto:fcasadio@artic.edu


binding media, varnishes, plastics, glass, ceramics, and conservation treatments),

make Raman spectroscopy a versatile and quasi-indispensable tool in the arsenal of

cultural heritage scientists. Modern, efficient detectors allow operations at very low

laser powers, reducing the risk of charring or otherwise altering the sample during

analysis, while the availability of several different types of instruments (including

Fourier-transform Raman spectrometers and dispersive Raman microscopes

equipped with confocal holes), and the rise of surface-enhanced Raman spec-

troscopy (SERS) have been instrumental in quenching or altogether avoiding the

overwhelming phenomenon of fluorescence, which plagues Raman applications to

the hierarchically complex, often organic/inorganic and aged materials that

characterise works of art and archaeological artifacts.

Rooted in the long tradition of Raman spectroscopy of cultural heritage materials,

in this work we provide a personal perspective on recent applications and new

frontiers in sampling modalities, data processing, and instrumentation.

2 Recent Developments in Instrumentation and Sampling Modalities

2.1 Instrumentation

Since its experimental discovery [254], the instruments used to record Raman

scattering radiation have witnessed numerous revolutions. These technical evolu-

tions concern excitation sources, the interface with the sample, the scattered

radiation analysis, signal recording, and the automated management of analysis or

spectral handling. During these evolutions, Raman spectroscopy has broadened its

areas of applications, from fundamental physics and chemistry to all fields of

analytical chemistry, gaining particular relevance for the study of the cultural

heritage, as illustrated in this article.

2.1.1 Laser Sources

Light sources for the Raman effect initiate with the sun (the original experiment of

C.V. Raman), followed by energy lines emitted from mercury and other lamps, and

then, since the 1960s, produced by lasers and all their evolutions. When introduced,

lasers offered the promise of intense excitation [173], effectively counterbalancing

the weakness of the Raman scattering effect. Since the 1990s, the introduction of

solid laser sources (and the ensuing diversification of available lines) was one of the

parameters allowing the reduction in size of Raman devices and the lowering of the

barriers of the required technical environment for their operation (initially involving

high-power electrical supplies, water-cooling systems and other demanding infras-

tructure requirements).

The most popular kinds of gas lasers are mixed helium–neon, argon, krypton and

mixed argon–krypton. For helium–neon lasers, no high current or large external

cooling are needed to produce sufficient power with their main emission in the red at

632.8 nm (value often rounded to 633). With its reduced size and long service life, it

was a popular technical choice before the introduction of solid-state lasers. Argon
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lasers’ (Ar?) most widely used line is the green at 514.5 nm (often rounded to 514).

Such a laser is able to produce intense emissions, but requires a high-voltage input

and an efficient external cooling system by water circulation. With the low excitation

power needed for many studies of cultural heritage samples and objects, nowadays

‘‘miniaturised’’ argon lasers are available with air cooling and a standard power

supply. The interest of such gas lasers is the ability to tune the emission wavelength,

and select different emissions, which for argon, in addition to the line at 514 nm, are

in the blue range at 457.9 and 488 nm. With sufficiently powerful models, an

additional line in the near-ultra-violet (UV) at 363.8 nm can also be used. Tunable

lasers may be appealing for Raman spectroscopy, but with a lifetime of around

10,000 h and rather high costs, these systems are not fully competitive with solid-

state sources, and the manufacturers are therefore dropping this technology. For gas

lasers emitting in the blue, which are more rarely used in Raman applications for the

cultural heritage, a specific type is the helium–cadmium (HeCd) laser, with lines at

325 and 441.6 nm. Finally, a gas laser based on krypton is known for its deep blue

lines at 406.7 and 413.1 nm, and a red one at 647.1 nm, whereas mixed argon–

krypton lasers combine the blue and green lines with this additional red one.

For solid-state lasers, the most common types are based on Nd:YAG diodes

(neodymium-doped yttrium aluminium garnet). The main emission of such lasers is

at 1064 nm, the near-IR (IR) excitation used in Fourier-transform (FT) Raman

instrumentation since the 1980s. In the 1990s, frequency-doubled Nd:YAG were

introduced, with a green emission at 532 nm that is competitive with the Ar? lasers

emitting at 514 nm, thanks to their small size, long lifetime, and stability, becoming

the most popular green line in Raman spectroscopy. It should also be noted that

other multiplying devices or emission lines of Nd:YAG diodes are used (see below),

as, for example, the line obtained by the frequency quadrupling of their main

emission, which occurs in the UV range at 266 nm.

The next generation of solid-state lasers used in Raman spectroscopy emit in the

beginning of the near-IR range at around 785 nm, as is the case, for example, with

gallium, aluminum, and arsenic (GaAlAs) diodes. With their affordable cost, these

lasers have become very popular, also because their near-IR excitation can avoid the

fluorescence of various samples from works of art and archaeology, especially

organic materials. However, because of the rapid decline of CCD detector efficiency

in the IR range above about 950 nm (which corresponds to a Raman shift of

approximately 2220 cm-1 from 785 nm), no significant Raman signal can be

recorded beyond about 2000 cm-1. This can constitute a serious limitation when

studying C–H or O–H stretching vibrations of specific samples; for example, the

C:N stretching of Prussian blue (ferric ferrocyanide) occurring at 2102 and

2154 cm-1 would be out of range. Such laser diodes are also quite sensitive to

temperature variations that may induce deviations of the emission wavelength; thus,

a good thermal control is required for Raman applications. However, on the other

hand, this specificity can be used for fluorescence removal (see Sect. 3.1). Solid-

state lasers are currently regularly evolving as other diodes appear on the market,

such as the GaAs diode with emission in the near-IR, around 830 nm.

For a long time, there was a lack of solid-state lasers emitting in the blue. One of

the first examples to be offered on the market was a laser emitting at 473 nm based
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on the frequency-doubling of a secondary emission at 946 nm of the Nd:YAG

diode. Nowadays, manufacturers develop lasers for producing other wavelengths,

such as, for example, at 405, 443, 488 nm. In the near future, such lasers will likely

effectively replace argon or krypton gas lasers, even if they are not commonly

proposed by Raman manufacturers, who still prefer systems based on green and red

lines. Rather than having one gas laser emitting several wavelengths, several solid-

state lasers will be used. Purchase costs (constantly reducing) and their long lifetime

will make such configurations competitive.

2.1.2 Interface with the Sample

The tectonic shift concerning the interface with the sample took place in the 1970s

with the introduction of the Raman micro-probe through coupling with a

microscope [114, 115, 267]. This technical advancement allowed the reaching of

several milestones: (1) it enabled micro-analysis (and, subsequently, imaging), (2) it

allowed the focusing of the excitation power (thus cutting out the need for powerful

lasers), and (3) it led to significant improvements in the collection of Raman

scattering thanks to the high numeric aperture of microscope objectives. Using

microscope objectives, analysis at the micron scale can be easily achieved, a very

interesting possibility for studying ancient samples, which are typically highly

heterogeneous. In addition, coupled with a motorised microscope stage and a

computer control, these systems allow Raman mapping and imaging.

Several different optics are available with various magnifications (from 95 to

9200), different working distances (for example, ranging from 0.38 mm to about

20 mm for a 950 objective) and thus several numerical apertures and specific

wavelength working ranges (visible, IR or UV). However, the quality of the optics,

as well as customised characteristics (very long working distance, high numeric

aperture, special optics tailored to the red or blue range, etc.) greatly increase the

price of the objectives, while multiplying the options installed on a single

spectrometer requires a justified use for each of their characteristics. In any case,

adapting the optics for a specific experiment may ultimately be the key to reaching

the required spatial resolution, or earning the few percent of signal that will allow

detection of the analyte in extreme conditions, these and others being challenges

that are common when studying cultural heritage objects.

2.1.3 Signal Analysis and Recording

The Raman light is generally analysed by dispersive spectroscopy, initially with

prisms, and, since the 1950s, with gratings. In parallel to similar developments in IR

spectroscopy, the introduction of computers in the 1980s for FT calculations

allowed the use of an interferometer for analysing the light, and then, in association

with Rayleigh rejection, the introduction of FT-Raman. However, because of the

lack of spectral resolution for ‘‘short’’ wavelengths, the use of this setup is restricted

to excitation in the IR range, such as for the 1064 nm emission of the Nd:YAG

laser. Using an interferometer also resolves the problem of an efficient IR detection

by allowing the use of a single channel detector with high efficiency in the IR region
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(such as ultrapure germanium crystals), circumventing the drop-off in sensitivity of

multichannel Si-based CCD in the IR region.

Signal recording followed the technical evolutions of light detection. It started

with photographic plates at its origin, followed by the introduction of photoelectric

photomultipliers in the 1950s, which implied single channel spectrum recording (i.e.

one acquisition for each point of the spectrum). Finally, CCD solid-state detectors in

the 1980s have dramatically reduced the counting time, first because of their

efficiency but also because of the possibility of multichannel detection. All the

further improvements in CCD efficiency have regularly contributed to increasing

the detection sensitivity of Raman spectroscopy. On the other hand, the possibility

of obtaining an acceptable detector noise with thermoelectrical cooling by the

Peltier effect (typically at -70 or -50 �C), without nitrogen cooling, has allowed a

significant reduction in the system volume and its technical requirements.

Competing with FT-Raman systems, some dispersive systems with a 1064 nm

excitation are currently being proposed thanks to the recent availability of more

efficient multichannel detectors in the IR, such as multi-element InGaS. These

developments are actually driving the miniaturisation of Raman spectrometers using

an IR excitation, so that portable dispersive Raman systems with 1064 nm

excitation are now commercially available.

The massive increase of system luminosity with the introduction of filter-based

spectrometers in the 1990s (see below) and the availability of optic fibres has ushered

in the advent of modular systems. On the one hand, the light can be transmitted

without relying solely on mirrors, thus allowing the system to be subdivided into

various elements linked by fibre optics, and, as a consequence, reducing the need for a

whole ‘‘rigid’’ device and internal optical alignments. On the other hand, it has

allowed moving beyond the confines of the benchtop microscope environment by

using ‘‘optic probes’’ for interfacing the sample and the spectrometer with fibre optics.

Such probes can then be brought directly to the sample or artifact without the need for

the latter to be adapted to the microscope environment, allowing highly adapt-

able in situ measurements, especially interesting for cultural heritage applications.

According to the type of Raman devices used, the fibre optic probe is either an

accessory with a specific exit different from themicroscope in a benchtop instrument or

the main entrance in the spectrometer, for example in the case of portable instruments.

Each system has its own advantages according to the applications and requirements. It

should be noted though that fibre optic connectors always introduce a signal loss slightly

higher than a simple mirror, and applications to cultural heritage remain somehow

limited to strictly in situ measurements when no other option is possible, while the best

quality spectra are routinely obtained on benchtop Raman microscopes.

2.1.4 Rayleigh Filtering

Another key point in the functioning of a Raman spectrometer is the rejection of the

Rayleigh line. This was initially done by creating an optical pathway through

grating(s) and slit(s). Such systems had the advantage of working with different

excitation wavelengths, accessing low frequencies close to the Rayleigh (for triple-

and even higher-order of dispersion in the spectrometer) and offering high spectral
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resolution. However, they had limited ‘‘luminosity’’ (i.e. the part of the Raman

signal from the sample which reaches the detector) and could not be miniaturised.

At the end of the 1990s, the introduction of systems based on holographic filters

[54, 180] constituted the latest major advance in instrumentation. The huge increase

in luminosity allowed drastically reducing the counting time (thus allowing the

development of imaging) or the laser power required at the sample (thus minimizing

the risk of sample damage). This last parameter is the key point to unlocking the

study of samples sensitive to photo-degradation by Raman spectroscopy. This is

especially significant for studies in the field of the cultural heritage.

The first generation of holographic Bragg diffraction filters are ‘‘Notch’’ filters

made of organic multilayers of gelatin. The classic ones offer a cut-off around

120 cm-1, the detection of Stokes and anti-Stokes bands, and linear transmission,

but suffer from a limited lifetime (of about 4 years) because of their sensitivity to

humidity and photo-ageing. With time, the transmission of Notch filters is reduced

and the cut-off increases to reach about 160 cm-1 after 2 years. When the cutoff

filter capacity degrades to about 200 cm-1, its replacement is mandatory for many

applications because informative Raman bands from various compounds (minerals,

pigments and corrosion products such as many oxides and sulfides) can be missed.

Second-generation filters, appearing commercially around 2005, are ‘‘Edge’’

filters made of a dielectric multilayer. When introduced, they solved the problem of

durability; because such materials are stable with time, with a cut-off at around

80 cm-1. Only the Stokes part of the spectra can be recorded, which is definitely not

a problem for cultural heritage applications, but their main drawback is a non-linear

transmission. This could be especially problematic in the field of cultural heritage as

significant fluorescence is commonly present in many samples. The non-linear

transmission, coupled with sample fluorescence, has the effect of creating ‘‘ripples’’

in the spectrum, which can hamper baseline removal of the fluorescence signal.

However, these transmission characteristics can be corrected (see Sect. 3.2).

The last generation of filters appeared at the beginning of the 2010s. These ultra-

narrow band filters are volume holographic Bragg gratings in photosensitive glass

(with various commercial names such as ‘‘BragGrateTM’’ and ‘‘SureBlockTM’’).

Beyond their stability with time and their linear transmission, they offer a very low

cut-off down to 10 cm-1. Of course, to reach such low frequencies, a narrow laser

line is required, as well as a spectrometer design that is highly dispersive and

selective to remove the Rayleigh line. In the field of cultural heritage, as well as

obtaining a linear transmission, such filters can offer the recording of Raman bands

below 100 cm-1 which is crucial for studying some kinds of materials (such as

those involving heavy metal oxides and sulfides) or recording other specific spectral

features such as the Boson peak in glass. The only limitation of all holographic

filters is the need of a specific filter for each excitation wavelength, but the

development of filters is in parallel to the one of solid-state laser sources that deliver

only one wavelength and the specialisation of devices which are devoted to one (or

a limited number, i.e. two or three) configuration(s). In more general terms, the last

decade has seen Raman devices move from laboratory multi-purpose, fully

adjustable systems to dedicated systems specialised and optimised for specific

performance and applications.

Top Curr Chem (Z) (2016) 374:62

123 166 Reprinted from the journal



In the area of cultural heritage research, the introduction of high luminosity

systems in the 2000s (in parallel to spectrometer cost reduction and their simplified

use) has spurred the widespread use of Raman spectroscopy.

2.2 Approaches to Sampling

Since the early 1980s [151], the Raman microprobe has been rapidly adopted as the

methodological approach of choice for the analysis of art and archaeological

samples, and for in situ applications for the timely analysis of objects that could fit

under the Raman microscope in its various configurations (Fig. 1). In this section,

we will review the most recent and notable advances in the applications of Raman

spectroscopy to the investigation of the cultural heritage.

Fig. 1 Charles Osborne, Tiffany and Company, Coffee Pot, 1880–1890 (The Art Institute of Chicago,
1978.142). This silver coffee pot with inlaid pearls, and ivory insulators has a gemstone finial. Because
archival records show that other similar objects by Osborne for Tiffany used nephrite, in situ Raman
analysis was performed with 532-nm excitation. Analysis identified chalcedony (the peaks for quartz at
126, 207 and 463 cm-1 are most evident; the peak at 503 cm-1 can be attributed to moganite, which has
been commonly found in many varieties of microcrystalline quartz) (Kingma and Hemley [172])
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2.2.1 Portable Instruments

Raman spectroscopy in the cultural heritage field is increasingly valued for its

portability, allowing the performing of in situ analysis, not only in museum galleries

and storage facilities but also on archaeological sites including outdoors in

applications such as the analysis of mural or cave paintings. New developments and

improvements of the analytical setups as discussed in the previous sections have

made it possible to overcome the geometrical constraints of benchtop instruments.

Many reviews and research papers have extensively described and compared

portable Raman spectrometers for cultural heritage analysis

[85, 176, 294–296, 299, 301]. Colomban [85] traces the history of portable Raman

instruments and provides a bibliographical review of the published papers on

mobile/on-site Raman in the cultural heritage field, with more than 15 papers in

each of 2010 and 2011. Vandenabeele et al. [295] make the distinction between

transportable, mobile, portable, handheld, and palm instruments and give, for each,

a brief definition of their uses. Detailed comparisons of various portable instruments

are available [162, 163, 299], and specific requirements for an archaeometric use of

Raman spectroscopy are discussed. These characteristics are either instrument-

related, as, for example, tunability of the laser power, the speed of analysis, the

analysed spot size, the spectral range (with requirements depending on the probed

material) or linked to the whole setup, like the total weight of the instrument, the

ease of positioning, the use of a camera, the need to work in a dark environment, and

many other characteristics. Lauwers et al. [176] contributed a study on the

evaluation of these characteristics for various portable instruments. Although the

requirements cannot all be met, the choice of a portable Raman spectrometer relies

on a compromise between the available features and the real needs of the project at

hand. For example, organic substances can now be analysed in situ, as dispersive

devices with near-IR excitation are available at 785 and 1064 nm; notable appli-

cations include the study of treatments with synthetic materials on the façades of

historic monuments [100] and on organic minerals [162, 163], but also in the field of

forensics, with 1064 nm excitation [301].

Portable Raman may also be combined with other laser-based techniques such as

laser-induced fluorescence (LIF) or laser-induced breakdown spectroscopy (LIBS)

[218] within the same instrument. The combination with LIBS requires a pulsed

laser and thus the use of time-resolved Raman spectroscopy. The laser, grating, and

CCD detector are common for both techniques, and movable filters can be added

depending on the technique, with lower laser powers employed for Raman analyses.

Such compact instruments have been used for the characterisation of minerals [280]

and also of works of arts with applications in the analysis of pigments and binding

media [224].

2.2.2 Mapping and Wide-Field Raman Spectroscopy

Raman mapping using a conventional motorised stage is used in the cultural

heritage field on micro-samples and cross-sections of samples such as paint layers

(in favourable cases where fluorescence is not a complete impediment to analysis)
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[94, 153, 287], calcium oxalates layers deposited on the surfaces of monuments as

deterioration products or as intentional mineral consolidation treatments [92, 93],

iron corrosion layers [210], and other corrosion products of archaeological metal

objects [18] or porcelain cards [116]. When it comes to in situ analyses, unless the

object fits under the microscope and can be securely held on the motorised stage,

which is not often the case, different approaches must be considered. Ropret et al.

[266] proposed three analytical modes using a set of scanning mirrors placed at the

horizontal exit of a benchtop Raman spectrometer that allow the laser to be moved

in two dimensions instead of moving the work of art. The first mode is a step-by-

step mode, very similar to conventional mapping, but with the laser moving instead

of the objects. A spectrum is recorded at every step. The second mode is an

averaging mode, where the mirrors oscillate to generate a macro-spot and,

depending on the speed of the oscillations and on the objective, the beam size can be

tuned. One average spectrum is recorded for the whole surface illuminated by the

macro-spot. The third mode is the macro-mapping mode, combining the average

mode and the use of the XY motorised stage. Average spectra are acquired at

different positions of the moving stage, leading to a rapid scan of a large probed

area. The macro-mode can be assimilated to wide-field Raman spectroscopy

mapping, where the sample or object is still and images are captured in two

dimensions at selected wavenumbers [274]. In other words, a band of interest is

chosen thanks to a specific filter, and an image is recorded on the illuminated area

using the two dimensions of the CCD detector. The filter must thus be chosen

according to the excitation wavelength and the spectral region of interest of the

probed material. The filters used are dielectric band pass filters that cover large

energy ranges and can be tuned to select specific bands. The size of the imaged area

can be changed by using different objective magnifications and by defocusing the

laser. This kind of analysis can be useful in the art and archaeology field but it

requires a pre-conceived idea of the probed materials in order to choose the filter

accordingly. More realistically, wide-field Raman mapping could be used as a

second-step technique for studying spatial organisation and composition at the

macro- and mesoscale, after punctual analyses for material characterisation at the

microscale. Brambilla et al. [30] have developed a transportable setup working with

a 6-cm-diameter mapping surface at a distance of 20 cm from the work of art,

making the system suitable for the analysis of three-dimensional objects or objects

characterised by uneven surfaces such as paintings. In their instrument, a set of

scanning mirrors enables the laser to move on the object surface and permits the

acquisition of raster scans of a quite large area. This prototype, compared to the

setup presented by Ropret et al. [266], enables in situ mapping of objects.

The difference of these setups with respect to conventional mapping on cross-

sections is that, while large areas can be scanned, here only the surface of the

sample or object is probed, while on cross-sections the layering of the sample is

studied in depth. However, the confocality of Raman spectroscopy is preserved with

the scanning mirrors setup, allowing, theoretically, the implementation of spatially

offset Raman spectroscopy.
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2.2.3 Spatially Offset Raman Spectroscopy (SORS)

Spatially offset Raman spectroscopy (SORS) has come to the fore in recent years as

a powerful analytical tool to interrogate the chemical composition of sub-surface

materials that are covered by superficial, turbid layers. First demonstrated in 2005,

the principle of the method lies in collecting the Raman signal from a point in space

that is displaced with respect to the point of excitation, either on the surface of the

sample or deeper down on the z axis of illumination [196, 198, 199]. Subsequent

data treatment can isolate the spectral contributions of the surface from those of the

subsurface without requiring previous knowledge of the chemical composition of

the top layer, leading to a powerful methodology that is of simpler implementation

than time-gated Raman spectroscopy to achieve similar results.

Initially developed for industrial, forensics, defence, pharmaceutical and bio-

medical applications [42], the first demonstration for the cultural heritage used

SORS to identify in a non-invasive way ivory specimens concealed under various

layers of paint, varnish or other polymers, so as to assist custom protection agencies

against illegal import of the material [154].

Though powerful, the technique is not applicable if the top layer is highly

absorbing, if it is of a metallic nature, or if it contains analytes with Raman

scattering cross-sections that are overwhelmingly higher than the lower target layer

[91, 96, 101]. Also, if the target underlayer is fluorescent, SORS will suffer from

fluorescence like conventional Raman microscopy. On the other hand, fluorescence

of the top layer can be suppressed or significantly reduced by using this technique

[99].

In recent years, the potential of SORS for the investigation of works of art has

been explored in depth [95–99]. Because for art applications the layers to penetrate

are much thinner (in the micrometer-size domain) than those for industrial or

pharmaceutical applications (which tend to be in the millimeter-size domain), the

method has been adapted, leading to the development of defocusing micro-SORS

[96]. In this modality, two spatially offset measurements are collected, one at the

surface, which is dominated by the spectral signature of the top layer, and one at a

defocused distance obtained by lowering the sample from the microscope (i.e. at a

lower position on the z axis with respect to the first measurement) to maximise

signal contributions due to buried underlayers. The post-processing of the data after

acquisition consists in a more or less sophisticated scaled subtraction of the

spectrum obtained at point z = 0 from that obtained at point (or points) z - n (or

Dz). An alternative sampling modality, full micro-SORS, which involves the

separation of excitation and collection on the x/y axis at the surface of the sample

(thus requiring custom modifications to conventional Raman microscopes) has also

been proposed. Compared to the defocused method, where collection and excitation

points are only offset in one direction (the z-direction), full micro-SORS has been

demonstrated to have the highest enhancement for the signal of the buried layer, and

to have larger penetration depths (Fig. 2) [98].

Even if less effective, however, defocused micro-SORS remains attractive for its

ease of implementation with conventional confocal Raman microscopes. Further-

more, various analytical strategies can be implemented to enhance the signal of
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buried layers in defocused micro-SORS, even in light of its lower efficiency

compared to its fully spatially offset variant, such as longer collection times or

increased intensity of the laser excitation. Because in essence the laser spot on the

surface of the object is larger in the de-focused position, concerns for laser damage

of art samples due to longer irradiation times are somehow alleviated.

Compared to confocal Raman spectroscopy, which was introduced to the field

several decades ago and now comes standard with most commercial Raman

microscopes, defocused micro-SORS can penetrate larger depths of scattering layers

(i.e. turbid media) than confocal microscopy. This has been measured in specific

cases to be one or two orders of magnitude higher [98, 197]. Interestingly, Conti

et al. [97] also demonstrated the capability of the technique to non-invasively assess

whether two distinct chemical components (i.e. two pigments) are present mixed in

one layer or individually in two subsequent layers in a stratified layering situation;

the authors also demonstrate this ability to resolve mixtures through an additional

surface turbid layer [97].

Most of the recent literature detailing applications of defocused micro-SORS to

pigmented layers of relevance to cultural heritage studies concerns itself only with

reference materials and mock-ups; however, a first application to samples from

polychrome terracotta and stucco sculptures from northern Italy dating to the

fifteenth–seventeeth centuries has recently been published [95]. Ultramarine blue,

azurite, Prussian blue, chrome yellow, red lead, vermilion, red and yellow ochres,

lead white, gypsum, anglesite and barium sulfate are documented. This is an

important proof-of-concept application and good quality spectra of buried layers

(down to 600 lm deep inside the paint stratigraphy) were obtained with powers at

the sample of approximately 10 mW and acquisition times for the defocused

positions of 100–300 s, which are about 2–6 times higher than the collection times

in the focused position. On occasions, when three layers are present, and with the

middle pigment being a weaker Raman scatterer than the pigments of the top and

bottom layers, the researchers reported that the contribution of the pigment in the

middle layer can become lost. Another limitation encountered in the analysis of

actual samples is that they can be heavily degraded, have multiple layers or are

highly inhomogeneous giving different results or data that are difficult to interpret

Fig. 2 Schematic representation of normal, confocal Raman, Defocusing micro-SORS and full micro-
SORS measurement geometries (reproduced with permission from [200])
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depending on the location of the analysed spot. Extremely thin layers can also be

missed.

Although in principle the technique can be applied in situ, effectively bypassing

the necessity of preparing cross-sections from the samples, because of the stringent

requirements on focusing (and defocusing) the laser light, so far it has only been

applied to samples and specimens excised from their original artifacts and not yet

for in situ analysis of actual works of art. Nevertheless, the technique has potential

for applications to easel paintings or small museum objects that can be placed under

a Raman microscope. Compared to femtosecond pump-probe microscopy, which is

also proposed as a way to obtain virtual cross-sections of paintings, but requires

extremely specialised laboratory equipment [300], the instrumentation for defocus-

ing micro-SORS is already pretty widespread in laboratories dealing with forensics

and art analysis. While the data interpretation requires a certain amount of

sophistication, this approach could be of wide applicability to the community of

cultural heritage science researchers as it does not require more sophisticated

instrumentation than conventional confocal Raman microscopes.

Interestingly, the technique is now coming full circle, as micro-SORS, which was

originally developed specifically to investigate cultural heritage materials, has

recently been demonstrated for industrial and research applications including the

analysis of multilayer polymer samples and cellulosic or biological materials such

as seeds [99].

2.2.4 Surface-Enhanced Raman Spectroscopy (SERS)

In the past 10 years, robust developments have taken place in the application of

surface-enhanced Raman spectroscopy (SERS) to the characterisation of molecules

of interest to the cultural heritage field.

The surface-enhanced Raman effect relies on the excitation of a surface plasmon

resonance, induced when laser light of specific wavelength hits a noble-metal

nanostructured surface, causing the electrons in the conduction band of the metal to

oscillate in resonance with the incident light. This resonance condition is met in the

visible region for Au and Ag nanoparticles. If a Raman-active molecule is in the

vicinity (a few ångströms) of the nanostructured surface, the occurrence of the

localised surface plasmon resonance (LSPR) causes the Raman signal of the analyte

to be enormously intensified—with reported order of magnitudes of 108–1018

greater than normal Raman—even down to single molecule sensitivity [311]. In

addition to this dominant electromagnetic effect, other chemical enhancements can

occur, which are linked to molecular resonance within the analyte (leading to

surface-enhanced resonance Raman scattering; SERRS) as well as electron donor/

acceptor (charge transfer) phenomena between the molecule of interest and the

valence level of the SERS-active substrate [188, 189, 191].

First described in the 1970s [142, 160], initially most efforts of the scientific

community focused on unraveling the scientific basis for the observed phenomena.

However, the potential of SERS for the ultrasensitive detection and molecular

fingerprinting of analytes remained unexploited for some time, until its explosion on

the analytical chemistry scene of the past 15 years, with thousands of articles
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describing applications in material science, biomedicine, chemistry, and numerous

reviews [203, 279].

The first application to art materials dates back to 1987, when Guineau and

Guichard used a roughened silver electrode to identify madder on a textile sample

[152]. However, one has to wait until 2005 to witness the portentous growth of the

spectrum of applications in the cultural heritage, firmly establishing SERS as a

robust tool for dye identification in the field of art analysis.

Although relevant for any Raman-active molecule, the most widely explored area

of applications in cultural heritage studies has been the identification of colorants—

primarily natural and, to a lesser extent, synthetic dyes and dyestuffs—with rare

exceptions related to natural resins [175] and daguerreotypes [64]. The normal

Raman technique, in fact, which is widely used for the identification of minerals,

inorganic pigments, some organic pigments and dyes, and organometallic

complexes [16, 24, 43, 61, 273], is plagued by fluorescence of the organic dyes

themselves or of the paint matrix in which these weak scatterers are immersed,

swamping the signal from the analyte (a notoriously weak phenomenon given that

the Raman effect concerns only approximately 1 in 104 scattered photons). Thus,

SERS has emerged as a valuable approach for the identification of colorants in art,

preserving the positive aspects of the normal Raman technique, such as high spatial

resolution and molecular specificity, while offering fluorescence quenching and

enhanced sensitivity leading to significantly improved limits of detection.

Although to date the most comprehensive method for dyestuff identification in art

is high-performance liquid chromatography (HPLC), which has the advantage of

being a separation technique and can in favourable cases lead to the identification of

the specific genus of plant or animal dyes [112, 309, 310], identify degradation

products [111, 140, 141], and resolve complex mixtures of dozens of dyestuffs

[239], SERS has emerged as a valuable alternative for severely mass-limited

samples, in situ applications and when information on the main chromophore is

sufficient (i.e. identification of carminic acid as opposed to determining the specific

presence of Polish cochineal or Mexican cochineal). Although in recent years HPLC

has significantly improved its detection limits for reduced sample sizes (of the order

of 0.5 mm of dyed fibre and a few micrograms of samples from polychrome works

of art), SERS maintains a sample-size and sensitivity advantage; in essence, if only

one particle of colored pigment is visible, SERS can detect its colorant. However,

compared to HPLC, this spectroscopic technique is severely limited in its ability to

resolve complex mixtures of colorants [248, 303]. To date, only a maximum of two

dyestuffs have been detected in the same sample with SERS: madder and cochineal

in red lake pigments used by painters in the Impressionist circle [247], cochineal

and brazilwood in textiles from the early twentieth century atelier of Mariano

Fortuny [159], and quinacridone combined with quinacridone quinone in commer-

cial pigments [192]. Alternative methodological approaches to overcome this

limitation have ranged from the simple combination of SERS with thin-layer

chromatography (TLC) plates [37, 53, 148, 246, 251], to advanced analytical

solutions involving consecutive UV laser ablation, deposition on a SERS-active

support covered in silver nanoisland film, and analysis with an optical parametric

oscillator (OPO) laser system [67], and hyphenated techniques coupling HPLC with
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SERS [314]. Surprisingly, the potential of combining microfluidic with SERS is still

mostly unexplored in this field [248].

In the past 6 years, several comprehensive reviews of SERS for both art and

forensic applications have been published [57, 148, 181, 211, 242,

248, 256, 311, 313], and the reader should refer to these for a more in-depth

treatment of the subject. Here, a summary will be provided of the most

notable developments in terms of substrates, excitation, sampling modalities, and

other innovations, focusing on the frontiers conquered as well as illustrating

challenges and areas of further development.

Sustained efforts have been focused on the synthesis of robust SERS-active

substrates, ensuring reproducibility of the results and building reliable databases for

the most common natural and, to a limited extent, synthetic dyes with a variety of

laser excitation sources (from the blue to the near-IR) and analytical investigation

conditions [40, 184, 245, 303, 315].

The most widely reported SERS-active substrate for art applications are silver

colloids obtained following the method originally published by Lee and Meisel

[179], which produces a random mixture of nanospheres and nanorods that are

suitable for direct applications to samples from works of art with or without partial

aggregation with potassium nitrate [50], poly(L-lysine) [277], sodium chloride [52]

and perchlorate [40]. Modifications to this method to achieve improved perfor-

mances have included centrifugation to create a concentrated paste, thus augment-

ing the number of nanoparticles per unit volume applied on samples varying from

watercolors to textile fibres [35, 159]. To narrow the range of LSPR of the silver

nanoparticles synthesised, and improve the reproducibility of the SERS spectra,

glucose-assisted reduction of silver sulfate in the presence of sodium citrate as a

capping agent in a microwave oven has also been proposed [181]. Other alternatives

have included silver nanoparticles produced by laser photoreduction, either directly

in situ on the sample under study [51, 165, 166, 257] or in solution for later use [8].

These methods are often proposed to overcome the spurious signal of the citrate that

is used in the Lee–Meisel synthesis to avoid the coalescence of nanoparticles. In

fact, the spectrum of citrate can appear in the SERS spectra recorded alongside, or

sometimes obscuring, the analyte signal due to competing adsorption processes on

the surface of the silver nanoparticles [36, 41, 184]. The main drawbacks of in situ

photoreduction though are, in turn, overheating of the sample and the appearance of

carbonaceous bands.

Since to be used as pigments and to dye textile fibres, most colorants need to be

complexed to an inorganic substrate or thread through a metal ion, in order to free

the dyestuffs of interest in these mordant dyes and lake pigments and render them

more readily available to the SERS-active nanoparticles, several pre-treatment

analytical steps have been proposed. By far the most amply demonstrated approach

has been the non-extractive hydrolysis with hydrofluoric acid (HF) vapors. Initially

proposed by Leona [181] the HF pre-treatment method is now amply validated as a

fundamental step, especially to release colorants from their complexes with metal

ions in lake pigments dispersed in oil binding medium [243, 247, 315]. Although

direct identification of colorants with colloidal pastes on samples of pastels and

watercolors has been achieved [35–37], this HF pretreatment is the most successful
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analytical protocol to date to identify red lakes in glazes and oil paint layers in

paintings and polychrome sculptures. Alternative pre-treatment steps with

hydrochloric or sulfuric acid for the identification of yellow, red and blue colorants

have also been proposed [143, 201, 221, 222], leading up to a complete

flowchart including treatment with acids and solvents to identify blue (i.e. indigo,

Prussian blue), and yellow organic (i.e., Reseda lake, Stil de Grain, gamboge)

pigments in one sample [263], but these procedures appear more limited in scope.

Although solid state, nanofabricated substrates have been widely published and

are frequently proposed for a variety of diverse applications [193], only a small

number of papers have described the use of metal films over nanospheres substrates

to analyse artistic dyes. Fabricated by drop-casting and self-assembly of

microspheres (usually silica or polystyrene) on a glass slide, subsequently covered

by a thin layer (approximately 200 nm) of vapor deposited Ag or Au, these

substrates generally give high-quality spectra with higher enhancement factors than

colloids [150], and can be tuned by appropriately choosing the size of the

microspheres used so as to give rise to LSPRs at different wavelengths

[278, 303, 304]. The major drawback of these systems is that the analyte needs

to be brought into solution, and often they suffer from contamination of

carbonaceous and other spurious materials that get preferentially adsorbed on the

metallic coating of the microspheres.

Major efforts have recently taken place to improve the spatial resolution of

SERS, which, when using colloids, is limited to the physical dimensions of the drop

of colloid deposited on the sample (typically 0.5–1 mm in diameter). These have

included innovative systems such as inkjet deposition of colloids (with deposition

sizes 50–80 lm) and simultaneous SERS analysis [20], the first demonstration of

the feasibility of tip-enhanced Raman spectroscopy for the analysis of indigo and

iron gall ink [174], combining SERS analysis in a scanning electron microscope

[250], and the use of OPO lasers for one-stop laser ablation and SERS analysis of

samples [190, 192], including the first application on a cross-section to resolve and

separate two different colorants in superimposed layers [67]. Most of these

applications have been ‘‘proof-of-concept’’ studies (with the OPO laser approach the

most widely developed to date) and in future years further developments of the

methodologies are to be expected. Preliminary results attempting to identify

dyestuffs on cross-sections from painting layers with lower-tech approaches have

included identification of madder, carmine lake, and kermes on painting cross-

sections with silver colloids [143, 158], and the identification of madder on a cross-

section of a mock-up sample with direct photoreduction of silver [257].

An innovative application of SERS and SERRS for the spatially localised

identification of binding media (especially proteins and gums) in samples from

works of art has involved the use of metallic nanoparticles functionalised with

SERS-active reporter molecules tagged to antibodies used for immunological

labelling of cross-sections. Here, the antibodies provide the identification of the

specific organic molecule (down to the type of animal or plant from which the

binder is obtained), and these immuno-SERS nanotags are used for sensitive

detection and localisation of those binders in the layer structure of the cross-section

[12, 233, 276].
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At present, the ultimate frontier for SERS is truly in situ, non- or minimally

invasive analysis. To this end, a small but growing number of papers have been

published demonstrating the use of flexible substrates based on acrylic gels

[182, 183], methylcellulose pastes [119], gelatin [120], or agar–agar gel [187, 241],

optionally loaded with a mild micro-extractant, often based on ethylenediaminete-

traacetic acid (EDTA) [240]. The analytical procedure either involves mixing the

gel with nanoparticles, or using the gels to extract a minute and nearly invisible

amount of dye for later analysis with SERS after deposition of colloidal silver

particles on the face that was previously in contact with the artifact.

Today, one can confidently say that SERS is solidly established as a reliable

option for the identification of colorants in works of art and archaeological artifacts.

This is also due, in part, to the wider availability of benchtop, easy-to-use Raman

spectrometers, which are becoming more ubiquitous than specialised HPLC

equipment in cultural heritage science laboratories.

3 Data Treatment and Chemometrics in Raman Spectroscopy Applied
to Art and Archaeology

In the past decade, not only have instrumentation and sampling modalities for the

Raman analysis of art and archaeological artifacts evolved but, in parallel, more

sophisticated methods of spectroscopic and statistical data treatment have been

proposed and are reviewed here. The first step, before comparison of spectra and

further data treatment, is spectral pre-treatment in order to standardise the data.

Fluorescence removal, filters’ signal removal, baseline subtraction, intensity

normalisation, smoothing, etc. are commonly used routines. A brief overview of

the possible use of these tools is presented, as well as several ways to analyse and

compare spectra: the construction of spectral libraries and automatic searches; the

determination of flowcharts and criteria for the unambiguous characterisation of the

studied materials; and the use of chemometrics for data classification. Some

examples of studies relying on these statistical tools to advance our knowledge on

the ageing of materials or the determination of individual components in mixtures

are also presented.

3.1 Spectral Pretreatment: Fluorescence Signal Removal

Fluorescence is the most commonly encountered issue when working with

conventional Raman spectroscopy. For cultural heritage applications, it can be

due to organic materials with chromophore groups (very often conjugated double

bonds) or to inclusions and impurities in some mineral compounds. To overcome

this, if FT-Raman or SERS are not available or if the quenching of the fluorescence

is not efficient, spectral manipulations such as subtracted shifted Raman

spectroscopy (SSRS) [225, 268]; and shift excitation difference apectroscopy

(SERDS) [225] can be implemented during the measurement. SERDS is performed

by recording two spectra at slightly shifted laser frequencies. All constant data,

considered as fluorescence, are discarded. The remaining features are the ones
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affected by the laser shift, namely Raman bands. A tunable laser is required and

needs to be very stable so that the frequency shifts are real. The laser frequency

shifts can be affected by changing the laser’s drive current or the laser temperature.

SSRS, on the other hand, is a technique where the grating is significantly shifted

(20 cm-1), which means that the Raman bands are also shifted. When the spectral

subtraction of the two obtained spectra is performed, the fluorescence background is

eliminated.

For both techniques, the resulting spectrum shows derivative shape bands that

can be transformed to a Raman spectrum using a specific fitting function, which

considers the reconstructed spectrum as a sum of Gaussian and/or Lorentzian

peaks [19]. Another mathematical procedure for recovering the Raman spectrum

has been proposed by Zhao et al. [316]. A deconvolution procedure called the

difference deconvolution method (DDM) is applied to obtain the final Raman

spectrum. This method basically consists in considering the fluorescence signal as

constant, and the Raman signal difference (due to the laser shift) as a

deconvolution of the total signal, with the laser signal considered as a Dirac

function using an inverse Fourier transform. The DDM technique also allows the

eliminating of the signal originating from individual bad pixels. Rosi et al. [268]

compare SRSS to other similar techniques such as manual shifting of the x-axis

followed by the calculation of the difference between the two spectra, and a

simple first derivative calculation of the spectrum. These methodologies have been

applied to the analysis of various organic dyes and lakes found on textiles or

parchments and appeared quite effective. The complexity lays mainly in the

reconstruction of the Raman spectrum from the derivative shape peaks, a process

that can create some extra bands and provide misleading results. Weis et al. [302]

use a simple second-derivative processing to diminish interference from fluores-

cence on Raman spectra of painted works of art. In another study, [225] SERDS

and SRSS techniques are applied to the analysis of blue and pink pigments and

dyes and results are compared with spectra recorded on reference samples using

lasers that do not induce fluorescence. Some of the samples studied nevertheless

show a very intense fluorescence background preventing the application of the

SERDS technique. However, in this study, the DDM procedure seems to give

more viable data regarding the Raman peaks’ position and intensity in comparison

to the fitting procedures.

It is worth mentioning that nowadays commercial software can perform these

corrections automatically. As examples, Bruker’s Opus software contains a

‘‘Fluorescence Removal’’ tool for the Senterra spectrometer, Renishaw’s WiRE

software includes an ‘‘Automatic intelligent background removal’’ and finally

HORIBA’s Labspec proposes the ‘‘FLAT correction: On-the-fly automated

Fluorescence Removal’’.

3.2 Spectral Pretreatment: Filter Signal Removal

Some filters used to reject the Rayleigh line called Edge filters (long-wave pass

filters, see Sect. 2.1). Rayleigh filtering are multilayered dielectric components that

present a non-linear transmission of the signal leading to very characteristic ripples
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on the spectra. These ripples may hinder or be added to the Raman features of the

analyte and make the baseline subtraction a critical process, especially when the

analyte has a weak signal. However, it is possible to apply a simple mathematical

treatment to get rid of these ripples and obtain a smooth spectrum showing the

Raman bands only. The first step consists in recording a white light signal through

the filter, and then without the filter (Fig. 3). The ratio of the spectrum recorded

without filter to the spectrum with filter is the correcting factor. The second step is to

multiply the raw spectrum by this factor in order to get a corrected spectrum. An

(optional) third step is to remove a baseline from the corrected spectrum to get a

final spectrum showing clear Raman bands.

Such a procedure, which could be implemented by individual users, is also

nowadays proposed in their proprietary software by some manufacturers, as a

specific filter correction or as a signal pretreatment option not controlled by the

user.

Fig. 3 Removing Edge-filter artifacts. Step 1: white light spectrum recorded with (black line) and
without the edge filters in place (grey line); Step 2: multiplying the raw spectrum of the investigated
sample (dark grey line) for the correction factor (i.e. ratio of the two spectra in Step 1; black line), and the
latter after baseline subtraction (light grey line)
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3.3 Spectral Pretreatment: First and Second Derivatives

Minerals and other inorganic materials usually show few and sharp Raman bands,

and, depending on the spectral resolution of the spectrometer, band positions are

obtained precisely and thus assigned. However, when it comes to organic materials

and more specifically natural media, the spectra are more complicated, with broad

bands that usually contain more than one vibrational feature. It is therefore much

more difficult to ascertain their exact positions and to identify the chemical

compounds in a straightforward way. Tools such as first and second derivatives of

the Raman spectra can be used to simplify the reading of the data by separating out

the peaks of overlapping bands. Thus, when the spectrum changes even slightly

from a positive slope to a negative slope (due to the presence of a shoulder on a

broad band for example), the feature is emphasised on the derivative spectrum. A

first-order derivative passes through zero at the same wavenumber as the maximum

intensity of the Raman band, and a second-order derivative is a negative band with

minimum at the same position as the maximum on the zero-order band. Since it is

easier to read negative peaks than imprecise slope changes or zero intensity

positions, second-order derivatives are more widely employed. It is important

though to add a smoothing step before the derivative transform, to avoid the

enhancement of spectral noise caused by the application of the derivative function.

As already discussed in this article, some studies show the use of spectral

derivatives to get rid of the fluorescence background that may hinder Raman

features (see Sect. 3.1), but other studies make use of these tools for other purposes.

Roldan et al. [264] displayed the second derivative of normal Raman and SERS

spectra of various sepia powder samples to highlight the exact position of

vibrational features and assist with band assignment and comparison to previous

studies. Another study [39] showed the use of vibrational spectroscopies for the

identification of dyes on wool fibres. For this purpose, the authors compare second-

derivative FT-Raman spectra of dyed fibres with reference dyes; but also compared

the same references with the difference between the second-derivative spectra of the

dyed and undyed fibres. A library-search method is then developed to include the

second derivatives of ATR-FT-IR and FT-Raman spectra, and has been successfully

applied on archaeological samples from Caucasian and Chinese textiles.

First derivatives can also be a first step of a more complete data-processing

methodology, as is the case for several papers that focus on chemometrics (see

Sect. 3.4). Navas et al. [214] applied principal component analysis (PCA) on Raman

first-derivative spectra of model tempera paint samples, i.e. mixtures of different

pigments with various binders. It appears that using derivative spectra, which show

more evident differences than normal Raman spectra, can help in the PCA

discrimination of those samples. Daher et al. [106] used the second derivative of a

restricted spectral region (that of the CH band centred at 2900 cm-1) to obtain the

precise position of the vibrational features that are enveloped in this relatively broad

band to subsequently use as parameters for a spectral decomposition procedure

followed by PCA. Vandenabeele et al. [297] compared the influence of pre-

processing techniques (zero-, first- and second-order derivatives) to obtain the best

possible discrimination between natural and synthetic indigo pigments using
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chemometrics, leading to the conclusion that second derivatives appeared to be the

most accurate data pre-treatment in their study.

3.4 Material Identification and Discrimination

The widespread adoption of Raman spectroscopy as a valuable tool in laboratories

involved in cultural heritage studies is also due to the availability of numerous

databases of Raman spectra of interest for cultural heritage studies. These cover a

wide range of materials, from pigments and minerals to organic media and plastics,

and have been listed in recent reviews [61, 103, 171, 283, 284, 294, 296]. Among

these, some pioneering studies and major databases are worth mentioning. An ample

library of spectra of natural and synthetic pigments using visible laser excitations

(632.8 and 514.5 nm) includes more than 60 pigments used prior to 1850 (also

available online http://www.chem.ucl.ac.uk/resources/raman/index.html#blue) [16].

This study was followed and completed by the characterisation with FT-Raman of

pigments that did not show any Raman signal using visible excitations, as well as

some synthetic pigments [43]. More recent studies contribute to the extension of

Raman spectral reference collections with more than 100 synthetic organic pigments

of the twentieth and twenty-first centuries [144, 273], specific azo pigments [293],

and of SERS spectra of natural dyes present in works of art [40, 41, 184, 315].

Natural organic media are also represented in depth, including binders and varnishes

using either 785 nm [298] or 1064 nm excitation lines [43, 126, 129]. Collections of

the spectra of plant gums [128], incenses [127], natural fibres [132] and resins are

also available [32, 33].

In addition to the printed versions, many useful online databases exist, including

the e-visart and e-visarch databases (http://www.ehu.eus/udps/database/database1.

html) [60] that display Raman, FT-Raman and Fourier-transform IR (FTIR) spectra

of pigments and archaeological materials; the RRUFFTM Project, gathering minerals

data that are downloadable or searchable online (http://rruff.info/repository/zipped_

data_files/raman/); and the IRUG (IR and Raman Users Group) database, containing

mainly FTIR spectra with some complementary Raman data (http://www.irug.org/

search-spectral-database). Other examples include a database of Raman spectra of

minerals, hosted at the University of Parma, Italy (http://www.fis.unipr.it/phevix/

ramandb.php), and an impressive and growing collection of over 270 synthetic dyes

and pigments developed at the Royal Institute for Cultural Heritage (KIK-IRPA) in

Brussels, Belgium (http://modern.kikirpa.be/).

While direct comparison of spectra of unknowns to either published databases or

user-generated private databases is possible, especially after some degree of

standardisation of experimental conditions for spectral acquisition, some groups

have proposed further automated or semi-automated ways of simplifying spectral

interpretation and matching. In recent years, the field has seen an increase in the use

of statistical approaches seeking to improve material identification and discrimi-

nation. Chemometrics have the ability to extract relevant information from Raman

data. In the cultural heritage field, different classification methods have been

reported: unsupervised methods using calibrated models subsequently validated

using an external set of data such as PCA or hierarchical cluster analysis (HCA),
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and supervised methods such as partial least squares discriminant analysis (PLS-

DA) also using calibrated models, but building labeled datasets.

An original approach uses fuzzy logic [59, 255] for automatic interpretation of

Raman spectra. Fuzzy logic is based on the introduction of a part of imprecision, or

approximation, in the reasoning to replicate a human-like decision. It is expressed in

the possibility that, in a Raman spectrum, the band positions are not always exactly

the same, neither is the intensity of the bands. The shifts due to natural variability of

the probed materials but also to the instrumental and experimental conditions are

not limiting the identification procedure. Practically, the bands characteristics of

reference spectra are extracted and stored as variables in a fuzzy system that can be

represented in two dimensions: the band position, and its Raman intensity. The

unknown data are also extracted and added to the fuzzy system with an ‘‘uncertainty

function’’. Then the identification process involves computing the intersection

between the fuzzy set of the unknown spectrum with each of the sets from the

reference library. Finally, a score (0–1) is obtained for each band, and the system is

then defuzzified using categories such as ‘‘present’’, ‘‘possibly present’’ and ‘‘not

present’’.

By far though, the most highly used approaches rely on PCA, HCA and PLS-DA

for materials classification in many contexts: to identify and discriminate pigments

[214, 223, 287, 297], dyes [121] and inks [238]; to characterise organic media

[105, 215–217, 229] and metallic soaps [226]; and in the related domains of forensic

science [123] for the analysis of industrial paints [212]. In essence, data reduction

processes using PCA for the automatic identification of pigments in works of art

work by first performing data pre-treatment of a reference spectral library, including

spectral range selection, baseline subtraction, linear interpolation, and intensity

normalisation. Then, the preprocessed data are analysed using PCA, resulting in a

condensed amount of data compiled in a reduced space (the PCs space). Spectra of

unknowns undergo the same procedure and are projected on the PCs space of the

references (without being included in the original PCA calculations). Finally,

identification criteria based on Euclidian distances and squared cosines between the

unknown spectrum and the library patterns allow the identification of the unknowns

[149]. For example, Vandenabeele et al. first used PCA as a data reduction pre-

treatment on raw spectra, and on first and second derivatives, then performed

clustering based on Euclidian distance and LDA on this reduced dataset to separate

synthetic and natural indigo of different provenance [297]. A similar approach

enhanced by complementary LIBS and pulsed Raman spectroscopy demonstrates

the ability to differentiate between mineral, natural and artificial ultramarine [223].

PCA has been applied for the study of tempera paint model samples made of egg

yolk and nine different pigments (three reds, three blues, and three whites) using

three data matrices, one for each color [214]. For each set, a specific data range is

selected, according to the position of the main bands of the pigments. The results

show that working on the raw Raman spectra is inconclusive, but groups can be

formed if working on first derivative spectra. To study paint cross-sections of a glass

painting, Staniszewska et al. [287] have performed HCA on FTIR and FT-Raman

mapping data. The reconstructed cluster maps overlapping the sample image show

good accuracy in the layered distribution of pigments. Raman spectroscopy coupled

Top Curr Chem (Z) (2016) 374:62

123181Reprinted from the journal



to PCA used for the study of iron-based inks helps in determining which features are

linked to noise and which ones are related to actual Raman data [238].

Triarylmethane dyes are molecules characterised by the presence of aromatic

rings that can present several resonance forms. Their Raman spectra are therefore

very similar, and, in order to differentiate between their various forms, PCA carried

out on FTIR, Raman and SERS data is useful [121]. Transmission FTIR separates

di-amino and tri-amino derivatives. PCA of the Raman data improves separation of

the di-phenylnaphthalenes from the tri-phenylmethanes. Finally, PCA of SERS data

separates the dyes based on the interaction of the silver colloids with acidic and

basic dyes.

Many papers relate the use of advanced data treatment to further the

spectroscopic study of natural organic media. The CH band centred at 2900 cm-1

has been used to separate protein-based media with PCA [216]. Clusters are formed

at different scales. First, the dairy proteins (milk, casein, egg white and egg yolk)

and the collagen proteins (fish glue, parchment glue, rabbit skin glue and ox bone

glue) were separated. Among the dairy proteins, all the individual substances can

also be separated, which is not the case for the collagen proteins. Finally, a paint

sample of egg white mixed with yellow ochre was successfully identified using the

proposed PCA methodology. A further study also evaluated the efficiency of that

method to discriminate proteinaceous materials regardless of their ageing

[215, 217]. The same spectral region (CH stretching region) has been used with

PCA to distinguish between natural organic compounds from different chemical

families (glues, gums, resins and oils) [105]. The statistical treatment is performed

on parameters extracted from a spectral decomposition procedure (involving the

precise assessment of band width, peak area, and position) that adds information

closely related to the molecular structure of the media to the multivariate study.

Following this procedure, the different chemical families of the organic compounds

can be successfully distinguished, and different geographical provenances can even

be separated within the terpenoid resins group (Fig. 4).

FT-Raman and fibre optical reflectance spectroscopy (FORS) data on several

types of organic binders (egg white, egg yolk, whole egg, gum Arabic, linseed,

poppy, and walnut oil) have been examined using PCA. The addition of the FORS

data improved the discrimination between the binders, as supplementary informa-

tion was introduced in the PCA [229]. In paint layers, depending on the pigments,

organic binders such as drying oils tend to form metal soaps. In order to identify

these soaps in unknown samples, Otero et al. demonstrated a methodology based on

the PCA treatment on selected Raman regions of more than 20 metal carboxylates

(6 cations and 4 fatty acids) [226]. The 1120–1040 cm-1 region is the most helpful

in separating these soaps according to their fatty acid constituents, as it contains the

vibrational features of the fatty acids chains, while the 1650–1380 cm-1 is useful in

identifying the nature of the metal counterion, since it shows the bands related to the

coordination of the carboxylate group with the metal cations.

While in the case of art materials the sample population is normally relatively

small, in forensic science these statistical approaches have become the norm,

especially when a very large number of samples need to be identified and assigned

to specific categories against databases that can be massive (for example, for
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commercial industrial paints). Typically, several statistical methods are used [212].

First, the spectra are studied (in terms of noise level, variability of the

measurements, etc.) before creating a reduced data matrix for PCA and HCA, or

even for both PCA and HCA. Then, if the samples can be separated into different

groups, score-plots or dendrograms are studied. If there is no possibility of forming

more groups, the cluster is considered a single one; otherwise, the procedure is

repeated to form sub-groups. This iterative method can obviously also be performed

on smaller datasets as is often the case in the cultural heritage field.

All the statistical approaches mentioned so far first require the acquisition of a

number of reference spectra to supplement available libraries, but also involve

statistical and computational skills that are not trivial to master. Simpler tools can

also be implemented for material identification.

Several papers present flowcharts to identify materials based on the presence/

absence of bands, or using specific band positions that are diagnostic for a particular

compound. This kind of protocol can help in the identification of materials within

the same chemical family, and has proven particularly useful for organic media for

which many bands are usually observed. Within the same group, compounds may

have similar spectra, but slight differences related to very specific chemical bonds or

Fig. 4 Score-plot and projection of variables extracted from FT-Raman spectra of natural products on
PC1 and PC2. Variables: 40 fitting parameters of the Raman CH bands. Items: 37 reference materials. The
materials are clearly clustered by families. The projection of variables indicates which variables have an
important contribution to each PC. Figure reprinted from [105], Copyright (2013), with permission from
Elsevier
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additional functional groups that are characteristic for each individual compound

can help in their discrimination. A flowchart for the identification of various kinds

of synthetic azo pigments, based on 21 references, allowed the distinguishing of

several classes of azo pigments: b-Naphtol (lake and non-lake pigments), BON-

pigments, di-arylide (di-azo) pigments, naphtol AS pigments and Hansa yellow

(mono-azo) pigments [293]. This tool also successfully identified synthetic

pigments from two modern art paintings by Pablo Picasso and Karel Appel.

Natural organic substances including glues, oils, gums and natural resins have been

extensively studied with IR and Raman spectroscopy, leading to an algorithm that

identifies and discriminates the different media [107]. The proposed flowchart for

material identification not only readily separates resins, oils, glues and gums based

on specific bands related to their different chemical families (terpenes, triglycerides,

proteins and polysaccharides) but further isolates four subgroups that are clearly set

apart within the resins family: triterpenic resins, shellacs, colophony and Venice

turpentine, and finally copal and sandarac. Using a similar protocol, diterpenic and

triterpenic resins are differentiated in a set of archaeological resins [33].

Different Raman parameters can be very informative if wisely used. Finding the

most interesting ratios or the best set of Raman features will help identifying

materials, from a simple classification of compounds to a deeper characterisation of

materials properties, such as, for example, their degree of crystallinity or their

degree of polymerisation. This can be accomplished with the use of ratios, such as

band intensities ratios, or plotting other spectroscopic parameters, such as band

widths or positions. Colomban [83] links Raman features of glass to its degree of

polymerisation, thereby characterizing the glass structure and the firing technologies

by plotting area ratios of the Si–O bending (more intense in the case of silica-rich

glasses) to the Si–O stretching vibrations (more intense for more amorphous or

highly fluxed materials) (see Sect. 4.5 for more details). This ratio is then plotted as

a function of the maximum intensity of the Si–O stretching vibration and results in

the classification of various families of glasses, enamels and ceramic glazes that can

be used as a database of spectroscopic parameters for the study of ancient artifacts

[89]. Other studies directly plot the maximum intensities of the two Si–O vibrations

mentioned above and also obtain a classification of glass materials according to

their chemical compositions [289]. Tomasini et al. used the full width at half

maximum as a function of band position for the D band (centred at 1300 cm-1) and

G band (at 1500 cm-1) of several carbon-based black pigments (charcoal, graphite,

bitumen, bistre, lampblack, ivory black, earth of Kassel and Van Dyck black), rather

than adopting the more usual intensity ratio of the D and G bands [288]. This helps

in grouping the pigments, simplifies their identification, and also gives an indication

of the degree of graphitisation of these reference materials.

Another interesting application of Raman spectroscopy and spectral processing to

determine structure–property relationships is represented by the study of the various

crystalline forms of chrome yellow, an inorganic pigment that presents different

structures (monoclinic, orthorhombic) depending on the amount of sulfur it

contains. To better describe the spectral modifications occurring with an increase in

sulfur rate, the maxima of several diagnostic bands are plotted against the

percentage amount of sulfates demonstrating that the bands shift to higher
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wavenumbers with increasing amount of sulfate. This is explained by the

modification of the lattice introduced with the addition of sulfates, leading to a

compression effect (S atoms being smaller than Cr atoms) at low percentages of

sulfur and to an actual modification of the crystalline form at higher amounts.

3.5 Ageing

In addition to original, un-altered and reference materials, the study of museum or

archaeological objects brings the question of the ageing and degradation of

materials, particularly organic substances. Molecular transformations due to natural

aging or alteration often lead to spectral modifications, and the need for databases of

materials that accommodate this natural evolution has been raised in this field

[61, 124].

A majority of the studies conducted with Raman spectroscopy on the alteration of

organic substances concern mainly tree exudates or fossil resins such as amber.

These materials are based on a terpene skeleton (diterpene) with carbon–carbon

double bonds highly sensitive to oxidation [206]. To monitor these changes, the

ratio of the intensities of the C=C stretching band (1650 cm-1) to the C–H bending

band (1445 cm-1) is performed: the higher the ratio, the more advanced the

degradation [32, 107, 126, 307]. However, these studies differ in how they interpret

this evolution. Some works consider this ratio as a tool for potentially dating the

resins [307], while others link it to issues of geological provenance (in the case of

fossil resins) [32, 161]. Finally, some researchers broach the problem of the burial

environment [32], or of unknown conservation conditions and its effects on band

intensities. To assess the effect of unsuitable environments in museum storage on

the degradation of amber, fresh and thermally aged amber samples kept in different

relative humidity (RH) environments have been studied by FT-Raman and ATR-

FTIR spectroscopies [281]. The results show that oxidation is likely the major

degradation pathway, leading to a loss of C=C bonds (Raman) and an increase of

carbonyl bonds (FTIR) on ageing regardless of the RH level. Molecular

modifications can thus be monitored by looking at Raman bands intensity ratios,

but the intensity is not the only spectral feature that evolves with ageing. In many

cases, a broadening of the bands is also observed, linked to either the presence of

new bands, or the introduction of disorder in the material, due to structural

transformations. In order to better characterise all possible band evolutions and be

able to explain these modifications, spectral decomposition is an accurate and

powerful tool. A set of archaeological copals from a medieval excavation site in

Sharma (Yemen) presenting visual differences in the bulk (fresh and transparent)

and the surface (colored from yellow to red, and altered from dry to granulated,

respectively) has been studied with FT-Raman and ATR-FTIR [104]. Two regions

of interest showing several spectral modifications between the internal (undegraded)

and external (aged) parts were used for a spectral decomposition procedure: the

1900–1400 cm-1 region, and the CH stretching region centred at 2900 cm-1. This

procedure requires the determination of a model or pattern. First, the number of

individual bands, as well as their positions, is determined by looking at the second

derivative of the spectra. Then, the adjustment procedure is launched and fitting
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parameters such as the band positions, areas, half widths at half maximum and their

profiles (Lorentzian or Gaussian) are extracted. The most relevant parameters are

then monitored. The results show that some band variations (decreasing and

broadening), and thus possible chemical reactions, correlate well with the state of

conservation of the resins.

When the same set of samples are studied using PCA with spectral decompo-

sition parameters as variables, the samples appear separated in two groups along

PC1: the most altered on one side, and the less degraded on the other side [105].

Two correlated variables (band widths at half maximum) that have influenced this

separation are then plotted, to arrive at the determination of a degradation index that

is useful to qualify the degradation state of each copal.

3.6 Mixtures: Qualitative and Quantitative Analyses

Cultural heritage objects are heterogeneous and complex. A painting, for example,

is a hierarchically complex system with multiple layers, which, starting from the

support, may include the ground and paint layers and finally the varnish, and is

composed of a wide variety of materials such as pigments, dyes, lakes, extenders,

additives, adhesives, binders, varnishes, etc. These materials are almost invariably

found as mixtures, whether heterogeneous such as paint layers or more homogenous

mixtures such as varnishes or adhesives.

Raman analyses of complex samples may face many challenges. First, the

presence of aged organic media in a mixture likely adds a fluorescence background

to spectra recorded in dispersive mode with visible excitation lines, which may

hinder the vibrational features of the analyte of interest. Second, the presence of

some pigments can interfere with, for example, the identification of an organic

medium, either by hiding some of the binder’s bands in the spectra, but also

chemically by accelerating the organic media’s ageing and modifying their spectra.

Finally, mixtures of organic media such as oils and resins or of synthetic dyes are

often very difficult to discriminate using vibrational techniques: these materials

present bands that often overlap. Looking at the unknown spectrum and comparing

it with reference databases may be a way of qualitatively identifying some

compounds by the presence of specific bands, but not all of them. Mathematical

approaches should thus be considered to determine the mixtures’ components,

possibly in a (semi-)quantitative way, as can be obtained by using principal

component analysis [194, 230] or spectral decomposition [10, 108, 210, 269]. PCA

can be used to obtain semi-quantitative analyses of mixtures. Pallipurath et al.

studied mixtures of organic media with increasing amounts of pigments: egg yolk

with lead white, and poppy oil with lead–tin yellow (dark and light) [230]. Another

study presented multivariate analyses of mixtures of organic media without

pigmentation: linseed oil, poppy-seed oil, walnut oil and egg yolk [194]. PCA was

able to clearly separate the individual media, but the mixtures were not very well

discriminated, and no particular trend was observed in terms of the distribution of

the binary mixtures inbetween the clusters formed by the pure materials they are

made of. Overall, using an approach that applies PCA directly to determine

pigments/binders or organic media proportions in mixtures still results in rather

Top Curr Chem (Z) (2016) 374:62

123 186 Reprinted from the journal



ambiguous results. This may be because that approach considers the spectral data as

a global description of the material, while other methods based on spectral

decomposition aim to look at the Raman spectra from a more chemical and

structural point of view. The spectral decomposition procedure consists of

considering the profiles of the spectra of the binary mixtures as a linear combination

of the spectra of the suspected pure materials. In other words, the sum of the pure

materials spectra must fit the mixture spectrum [122]. This linear combination and

fitting procedure, based on a least squares method, is performed on the intensities of

the spectra. In most cases, the fitting process is performed on a selected range of

wavenumbers. At the end of the procedure, a graphical result of the fitting is given,

as well as the relative contribution of each pure material to the adjustment. This

quantitative procedure successfully resolves the mixtures of three dyes used by the

Manufacture Nationale des Gobelins in Paris (acid blue 258, acid yellow 169 and

acid red 42) fixed on reference wool fibres, but also binary and ternary experimental

mixtures with unknown proportions [269]. The authors report results of quantifi-

cation that show a maximum difference of ±4 between the theoretical and

experimental percentages. A similar methodology has been applied to characterise

experimental varnishes with increasing amounts of colophony in linseed oil [108],

in order to determine if Raman (or FTIR spectroscopy) is efficient in detecting and

quantifying such compounds in a mixture. The results showed a detection limit of

10 %, and that the relative quantification was accurate (Fig. 5a, b). The method has

subsequently been demonstrated through applications to varnished objects from

decorative arts museum collections in Paris [108].

A few studies have applied this same methodology on Raman mapping data

[210]. In the case of mapping, the large amount of collected spectra require an

automation of the fitting procedure, and the provided results consist of a matrix of

data containing the relative amount of each component present in each pixel of the

map, with the possibility of visualising the contribution of all the components on a

false color map. This approach has been successfully applied to the study of iron

corrosion [210] and more recently on the outdoor corrosion of the weathering of

steel contemporary art sculptures [10].

4 Practical Raman Applications in the Cultural Heritage

4.1 Pigments, Inks and Colorants

The early years of applications of Raman spectroscopy to art and archaeology are

characterised by a predominant attention to pigments and colorants. The first-ever

reported study focused on the investigation of pigments on illuminated manuscripts

[151], and ancient manuscripts have continued to be an area of intense investigation

from the early days until the present, where, with XRF, fibre optic reflectance

spectroscopy (FORS) [4, 259, 260], hyperspectral imaging and SERS [5], Raman

spectroscopy has become an indispensable tool for the materials knowledge of these

important objects [3, 47, 213, 292]. Published studies have not only concerned

themselves with the investigation of the palette of illuminated manuscripts and
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assist with attribution to specific workshops [69] but they also now comprise the

characterisation of degradation phenomena including, for example, the chemical

and chromatic alteration of pigments based on copper [1, 2] and lead [205, 285]. In

all cases, while conducting analyses, it is important to minimise the power of the

laser at the sample so as not to induce the change that one is trying to measure

[44, 117, 282].

After an early review on the palette of manuscript illumination [78], many

foundational databases of Raman spectral signature of pigments, minerals and metal

corrosion products have been published [16, 29, 43] and continue to be essential

references today, together with the online databases already surveyed in Sect. 3.4.

It is well known that in the past 15 years numerous excellent reviews and special

issues of journals (especially the Journal of Raman Spectroscopy) have been

dedicated to in-depth overviews of all manners of application of Raman

spectroscopy in art, archaeology, forensics, and gemology, and the reader is

referred to these for a comprehensive treatment of the subject

[24, 48, 77, 103, 171, 283, 284, 294, 296]. Many dedicated books are also available

[68, 76, 125]. The focus of this section is rather on highlighting significant areas of

interesting new research and promising future directions, as also only just carried

out by Centeno [61].

In recent years, the study of pigments has evolved in two significant directions.

First, instead of reporting on isolated case studies, Raman has become a true tool

to advance art history, being used, for example, for the systematic investigation of

the palette of illuminated medieval manuscripts [45], or for a wide survey, using

SERS, of red lake pigments employed by impressionist and post-impressionist

painters [247]. Information about the identity of remnants of pigments on stone

sculptures has been used to reconstruct their entire scheme of polychrome

decoration [110], and, when pigments have faded, to propose re-colorised

visualisations of artworks [35].

Secondly, Raman spectroscopy is being used to contribute to our knowledge of

pigment degradation and stability including those based on arsenic [291], lead

[44, 285], copper [170], and, more recently, the lead chromates [208, 209]. Research

focused on reconstructing the chemistries of production of traditional pigments

following ancient recipes also includes the characterisation of deterioration products

[70, 79, 101, 270]. Occasionally, spectra of pigments that have not been previously

characterised are still presented in the literature and studied in depth, significantly

enriching available libraries [28, 55, 290].

bFig. 5 a Spectral adjustment of the FT-Raman spectra (for two spectral regions) for two studied mixtures
(w% of colophony/linseed oil) 05/95 and 40/60. For Region 2, two adjustments are presented: first using a
1-week dry colophony film spectrum, then an 8-week dry colophony film spectrum. It can be seen that
colophony is not detected for the 05/95 varnish by exploiting Region 1 but contributes to the fitting of
Region 2. It is also notable that the adjustment of Region 2 of the 40/60 mixture is better with the
‘‘oldest’’ colophony varnish, especially around 1650 cm-1. b Quantitative calculation results obtained
with respect to the theoretical results (weighed amounts of linseed oil and colophony) for FT-Raman data
(circles Region 1, triangles Region 2). Dotted lines represent the exact correspondence between
calculated and expected contents. The closer the data are to these dotted lines, the more accurate is the
quantification by spectral decomposition. Figures reprinted from [108], Copyright (2014), with
permission from Elsevier
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The study of colorants and dyes has gone hand in hand with that of mineral

pigments, with FT-Raman and SERS giving an important boost to our ability to

characterise synthetic and natural colorants [57, 144, 242, 273, 293, 297].

Raman being perhaps one of the very few analytical techniques that is able to

characterise and distinguish black drawings, paintings and writing media, an

increasing body of work has focused on these applications [81, 228, 288]. In recent

years, there have also been significant advances in the identification of inks,

including traditional inks such as sepia [66, 264], bistre [265], and iron gall ink

[26, 27, 178, 238] and the ones used by modern artists such as the chrome logwood

[34, 62, 65] and crystal violet inks used by Van Gogh [49, 244].

Overlapping with forensics, the study of modern pigments and dyes used in inks,

including those used in felt-tip pens [286], lithographic inks [31, 63, 148, 202], and

toned cinematographic films [186], have also benefited from the valuable

contributions of Raman spectroscopy.

Of obvious interest is the use of pigment identification with Raman spectroscopy

to contribute to dating and the identification of fakes and forgeries, one typical

example being the identification of titanium-based whites (anatase or rutile) in

works of art, which has been used to place their production after specific times in the

twentieth century (Laver [177]). However, the detection of rutile or anatase in

artifacts can sometimes be problematic as, due to their extremely high Raman

scattering cross-sections, these polymorphs of titanium dioxide will show intense

Raman peaks even when they are present in low or trace concentrations [80].

Interestingly, much of the recent published literature on fakes [46, 220] focuses on

case studies related to forgeries of Russian avant garde artists, where synthetic and

anachronistic pigments have often been reported (Fig. 6) [71, 271].

Fig. 6 Design for a Propaganda Stand (The Art Institute of Chicago 2011.880). This drawing originally
entered the collection with a date of c.1922 and was previously attributed to the Russian avant-garde artist
Gustav Klutsis (Latvia, 1895–1938). The drawing was investigated non-invasively with Raman micro-
spectroscopy with 785-nm excitation. Identification of rutile (TiO2) white (bottom right) and red pigments
identified as the naphtol red pigment PR9 (C. I. 12460; shown at top right, with the reference spectrum
shown in red, as derived from [273]. According to the color index, A. Laska and A. Zitscher discovered
PR9 only in 1922, while the first commercialisation of titanium white in its rutile form is dated to the late
1930s (Laver [177]). Both pigment findings are thus inconsistent with the presumed date of creation of
this work
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4.2 Minerals and Gemstones

The use of Raman spectroscopy for mineral identification/gemmological purposes

can be thought of as the first application of Raman which can be relevant in the field

of cultural heritage. The early applications to gemmology at the end of the 1970’s

[118], soon after the introduction of the Raman microprobe (see Sect. 2) may be

explained by the generally high resistance of these materials to laser excitation.

Here, phase identification is mainly achieved by comparison with published

databases (see Sect. 3.4), which have been regularly enriched (since Schubnel et al.,

[276] which could be considered the first one), especially by contributions that

account for slight differences in the spectrum in relation to the gem origin (i.e.

variation of the chemical composition and/or the structure).

Materials of various origins are classified as gems or minerals of interest in the

field of cultural heritage, from precious minerals (diamond, emerald, garnet, ruby,

etc.) [22, 23, 157] to precious stones selected for their aesthetic value (Lapis Lazuli,

jade, nephrite, etc.) [56, 72, 82, 155], fossilised resins (amber, copal, etc.) [104, 281]

and biomaterials (corals, pearls, etc.) [21, 167, 168]. As already mentioned in this

article, several dedicated reviews focused on applications in gemmology are

available and should be consulted for a comprehensive overview of the field

[24, 145, 171].

Recent and innovative applications in the cultural heritage involve the

identification of mineral phases to help with the study of raw materials exploitation,

underlining the links between past societies and their environment through use of

natural resources. If the analytical characterisation allows it, the precise recognition

of different quarries or geological sources may be useful for studying provenance

and circulation networks. Such provenance studies by Raman spectroscopy are also

relevant to other fields like, for example, the earth sciences [9]. The current wide

availability of portable instruments benefits gemmology and the cultural heritage by

enabling in situ measurements of precious objects, which generally require on-site

analysis and often have barely accessible areas to measure [14, 237].

4.3 Natural and Synthetic Organic Materials

While the study of natural organic binding media and varnishes and the important

contributions of statistical analysis to the characterisation and discrimination of such

materials, both in their original and aged status, have been extensively discussed in

Sects. 3.4–3.6, here, applications to biomaterials and synthetic polymers are briefly

reviewed.

Early work includes the identification of lichen encrustations that are responsible

for the biodeterioration of wall paintings [136, 138, 207], a subject that has been

expanded to incorporate other bio-materials [308] including those that are

characteristic of extremophilic environments such as are found in Antarctica or

on Mars [136, 164, 312].

FT-Raman spectroscopy has been used to characterise bone, hoofs, tortoiseshell

[134] and ivory [130]. Significant advancements in the characterisation of

biopolymers, such as skin, callus, hair and nail [15, 305], as well as mummified
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[6] and archaeological skin [133] and human hair from archaeological excavations,

have been reported [249, 306].

The study of textile fibres including archaeological linen [132], as well as the FT-

Raman characterisation of parchment and paper [137], are also important

contributions to our knowledge of culturally significant artifacts.

Starting in the 1960s, the power of Raman spectroscopy to identify not only the

type of synthetic polymers but also determine important parameters about their

structures and physical–mechanical properties has been exploited within the

confines of the discipline of polymer science [147, 219]. In the field of art and

design, the potential of Raman spectroscopy is still somehow under-utilised

[102, 231, 232, 272], but some comprehensive review of Raman applications for the

identification of post-consumer plastics for recycling purposes using PCA [7], and

other industrial applications are available [135, 139].

4.4 Deterioration Products and Conservation Treatments

Calcium oxalates [146, 317], a pervasive product of deterioration in outdoor

sculpture and historic architecture, cave paintings and many museum and

archaeological objects, were among the first deterioration products to be studied

with Raman spectroscopy, where they have been characterised together with other

organic byproducts of lichen metabolism such as erythrin, lecanoric acid and meso-

erythritol [131].

Other pioneering work on deterioration products includes the discovery that red

lead (Pb3O4) is responsible for the puzzling red stains observed on the Carrara

marbles of the Certosa of Pavia [38], and in several other cases Raman spectroscopy

has been instrumental in unraveling the chemical composition of deterioration

products such as copper and calcium oxalates affecting mural paintings [215, 217].

Recent interesting developments include the use of such information to deduce

the kinetics and thermodynamic processes regulating cycles of deterioration of, for

example, the fresco cycles in the famous Roman archaeological site of Pompeii and

other wall paintings [234]. In many of these studies, the availability of compact

portable Raman instruments is extremely valuable for in situ studies where several

areas can be monitored and mapped in expanded time- and length-scales

[11, 195, 235].

Raman studies of the spectroscopic signatures of iron sulfates and other

deterioration products of waterlogged wood have been reported [236], as well as the

effect of conservation treatment, especially those based on the polyethylene glycol

(PEG)/freeze-drying method [73, 74].

In recent years, oxalates have also been proposed as more compatible

consolidants of stone, and micro-Raman spectroscopy has been used as a tool for

mapping their penetration into the mineral substrate, an important factor for their

successful application [91–94].

Synthetic polymers continue to be the most used type of treatment for outdoor

architecture, and Raman spectroscopy has also been used to characterise those,

together with other complementary spectroscopic techniques such as FTIR

spectroscopy and nuclear magnetic resonance (NMR) spectroscopy [100].
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4.5 Glass

Although glass has a disordered structure, Raman spectroscopy is one of the few

techniques which allow the study of the glassy matrix. This ‘‘molecular’’

spectroscopy can probe the ‘‘local order’’ in such disordered structures, revealing

information about the chemical composition of the glass and its thermal history. For

the majority of cultural heritage objects, glasses are silica-based but also contain

many other minor to trace elements. These trace elements play a role in the

manufacturing process or are used as fluxes (Na, K), stabilisers (Ca, Mg), colorants/

discolorants, or are to be considered ‘‘pollutants’’ i.e. trace elements coming from

raw materials or manufacturing/recycling. There are two main kinds of glassy

materials that are relevant in the cultural heritage, bulk glass, constituting a whole

object or its major parts, and ‘‘thin’’ glass, which represents coatings or other

surface layers on stones or ceramics. Because it is easier to stabilise small amounts

of material in the glassy state, glazes on ceramics typically exhibit a larger variety

of chemical composition than bulk glass. This has allowed ancient ceramists to play

with a wide range of possible melting temperatures and colors.

In addition to the composition and structure of the glassy part, the appearance and

color of glass can also be adjusted by exploiting nano- to micro-crystallisation

products created in situ during manufacturing (opacifiers, pigments, metallic luster),

or micro-crystals added as pigments and/or opacifiers. As is the case for pigments in

paintings (see Sect. 4.1) such pigments/opacifiers can be characterised by Raman

spectroscopy, either directly from their spectra or, for metallic nano-particles, by

their SERS effect on the glass spectrum at their surface [88]. To date, Raman

spectroscopy is the only bench-top (or portable) analytical method for non-

invasively characterising these micro-/nano-inclusions, often with a high sensitivity,

selectivity and ease of implementation. In general, the concentration of such

crystalline phases is not high enough to be detected by X-ray diffraction, and their

analysis by scanning electron microscopy–energy dispersive spectroscopy or

transmission electron microscopy (with elemental or diffraction analysis) requires

sampling and generally the preparation of sections, which is often restricted from

glass and ceramics in the fine arts museum context, but may be more readily

available from archaeological objects or fragments.

In the cultural heritage, glass is mainly studied by elemental analyses to access

the recipes/manufacturing techniques (major and minor elements) or provenance

(trace elements from raw materials) [156]. The Raman spectrum is sensitive to

major and minor element contents, and the sensitivity of the Raman bands to their

surrounding environment allows the extracting of useful parameters that can assist

in characterizing the glass composition. One such parameter is the polymerisation

index (Ip) which is mainly related to the flux content, and thus relates to the melting

temperature [83]. Further, the spectral decomposition of the Si–O stretching and

bending band convolutions (Qn massif) and some easily identified values (such as

the wavenumber of the maximum of the Qn massif) provide useful parameters for

classifying glass with regards to the minor element contents [89].

Raman spectroscopy is useful in predicting the stability of ancient and historic

glass by recognizing its class of composition based on the wavenumber of the
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bending massif (around 550 cm-1), which is correlated with the SiO2 content, or the

area ratio between some Qn bands (specifically the 950 and the 1040 cm-1 bands)

and the number of non-bridging oxygens per silicon atom [262].

When dealing with a particular kind of glass, various authors have provided

specific methodologies for quantifying the content of some elements using Raman

spectroscopy. Good correlations have been described between the lead content and

Raman features of lead-based glass, as, for example the wavenumber shift of the

band around 1070 cm-1, which is described for a wide range of lead content (up to

20 mol%) [261]. For glass with varying iron content, correlations have been

described between the bands centred around 980 and 1090 cm-1 (Q2/Q3 areas,

respectively), and Fe2O3 amounts [13].

In addition to artificial glass, Raman spectroscopy has also been used to study

natural glass (obsidians), particularly to address the problematic issue of provenance

determination of obsidian artifacts. As all sources (volcano or volcanic event)

should exhibit a specific elemental composition and may also be associated with a

specific thermal history, the exploitation of specific Raman signatures provides

clustering of the obsidian sources. Some exploratory studies using multivariate

analysis (principal component analysis) of the whole spectrum [169], or of

characteristic bands [17], demonstrate the possibility of determining obsidian

provenance in specific geographic contexts such as the Pacific region and the

western Mediterranean.

Compared to elemental analysis, the advantage of Raman spectroscopy to

characterise glassy materials is being less sensitive to surface alteration when

using a confocal setup, as the unaltered glass can be analysed through the

weathered layers, thus easily providing microanalysis of well-defined sampled

volumes. In fact, photons used in Raman spectroscopy can be accurately focused

(more easily than X-rays) and the probed volume better defined and restricted

thanks to the confocality of the optical systems. Laser ablation (as in laser ablation

inductively coupled plasma mass spectrometry or in LIBS) also provides localised

analyses, but involves micro-destructive sampling that leaves behind a crater of a

few tens of cubic microns. For studying thin, localised layers, such as

heterogeneities in bulk glass (as effects of alteration) or glazes on ceramics (thin

layers or small areas), Raman spectroscopy is not only an alternative to elemental

analysis for obtaining the composition of the sample but exhibits unique

capabilities.

In addition to being able to reveal glass and glaze composition, the structural

features revealed by the Raman spectrum of glass also provide information on the

thermal history of the glass. The manufacturing process of Roman panes has been

determined by establishing calibration curves between the Raman stretching massif

position (or the ratio between Q2 and Q3 bands) and the glass fictive temperature

[252, 253]. By deducting the fictive temperature on both sides of a glass pane, it can

be shown whether the glass was manufactured by blowing or casting. Apart from

thermal analyses (thermo-gravimetric analysis, differential scanning calorimetry),

Raman spectroscopy is, with IR spectroscopy and Brillouin scattering, the method

of choice for revealing the links between the glass structure and its thermal history.
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Such studies related to glass structures can thus also reveal key parameters about the

ancient processes and the know-how of glass makers.

4.6 Ceramics

A large part of very-high-temperature ceramic manufacturing induces the melting of

clays and then produces glassy products, the study of which has been previously

described. But Raman spectroscopy can also be used to study the mineralogy of the

ceramic paste and decoration. The growing use of Raman micro-spectroscopy in this

area is related to its spatial resolution, its non-invasive character, the selectivity of

signatures, and its convenient implementation, which are particularly attractive for

applications to ceramic objects [25, 58, 109, 227]. Studies of the pigments used for

ceramic glazes in soft paste, hard paste and majolica ceramics have been the

subjects of numerous articles and are extensively reviewed elsewhere

[68, 84, 86, 87, 90, 125, 258].

For the ceramic paste, the identification of mineral phases, especially in traces,

offers a more detailed characterisation of the mineralogical assemblage, leading to

the identification of the raw materials used, which can then contribute to

illuminating clues about their provenance [204]. Additionally, the characterisation

of the mineralogical composition reveals clues to the firing conditions (temperatures

reached, firing atmosphere) to document the manufacturing process. However

Raman results often need to be integrated with other results (generally obtained by

optical microscopy, electron microscopy, X-ray diffraction, etc.) in order to support

the interpretations and propose a comprehensive archaeometric description of the

artifact.

By recognizing specific mineralogical phases in (or close to) the slip/glaze, some

ceramic firing characteristics can be revealed, for example correlating the oxidising

conditions and the various possible iron phases (with their corresponding redox

state) present in an artifact or sample. This is the case for a rare metastable poly-

morph of Fe2O3 (e-Fe2O3) identified in the black glaze of Chinese ceramics [113] or

magnetite and various features of the hematite spectrum characterised through the

body and the gloss of Athenian pottery [75].

Looking at the evolution of the hematite spectrum with the firing temperature of

terra sigillata, Leon et al. have highlighted that hematite from the slip carries in its

spectral signatures a record of the temperature reached during firing. Diagrams

involving ratios of the bands of hematite (680/415 vs. 680/620 cm-1) separate terra

sigillata productions from southern Gaul and Italy because of the lower firing

temperature reached by the latter [185].

This short review on glass and ceramic studies involving Raman spectroscopy

underlines its increasing use in the field of archaeometry and the cultural heritage.

Besides mineralogical fingerprinting, the extraction of parameters from the Raman

spectrum can reveal some very informative parameters in relation to ancient

technologies of production and/or the raw material used. This sensitivity of Raman

spectroscopy to structural order makes this analytical technique a very powerful one

to study artifacts from les arts du feu.
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5 Conclusions

The field of Raman spectroscopy in art and archaeology has experienced a massive

and vital growth since its first application to illuminated manuscripts approximately

three decades ago. Initially focused mostly on the identification of original

constituent materials of works of art, it has evolved to include degradation and

conservation products, and has experienced substantial improvements in its ability

to accurately perform materials identification by benefitting from the use of

advanced spectral and statistical treatments for enhanced spectral matching and

attribution. Despite the many reviews available in the literature, this is the first time

that an extensive coverage has been devoted to advanced spectral processing and the

contributions of chemometrics to the furtherance of spectroscopic studies of works

of art. In recent years, Raman spectroscopy is also increasingly being used to

uncover structure–property relationships of artistic and archaeological materials at

the microscale and to reconstruct ancient technologies. SERS is now an established

tool in the analytical chemist’s toolkit, while new developments in SORS and wide-

field imaging are to be expected.

It can be confidently said that Raman spectroscopy applications in the cultural

heritage are continually pushing the envelope of the technique to impact every

aspect of our knowledge of the ‘‘chaine operatoire’’ of art and archaeological

artifacts: from manufacturing through use to degradation, burial (where applicable),

collection, conservation and fruition.

The future of Raman spectroscopy in art and archaeology is still very bright: laser

light bright.
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89. Colomban P, Tournié A, Bellot-Gurlet L (2006) Raman identification of glassy silicates used in

ceramics, glass and jewellery: a tentative differentiation guide. J Raman Spectrosc 37:841–852

90. Colomban P, Treppoz F (2001) Identification and differentiation of ancient and modern European

porcelains by Raman macro- and micro-spectroscopy�. J Raman Spectrosc 32:93–102. doi:10.1002/

jrs.678

91. Conti C, Aliatis I, Casati M, Colombo C, Matteini M, Negrotti R, Realini M, Zerbi G (2014) Diethyl

oxalate as a new potential conservation product for decayed carbonatic substrates. J Cult Herit

15:336–338. doi:10.1016/j.culher.2013.08.002

92. Conti C, Aliatis I, Colombo C, Greco M, Possenti E, Realini M, Castiglioni C, Zerbi G (2012) l-
Raman mapping to study calcium oxalate historical films. J Raman Spectrosc 43:1604–1611

Top Curr Chem (Z) (2016) 374:62

123 200 Reprinted from the journal



93. Conti C, Colombo C, Dellasega D, Matteini M, Realini M, Zerbi G (2011) Ammonium oxalate

treatment: evaluation by mu-Raman mapping of the penetration depth in different plasters. J Cult

Herit 12:372–379. doi:10.1016/j.culher.2011.03.004

94. Conti C, Colombo C, Matteini M, Realini M, Zerbi G (2010) Micro-Raman mapping on polished

cross-sections: a tool to define the penetration depth of conservation treatment on cultural heritage.

J Raman Spectrosc 41:1254–1260

95. Conti C, Colombo C, Realini M, Matousek P (2015) Subsurface analysis of painted sculptures and

plasters using micrometre-scale spatially offset Raman spectroscopy (micro-SORS). J Raman

Spectrosc 46:476–482. doi:10.1002/jrs.4673

96. Conti C, Colombo C, Realini M, Zerbi G, Matousek P (2014) Subsurface Raman analysis of thin

painted layers. Appl Spectrosc 68:686–691. doi:10.1366/13-07376

97. Conti C, Realini M, Botteon A, Colombo C, Noll S, Elliott SR, Matousek P (2016) Analytical

capability of defocused l-SORS in the chemical interrogation of thin turbid painted layers. Appl

Spectrosc 70:156–161

98. Conti C, Realini M, Colombo C, Matousek P (2015) Comparison of key modalities of micro-scale

spatially offset Raman spectroscopy. Analyst 140:8127–8133. doi:10.1039/c5an01900a

99. Conti C, Realini M, Colombo C, Sowoidnich K, Afseth NK, Bertasa M, Botteon A, Matousek P

(2015) Noninvasive analysis of thin turbid layers using microscale spatially offset Raman spec-

troscopy. Anal Chem 87:5810–5815. doi:10.1021/acs.analchem.5b01080

100. Conti C, Striova J, Aliatis I, Colombo C, Greco M, Possenti E, Realini M, Brambilla L, Zerbi G

(2013) Portable Raman versus portable mid-FTIR reflectance instruments to monitor synthetic

treatments used for the conservation of monument surfaces. Anal Bioanal Chem 405:1733–1741

101. Conti C, Striova J, Aliatis I, Possenti E, Massonnet G, Muehlethaler C, Poli T, Positano M (2014)

The detection of copper resinate pigment in works of art: contribution from Raman spectroscopy.

J Raman Spectrosc 45:1186–1196. doi:10.1002/jrs.4455

102. Cucci C, Bartolozzi G, Marchiafava V, Picollo M, Richardson E (2016) Study of semi-synthetic

plastic objects of historic interest using non-invasive total reflectance FT-IR. Microchem J

124:889–897. doi:10.1016/j.microc.2015.06.010

103. Czamara K, Majzner K, Pacia MZ, Kochan K, Kaczor A, Baranska M (2015) Raman spectroscopy

of lipids: a review. J Raman Spectrosc 46:4–20. doi:10.1002/jrs.4607

104. Daher C, Bellot-Gurlet L (2013) Non-destructive characterization of archaeological resins: seeking

alteration criteria through vibrational signatures. Anal Methods 5:6583–6591. doi:10.1039/

C3AY41278D
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minéralogie et la gemmologie. Rev Gemmol 52:11–14

119. Doherty B, Brunetti BG, Sgamellotti A, Miliani C (2011) A detachable SERS active cellulose film:

a minimally invasive approach to the study of painting lakes. J Raman Spectrosc 42:1932–1938.

doi:10.1002/jrs.2942

120. Doherty B, Presciutti F, Sgamellotti A, Brunetti BG, Miliani C (2014) Monitoring of optimized

SERS active gel substrates for painting and paper substrates by unilateral NMR profilometry.

J Raman Spectrosc 45:1153–1159. doi:10.1002/jrs.4542

121. Doherty B, Vagnini M, Dufourmantelle K, Sgamellotti A, Brunetti B, Miliani C (2014) A vibra-

tional spectroscopic and principal component analysis of triarylmethane dyes by comparative

laboratory and portable instrumentation. Spectrochim Acta A 121:292–305
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Abstract The present review is aimed at reporting on the most advanced and recent

applications of immunochemical imaging techniques for the localization of proteins

within complex and multilayered paint stratigraphies. Indeed, a paint sample is

usually constituted by the superimposition of different layers whose characterization

is fundamental in the evaluation of the state of conservation and for addressing

proper restoration interventions. Immunochemical methods, which are based on the

high selectivity of antigen–antibody reactions, were proposed some years ago in the

field of cultural heritage. In addition to enzyme-linked immunosorbent assays for

protein identification, immunochemical imaging methods have also been explored

in the last decades, thanks to the possibility to localize the target analytes, thus

increasing the amount of information obtained and thereby reducing the number of

samples and/or analyses needed for a comprehensive characterization of the sample.

In this review, chemiluminescent, spectroscopic and electrochemical imaging

detection methods are discussed to illustrate potentialities and limits of advanced

immunochemical imaging systems for the analysis of paint cross-sections.
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1 Introduction

1.1 Immunochemical Micro Imaging in Conservation Science

In the last decades, many scientific efforts have been aimed at developing

innovative analytical procedures for the characterization of artwork samples.

Among different paint materials, organic substances—used since ancient times as

binders, varnishes and adhesives—have drawn a particular attention. Indeed, even if

their identification plays a crucial role in the characterization of the execution

technique, in authentication studies and in the selection of adequate methodologies

for conservation, the limited amount of organic materials and their sensitivity to

aging processes may compromise their correct recognition.

Immunochemical techniques, widely employed in bioanalytical and clinical

chemistry [1], were proposed some years ago in the field of cultural heritage as a

powerful alternative for the characterization of organic materials, overcoming

common drawbacks of traditional analytical approaches such as chromatographic

and spectroscopic analysis in terms of selectivity, sensitivity and analyte localiza-

tion. These methodologies, exploiting the high selectivity of antigen–antibody

reactions, permit the discrimination of different proteins and even the determination

their biological source.

In the last decades, performances of immunochemical approaches have been

deeply investigated by optimizing ad hoc systems for the identification of proteins in

artistic samples [2–18].

In addition to conventional enzyme-linked immunosorbent assays (ELISA),

much attention has been focused on the application of immunochemical imaging

methods for the sensitive and selective localization of proteins within a paint cross-

section [2, 3, 7–15]. Indeed, polychrome objects are usually characterized by multi-

layered structures composed by mixtures of organic and inorganic substances,

whose characterization is fundamental for the determination of adequate method-

ologies in restoration practices.

Imaging techniques in immunochemistry are commonly used in histological

laboratory for the recognition of antigens in tissues or single cells [1, 19]. The

localization of the target analyte is performed at the microscopic level and it can be

achieved employing fluorescent, chemiluminescent or colorimetric detection.

Imaging methods are usually based on a noncompetitive immunological approach.

Thus, the immunochemical reaction is accomplished by adding the specific anti-

antigen antibody, which is detected by means of a species-specific secondary

antibody labeled with a suitable marker. Moreover, microscopy techniques allow

the localization of target antigens with a high spatial resolution. Depending on the

detection technique used, it may be also possible to perform quantitative or semi-

quantitative assessment of the target analyte concentration.

The transfer of this approach to cultural heritage issues may be considered as the

beginning of a new research field. Thus, different markers, such as enzymes,

fluorochromes and gold nanoparticles, in combination with suitable detection

techniques, have been used for the visualization of antigen–antibody complexes,
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thereby allowing the sensitive identification of proteins within paint cross-sections.

An overview on the most recent immunochemical micro imaging approaches

developed for the localization of proteins in artistic samples is reported in Table 1.

These analytical methods are particularly attractive because both identification

and localization of analytes can be performed, reducing the number of samples and

analyses needed, preserving a high selectivity in protein detection and assuring a

powerful and cost-effective approach.

Fluorescence-based imaging is probably the most widely used approach, starting

from the first pioneering studies in the field of conservation science [16–18].

Nevertheless, this technique usually presents significant interferences due to intense

autofluorescence produced by sample materials (such as pigments and/or binding

media), and by light scattering phenomena at the sample surface, which could

hamper the detection of analytes [2, 3, 14–18]. In an attempt to overcome such

drawbacks, alternative detection strategies have been proposed, leading to the

development of highly sensitive immunochemical methods based on chemilumi-

nescence (CL) imaging detection. Indeed, CL detection is not affected by

interferences from sample components, thanks to the absence of any excitation

source. Thus, CL imaging has proved to be suitable for the localization of proteins

in paint stratigraphies with a spatial resolution of the order of micrometers by using

single and multiplexed immunoassays [79]. Electrochemical detection has also been

investigated, as an alternative and powerful method for the identification of proteins

Table 1 Immunochemical micro imaging methods for cultural heritage

References Analyte Detection system

Dolci et al. [7] Egg albumin Chemiluminescence

Sciutto et al. [8] Egg albumin and bovine casein

(multiplex format)

Chemiluminescence

Sciutto et al. [9] Egg albumin and animal glue (multiplex

format)

Chemiluminescence

Sciutto et al. [10] Egg albumin Scanning electrochemical microscopy

(SECM)

Arslanoglu et al.

[11]

Egg albumin, bovine casein Surface-enhanced Raman scattering

(SERS)

Sciutto et al. [12] Egg albumin Surface-enhanced Raman scattering

(SERS)

Perets et al. [13] Egg albumin, animal glue, bovine casein Surface-enhanced Raman scattering

(SERS)

Cartechini et al. [2] Egg albumin, animal glue, bovine casein Fluorescence

Magrini et al. [15] Egg albumin, bovine casein, fish glue Fluorescence

Kockaert et al. [16] Egg albumin Fluorescence

Ramirez Barat et al.

[17]

Egg albumin Fluorescence

Heginbotham et al.

[18]

Egg albumin Fluorescence
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in artistic samples [10]. However, similarly to fluorescence detection, electrochem-

ical and CL approaches cannot provide information on different substances that

constitute (alone or in mixtures) the paint layers. Recently, SERS-based immuno-

chemical methods have been proposed, enabling selective mapping of the target

protein and of other Raman active substances at the same time [11–13].

The present review is aimed at summarizing the most recent imaging

immunochemical approaches applied to artwork samples. In particular, in the next

paragraphs, together with some basic concepts related to the principles of the

methods, advanced strategies are presented. Examples of chemiluminescent,

spectroscopic and electrochemical detection methods are discussed, while more

conventional fluorescence approaches are not treated, since they have been reported

in other recent reviews [2, 3, 13].

1.2 Immunochemical Principles

Immunoassays are analytical techniques that use antibodies as specific recognition

elements, relying on the high selectivity of the binding reaction of an antibody (Ab)

to its specific antigen (Ag). The selectivity and avidity of an antibody allow for the

development of highly efficient methods for the determination and localization of

analytes, even in complex matrices [1, 19].

Antibodies are immunoglobulin proteins produced by the immune system of

organisms as a response to a given antigen. Thus, they can interact with various

important analytical targets, including small organic molecules (pesticides,

hormones, drugs) and biopolymers (peptides, proteins, DNA). Therefore,

immunoassays can be designed for a wide range of analytes and find application

in different fields, such as life sciences, clinical chemistry, and pharmaceutical,

toxicological, environmental and food analysis.

Monoclonal and polyclonal antibodies (mAb and pAb, respectively) are available

for immunoassays. Differently from a mAb, which recognizes only one antigenic

site, a pAb is a mixture of antibodies able to bind to different epitopes (molecular

moiety recognized by the antibody) within the same antigen.

The detection of an antibody requires a suitable marker, according to the

detection technique used. In the simplest approach (direct labeling), the marker is

directly bound to the antigen-specific antibody (primary antibody). As an

alternative, the primary antibody can be detected by a properly labeled secondary

antibody (indirect labeling). Such labeled antibody is usually an anti-species

antibody and it is directed against primary antibodies depending on their biological

source (mouse, goat, sheep, rabbit, etc.). It is worth noting that the labeling process

requires significant amounts of antibody, reduces its activity and it may be quite

complex. Thus, detection by indirect labeling is the most used, even if this requires

an additional reaction step, and thus a longer assay time (Fig. 1). Among easily

detectable molecules used as markers, the most common are: (1) radioisotopes,

which are sensitive labels, but present risks related to the radioactivity; (2)

fluorophores, based on the emission of photons consequent to the absorption of light

radiation; (3) enzymes that can be detected by chromogenic, fluorescent or bio-

chemiluminescent substrates.
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Enzymes are probably the most used markers, thanks to the amplification of the

analytical signal induced by their catalytic activity. Moreover, according to the

substrate used, different analytical techniques may be exploited for their detection

(e.g., spectrophotometry, fluorescence, chemiluminescence).

1.3 Ultrasensitive Chemiluminescent Immunochemical Analyses

Among the different techniques for the detection of immunocomplexes, chemilu-

minescence (CL) has shown remarkable performances in terms of spatial resolution

and detection limit. Indeed, CL detection does not require an excitation source, and

therefore it is not affected by the autofluorescence arising from the sample

components. This characteristic is of particular relevance for the analysis of paint

cross-sections, considering that several components of paintings are natively

fluorescent. Thus, in the last decade, ultrasensitive CL immunochemical procedures

for the detection of ovalbumin as well as for the simultaneous localization of

ovalbumin and bovine casein or collagen (common proteins found in binding media

or varnishes in artistic and archaeological samples) have been developed,

introducing a new generation of analytical approaches in conservation science.

1.4 Chemiluminescence and Enzyme Chemiluminescent Systems

The phenomenon of CL can be defined as the emission of light (usually in the

visible spectral region) originating from a chemical reaction. These reactions

usually involve strong oxidant species (e.g., peroxides), and they can be divided into

direct and indirect CL reactions. The direct one generates an excited-state molecule

that is responsible for light emission. In indirect CL, the excited product of the

chemical reaction transfers its energy to a highly fluorescent energy acceptor, which

then emits. This process enables increasing the intensity of CL when the excited

product is poorly fluorescent.

Chemiluminescence and bioluminescence (which is a CL reaction catalyzed by

enzymes in biological system) have been widely exploited for the development of

analytical and bioanalytical methods [20–26]. Thus, thanks to the sensitivity of CL

Fig. 1 Schematic of direct and indirect immunochemical approaches
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detection, it is possible to identify the target analyte within a wide concentration

range (from femtomolar up to millimolar) without sample dilution or modification

of the analytical procedure. On the other hand, a potential disadvantage of CL

systems is that the light-emitting chemical reaction could be inhibited, enhanced or

triggered by sample matrix constituents [21, 27]. Moreover, CL reactions usually

have flash-type kinetics in which light emission lasts only for a few seconds. To

obtain higher CL signals and steady-state emission kinetics, thus improving

analytical signal handling and measurement reproducibility [28], enzymes can be

used in the presence of an excess of a proper CL enzyme substrate. In addition,

suitable enhancers can be added to the substrate to further improve the performance

of the CL systems.

Horseradish peroxidase (HRP) and alkaline phosphatase (AP) are the most

commonly employed enzymes detectable by CL.

Substrates available for HRP are luminol (5-amino-2,3-dihydro-1,4-phthalazine-

dione) derivatives. The final product of the luminol oxidation reaction is a

3-aminophtalate ion in the excited state that decays by emitting photons at a

wavelength of about 425 nm (Fig. 2). The reaction takes place in alkaline

environment in the presence of an oxidizing agent such as H2O2. The reaction

Fig. 2 Scheme of chemiluminescent luminol oxidation. Reproduced from Ref. [28] with permission
from the Royal Society of Chemistry
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kinetics is usually quite fast and the maximum signal being reached in a time of the

order of minutes. The presence of ‘‘enhancers,’’ such as substituted phenols,

naphthols, phenylboronic acids, and phenothiazine derivatives, allows to stabilize

and to increase the intensity of the CL signal [27].

Substrates for AP are mainly dioxetane derivatives which can be dephospho-

rylated by an AP-catalyzed reaction (Fig. 3). The dephosphorylated molecule

decomposes, then an excited-state reaction product transfers its energy to an

acceptor, which is the species responsible for the emission. The kinetics of the CL

reaction catalyzed by AP is slower than that of HRP and the plateau is reached

between approximately 10 and 30 min of incubation. The AP-catalyzed CL

reactions are basically free of interferences, and AP itself is very stable and

possesses a high turnover rate [29].

1.5 Chemiluminescent Imaging

The availability of low-light imaging devices based on high-sensitivity and high-

resolution sensors—such as cooled charge-coupled devices (CCD) or complemen-

tary metal oxide semiconductor (CMOS) image sensors—has allowed the devel-

opment of CL imaging methods that rely not only on the detection of light emission

down to the single photon level, but also on its localization on the sample surface

with good spatial resolution [30]. A wide number of applications has been described

for both macro and micro samples in various fields, such as drug development,

diagnostics, agrofood and environmental analysis [30–35].

Luminographs, used for the acquisition of images, employ ultrasensitive video

cameras and optical systems enclosed in a light-tight box to prevent interference

from ambient light. To reduce the background signal, mainly ascribable to the

thermal noise, the detectors are cooled to low temperatures (down to -100 �C) by

means of thermoelectric or cryogenic systems. This allows for accumulation of the

CL signal over long times and therefore increases the sensitivity. When connected

to an optical microscope, imaging devices permit measuring and localizing of the

emission on the sample with a resolution on the order of micrometers. Due to the

low light intensity characteristic of the CL emissions, it is necessary to minimize the

loss of signal in the optical system. Thus, suitable lens systems and objectives with

high numerical aperture (NA) should be used to increase the efficiency of collection

of the CL signal [35]. To correctly localize the signal in a specific area of the

sample, it is also necessary to acquire an image of the sample using reflected (or

transmitted) light, which is then superimposed to the pseudo-colored image of the

CL emission (obtained by conversion of the gray scale of the CL image—related to

Fig. 3 Scheme of chemiluminescent reaction catalyzed by alkaline phosphatase
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the emitted light—to a chromatic scale). The overlap between pseudo-colored and

visible images allows for the clear showing of differences in the CL signals recorded

from different areas of the sample surface.

1.6 Immunochemical CL Imaging for the Location of Proteins in Paint
Stratigraphies

Different CL imaging assays have been developed for the immunochemical

localization of proteins in paint samples, in both single and multiplexed formats.

The first attempt for the application of a CL immunochemical procedure in the

field of cultural heritage was aimed at the localization of ovalbumin (chicken white

egg albumin, used as binding medium in whole-egg tempera) in paint cross-sections

[7]. The noncompetitive immunochemical protocol—based on the use of an anti-

ovalbumin primary antibody and a horseradish peroxidase (HRP)-labeled secondary

antibody—allowed the target protein to be localized on paint stratigraphies with an

estimated detection limit of about 0.03 ng mm-2 of ovalbumin. The assay has been

successfully applied on paint reconstruction as well as historical samples.

Subsequently, the method has been modified for the localization of other common

proteinaceous materials, and, in particular, for the simultaneous detection of

different proteins in the same samples [8, 9]. Indeed, the use of different enzyme

markers (HRP and AP) allowed for the separate localization of the target proteins.

The possibility to simultaneously localize different analytes in the same cross-

section is of particular relevance, since paint samples are usually very small and

available in limited numbers, and thus, the maximum amount of information must

be obtained from each sample.

Due to the complexity of the paint matrix, the preliminary set up of

immunochemical procedures is usually performed on nitrocellulose membranes.

Several parameters affect the performance of the assay and have to be optimized,

such as: (1) antibody characteristics (e.g., selectivity), (2) antibody concentration,

(3) incubation time and temperature, (4) blocking agent (i.e., nature and

concentration), and (5) washing steps.

The optimization of the analytical procedure is also aimed at obtaining the

highest CL signal/background ratio. However, it is worth noting that even if higher

concentrations of the immunoreagents usually lead to stronger CL signals, this may

be accompanied by an increment of the background signal, thus decreasing the CL

signal/background ratio.

Particular attention has been paid on the evaluation of possible nonspecific

interactions between paint components and immunochemical reagents. Because of

the porosity of paint cross-sections, optimization of blocking and incubation steps is

crucial to avoid the nonselective adsorption of the immunoreagents, which leads to

high background signals and to the decrement of the target protein detectability. The

blocking agents (usually proteins) are able to bind free nonspecific sites, thus

preventing their interaction with the antibody. When used at the optimal

concentration, the blocking agent reduces the nonspecific adsorption of the

immunoreagents to the cross-section without compromising their binding to the

target proteins, whereas an excessive amount will also reduce target detectability.
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Some examples of blocking agents selected for the different assays are reported in

Table 2. As an example, the procedure of evaluation of blocking agents for the

determination of ovalbumin is reported in Fig. 4. Among the tested substances

(bovine serum albumin, gelatine and dried milk), the highest signal/background

ratios were obtained using a 5 % solution of nonfat dried milk in water. The

nonselective binding of the immunoreagents could be reduced by careful

preparation of the cross-section with appropriate dry polishing methods (which

reduce the heterogeneity of the surface) and by decreasing the incubation

temperature.

To assess the applicability of the assay in paint cross-sections, the possible

interferences caused by common pigments have been also investigated (smalt,

azurite, malachite, hematite, cinnabar, and minium). Indeed, several metal ions

contained in pigments (Co2?, Cu2?, Fe3?, Mn2?, and Pb2? ions) are known

inhibitors of HRP [36] and the release of such ions during the CL detection step

could affect the enzyme activity. In addition, metal ions can also directly influence

the CL luminol reaction, either by acting as catalysts (the Co2? ion is the most

sensitive catalyst for the luminol-H2O2 reaction [37]) or inhibiting the CL process

(for example, the Cu2? ion [38]). However, tests aimed at evaluating such

interferences did not show any detectable effects related to the catalysis or

inhibition of the CL reaction (Fig. 5), suggesting the nonsignificant release of metal

ions during the sample treatments.

The multiplexed approaches have been used for simultaneous detection of

different pairs of target proteins, i.e., ovalbumin and casein or ovalbumin and

collagen [8, 9]. The spatial distribution of the proteins in paint cross-sections has

been assessed by noncompetitive immunoassays. By exploiting the specificity of the

antigen–antibody reactions, selective localization of the different target proteins has

been achieved by microscope CL imaging. Differently from the assay for a single

protein, instead of performing sequential incubations of samples with primary and

secondary antibodies, a single incubation with a preformed complex between

primary and secondary antibodies (obtained by mixing appropriate dilutions of the

two antibodies) has been used.

Table 2 Examples of blocking agents employed in immunochemical micro-imaging approaches

Analyte Blocking agent References

Egg albumin Fat dried milk in water (5 % protein

concentration)

Dolci et al.

[7]

Egg albumin and bovine casein

(multiplex format)

Soy milk and BSA (5 % total protein

concentration)

Sciutto et al.

[8]

Egg albumin and animal glue (multiplex

format)

Fat dried milk in PBS* (5 % protein

concentration)

Sciutto et al.

[9]

Egg albumin Fat dried milk in water (1 % protein

concentration)

Sciutto et al.

[12]

Egg albumin, animal glue, bovine casein Soy milk (0.03 grams protein/mL) and 2.5 %

BSA (w/v)

Perets et al.

[13]

* PBS phosphate buffer solution
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Fig. 4 Selection of a the blocking agent and b its optimal concentration performed on nitrocellulose
membranes on which different amounts (1, 10 and 100 ng) of ovalbumin were spotted. Data are reported
as ratios between the CL signals of the spots and the background signal of the membrane. Panel a shows
the CL image of a nitrocellulose membrane. Bar represents 5 mm. Reproduced from Ref [7], by
permission of Springer

Fig. 5 Chemiluminescence immunolocalization of ovalbumin in cross-sections of standard samples with
a layer of whole-egg tempera containing cinnabar (top) or smalt (bottom) pigments. Panels a and c show
the live images of the cross-sections, panels b and d show the CL images, confirming the localization of
the CL signal in the egg tempera layer corresponding to the binding medium. The different parts of the
cross-sections are indicated (R resin, 0 ground layer, 1 egg tempera layer with pigments). Bars represent
200 lm. Reproduced from Ref. [7], by permission of Springer
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As for HRP, inhibition of AP-catalyzed CL reaction due to metal ions has been

described [39]. Thus, in the set-up of multiplexed approaches, studies on possible

interferences have been carried out, demonstrating, also in this case, the absence of

effects on the CL signal.

Finally, to verify the detectability of proteins using the CL immunolocalization

procedures, a calibration curve has been obtained for each protein. The detection

limits have been estimated as the amount of protein giving a CL signal

corresponding to the background signal plus three times its standard deviation

(Fig. 6).

After the evaluation of assay performance on standard paint reconstructions,

historical samples have been analyzed to prove the applicability of the method for

the detection of aged protein. Indeed, the degradation of the protein due to aging

(high humidity and temperature conditions are known to promote hydrolysis

reactions and oxidative alterations of organic components) may affect its

detectability by immunochemical analysis. It has been demonstrated that ovalbumin

and collagen, both in varnish layers or mixed with other paint components, can be

successfully localized in real samples, thanks to the high sensitivity of the

immunochemical approach (Figs. 7, 8). The efficacy of the saturation procedure and

the location of the analytes with resolution of the order of micrometers are clearly

demonstrated by the pseudo color images obtained by superimposition between

visible and CL images.

2 Immunochemical Imaging Detection by Raman-SERS Analysis

In the last decades, SERS (Surface Enhanced Raman Scattering) probes (i.e.,

plasmonic nanoparticles with a Raman reporter anchored to their surface) have been

used for the immunochemical detection of biomolecules related to physiological and

Fig. 6 Calibration curves for the multiplexed CL immunolocalization procedure obtained in
nitrocellulose membrane. The limits of detection of the immunolocalization procedure (estimated as
the amount of target giving a CL signal corresponding to the background plus three times its standard
deviation) were about 0.3 and 0.5 ng/spot for bovine gelatin and ovalbumin, respectively. Reproduced
from Ref. [9], by permission of Springer
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pathological processes in cells and tissues [40–43]. Thanks to their high capabilities,

such detection systems rapidly originated one of the most promising research fields

in analytical spectroscopy.

Fig. 7 a, c Real case studies that have been investigated with the marl of the sampling areas. a A wall
painting attributed to Giuseppe Milani (1719–1798) and located in the Abbey of S. Maria del Monte,
Cesena (Italy), dated to 1773–1774. b A painted wood panel by Baldassare Carrari (1460–1516), an
Italian painter of the Renaissance period, representing the Virgin with the Holy baby and Saints and
exhibited in the city museum of Ravenna, Italy. b, d Color live images of sample cross-sections with
assignment of the different layers. The bars represent 100 lm. Reproduced from Ref. [9], by permission
of Springer

Fig. 8 a–d Results obtained from sample AM7 with the application of a single assay detection of
collagen. The protein is present within the pigment layer. e–h Results obtained from sample ROND6 with
the multiplexed assay for the simultaneous detection of collagen and ovalbumin. a, e Live images of the
cross-sections. b, f Chemiluminescence signals corresponding to collagen. c, g Chemiluminescence
signals corresponding to ovalbumin. d, h Overlay between the live images of the cross-sections and the
pseudo-colored CL images in which the CL signals corresponding to collagen and ovalbumin are
represented in shades of blue and red, respectively. Reproduced from Ref. [9], by permission of Springer
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Even if the application of both SERS and SERRS (Surface Enhanced Resonant

Raman Scattering) techniques is not new in the field of cultural heritage [44–48]

(e.g., they have been employed for the spectroscopic investigation of organic

pigments or colorants present in artistic samples in a very low amount), only few

research works on the combination of SERS-based detection and immunological

methods have been reported in the literature [11–13]. Nevertheless, among all the

different immunochemical approaches, the use of Raman-SERS detection remains

one of the most powerful methods. Indeed, this spectroscopic approach allows for

the simultaneous localization of the target protein and the other paint materials

through the creation of false-color chemical maps. This aspect is of paramount

importance in the study of unique and precious materials, where maximum

information should be achieved from the minimum number of samples.

In addition, thanks to the fact that Raman microscope is often used in

conservation centers and museum laboratories, the approach could be widely and

easily applied, becoming a tool for routine investigation of artistic samples.

2.1 SERS Probes

SERS probes are usually constituted by a Raman-active molecule (Raman reporter)

adsorbed on the surface of a noble metal nanostructure, which is encapsulated with

an external shell of polyethylene glycol (PEG), silica or bovine serum albumin in

order to stabilize and protect the probe, as well as to permit its bio-conjugation [49,

50]. In biochemical approaches, this system can be used as a label of immuno-

chemical complexes, thanks to the enhancement of the spectroscopic signal, which

increases the sensitivity of the method. Thus, the probes exploit the SERS

phenomena to emit unique spectral signatures indicating the presence of the

immunochemical complexes.

Enhancement of the Raman signal, which has a very low scattering cross section

with respect to fluorescence, usually refers to two different mechanisms: electro-

magnetic and chemical contribution. The electromagnetic enhancement is ascribed

to the interaction between free electrons, (present on the metal surface) and the

excitation light, producing a surface plasmon, which may be described as a

collective oscillating electron wave. This effect provides an enhancement of the

electric field in that localized area, which is greatest when the plasmon frequency is

coupled with the excitation radiation [51–53]. Indeed, the plasmonic modes

generate an intense absorption and scattering bands in the visible–near infrared

interval. Metal particles or structures responsible for the electromagnetic mecha-

nism should present a dimension smaller than the wavelength of the exciting light;

thus, the SERS-active systems must ideally have a nanometric size (ranging

between 5 and 100 nm) [54]. Moreover, the contact region between two particles

(named ‘‘hot spot’’) shows a very strong enhancement.

A stronger enhancement can be obtained through SERRS. Indeed, an intense

Raman scattering is observed when the analyte presents a chromophore with an

electronic energy close to the frequency of the excitation used. In this case, the

enhancement from both plasmon and molecular resonances contribute to generate a

very intense signal in SERR spectra [55]. Moreover, the fluorescence signal is
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usually quenched by the nanoparticles, reducing the possible interferences with

Raman scattering.

Together with the electromagnetic explanation of the SERS effect, the chemical

contribution is also considered. The phenomenon is ascribed to charge transfer

processes between the chemisorbed species and the metal surface, which may be

responsible of an enhancement effect for system where species are able to form a

chemical bond with the metal surface. This theory can be applied only in specific

cases and in concert with the electromagnetic mechanism [56, 57], which, on the

contrary, is also valid when molecules are only physisorbed to the surface.

The use of noble metal nanoparticles with plasmonic properties in biology and

medicine fields, i.e., for the sensing of DNA and for cancer diagnosis, has increased

significantly in the last decades [58–60]. Indeed, imaging investigations of cells or

tissues have traditionally been performed with fluorescent probes (such as organic

fluorophores), which suffer well-known limitations related to the photo bleaching

effect, fluorescence background emission from the biological matrix, low stability in

some extreme environments of biological systems, and bio compatibility (in

particular, for quantum dots semiconductor probes). Raman reporters functionalized

on the nanoparticles surface represent an alternative powerful approach for

biochemical detection of target analytes. Moreover, among the various molecular

imaging techniques for biomedical applications, SERS approach has become very

popular, thanks to its ability to generate enhanced Raman spectra with picomolar

sensitivity and multiplexing capabilities [59].

The first attempt at the application of immunochemical SERS analysis on paint

samples was presented a few years ago [11]. The paper reported the use of

commercial nanotags produced by Oxonica (Mountain View, CA, USA). These

nanotags are constituted of a core of aggregated gold nanoparticles with a diameter

of 90 nm, which is coated with a monolayer of Raman reporter and encapsulated in

a silica shell, achieving a final dimension of about 120 nm. The secondary antibody

is covalently bound to the nanotag for the indirect immuno-SERS protocol. The

manufactured probes were selected for their reproducible SERS signal. However,

several drawbacks of the proposed assay have been reported, which have been

mainly ascribed to the nonspecific immuno-SERS signals arising from the paint

matrix. In more detail, difficulties in removing the excess SERS nanotag complexes

have been declared, either in presence or absence of the primary antibody. Even if it

has not been possible to exclude nonselective interactions between probes and paint

materials, the authors attributed this phenomenon mainly to the use of a feeble

blocking agent and treatment. More recently, the same authors have presented an

advancement of the method based on the optimization of alternative SERS

nanotags. In particular, new nanotags have been proposed in an attempt to avoid

nanoparticle aggregation on sample surfaces, and to reduce the nonspecific

interactions between probes and paint components [13]. Such SERS probes are

constituted of gold nanoparticle dimers with a Raman-active dithiolated reporter and

conjugated to secondary antibodies through either amino or carboxyl groups.

Moreover, nanostructures are encapsulated with amino- and carboxy-terminated

PEGs (X0–PEG–SH: X0 = –NH2 or –COOH). Thus, hetero-bifunctional surface

Top Curr Chem (Z) (2016) 374:32

123 226 Reprinted from the journal



coatings have been synthesized demonstrating their ability to prevent nonspecific

aggregation of SERS probes on the paint sample (Fig. 9).

The technology transfer from biochemical field to conservation science allowed

the application of a new generation of SERS probes, based on the laser ablation in

solution (LASiS) for the preparation of metal particles, in immunochemical studies

on paint cross-sections. A recent research has reported the advantages of the

physical preparation of gold nanoparticles in the synthesis of SERS tracer in terms

of stability, reproducibility and nonspecific interaction, providing an highly efficient

detection of the target protein both in fresh and historical samples [11].

The use of the LASiS for production of nanoparticles, proposed by early research

in 1993 [61], allows the obtaining of nanoparticles during the laser ablation of a

bulk metal plate immersed in a liquid solution. This one-step procedure generates

stable charged nanoparticles of gold, silver, platinum, copper and other materials,

presenting a clean surface that can be easily functionalized without any ligand

exchange reaction or extensive purification procedures. On these bases, LASiS has

proved to be an excellent green and cheap alternative to traditional approaches,

avoiding the presence of unreacted compounds and the formation of chemical waste

[62]. It is worth reporting that one of the main drawback of LASiS is the control of

average size and size distribution, which may influence the enhancement of the

Fig. 9 Schematic of SERS-633 Au NP functionalization and immuno-SERS assay. Au NPs (golden
spheres) are dimerized via Raman-active biphenyl-4,40-dithiol (DBDT) reporter at the ‘‘hot spot’’ (red
sphere) and surface functionalized with X0–PEG–SH coating (MW 1000, X0 = –NH2 or –COOH).
Conjugation to polyclonal secondary antibody (purple) is achieved through DCC/NHS conjugation
chemistry. First, a mounted cross-sectional sample (bottom) is incubated with polyclonal primary
antibody (light blue). Next, excess primary antibody is removed with washing, and SERS-633-tagged
secondary antibodies are applied. Au NPs are localized only to those regions of the sample where antigen
is present. Reproduced from Ref. [13], by permission of The Royal Society of Chemistry (http://pubs.rsc.
org/en/content/articlehtml/2015/an/c5an00817d)
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signal and its reproducibility. However, by the control of condition of the laser

treatment and preparation approach, the size of nanoparticles may be reduced or

increased [63, 64]. In particular, a detailed study has been carried out on the

characterization of aggregated AuNP solution obtained by centrifugation and used

in the preparation SERS-probe, showing the reproducibility of results in terms of

dimension and SERS signal [65].

The immunochemical SERS approach for the characterization of paint samples

reports the use of gold nanoparticles obtained with average diameters of about

20 nm and subsequently submitted to the aggregation by means a centrifugation

procedure, in attempt to maximize the efficiency of SERS enhancement through the

increment of the number of ‘‘hot spots.’’ ‘‘Hot spots’’ can be described as junctions

or close interactions between plasmonic objects, which can be easily obtained with

the aggregation of nanoparticles [66]. The solution of NaCl in which the metal

target is immersed during the laser ablation, is employed to increase the period of

stability of particles, up to several months. Indeed, Cl - ions help in opening Au-O-

Au bonds formed during the ablation process in water, producing Au–O- charges,

which further stabilize the colloidal solution, thanks to coulombic interactions [62].

Finally, nanoparticle aggregates are functionalized with the Raman reporter and

linked to the secondary antibody for the indirect immuno-SERS assay. The obtained

nanostructures are coated with PEG, in order to minimize nonspecific interactions

between sample matrices and SERS-nanotags. The potentialities of such system

applied for the detection of ovalbumin within paint cross-section have been

previously described in developing plasmonic nanostructures for ultrasensitive

multiplexed identification of tumor-associated antigens [65].

Nile Blue A functionalized with lipoic acid (LipNB) has been used as SERS

reporter, demonstrating the efficiency of the signal with the 785 nm laser excitation

for an highly sensitive identification of immuno-complexes in the heterogeneous

paint substrates. The main steps of the SERS probes obtained with LASiS

preparation are reported in Fig. 10.

2.2 Immuno SERS Assays for Artistic Samples

In all the researches related to the application of immunochemical SERS method to

the study of paint cross-sections, a noncompetitive indirect approach has been

Fig. 10 Steps for the preparation of the LASiS SERS probes: a aggregated nanoparticles obtained by
centrifugation linked with Nile Blue reporter; b functionalization of the secondary antibody to the
nanoaggregate; c covering of the nanoaggregate with thiolated polyethylene glycol chains. Reproduced
from Ref [12], by permission of The Royal Society of Chemistry (http://pubs.rsc.org/en/content/
articlepdf/2013/an/c3an00057e)
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proposed with the use of SERS nanotags conjugated to the secondary antibody. As

previously mentioned, particular attention has been focused on the control of

nonspecific interaction between SERS nanotags and paint matrices and/or embed-

ding materials. Indeed, problems related to the inability to remove nonspecifically

bound SERS nanotags, which produce false positive signals and compromise the

effectiveness of the analytical response, have been indicated as the major drawback

of the method [11].

To this aim, the selection of washing procedure, blocking agent and antibodies

incubation conditions in immunoassays have been carefully evaluated by testing the

protocol on paint sample reconstructions with or without the target protein, and

applying the immunochemical assay with or without the primary antibody.

On the basis of these measurements, it has been demonstrated that the use of

suitable SERS probes and a correct set up of the immune protocol allow the

unambiguous identification of the analyte in paint cross-sections.

2.3 Raman-SERS Chemical Imaging

The combination between the information obtained from immunochemical methods

and Raman analysis for a comprehensive characterization of paint matrices is

extremely important in studies on artwork samples, to obtain the maximum amount

of information from the minimum number of samples.

Nevertheless, among the scientific publications on this subject, only a research

work—aimed at immunochemical detection of ovalbumin with SERS detection

system—underlines the potential of the immunochemical method in combination

with spectroscopic investigation of paint cross-sections [12]. In this study, mapping

analyses were performed to achieve a reliable characterization of paint components

in terms of molecular spectral features and spatial location, and to evaluate the

Fig. 11 Schematic of hyperspectral parallelepiped
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selectivity of the approach for the target protein recognition through the creation of

false color chemical maps.

Spectroscopic mapping systems allow to collect a considerable number of spectra

from a bidimensional scan of sample surface, obtaining information about the

spatial distribution of different compounds. The three-dimensional data structure

acquired is conventionally referred to as a ‘‘hypercube,’’ which is composed by two

spatial as well as one spectral dimension (Fig. 11). Chemical images can be

obtained by coding the intensity of a characteristic band, which is diagnostic for the

presence of a specific molecule (e.g., the Raman reporter of the SERS probe), by a

chromatic scale. Such a false color image represents the spatial position (x, y) and

the intensity of the Raman scattering (blue-red color scale) at a specific Raman shift

(cm-1).

In the immunochemical approach, the possibility to select a proper Raman

reporter that may present a vibrational fingerprint different from all the other

component, allows to obtain simultaneously a representative distribution of paint

components and the selective location of the target protein. Thus, in the formulation

of SERS nanotags, an important role is played by the correct selection of Raman

active molecule used as reporter.

In the case of the research under examination, Nile Blue A has been proposed as

Raman reporter. Thanks to its spectral feature, which is well differentiated from

those of other paint components, it has been possible to obtain an unambiguous

positive localization of immuno-complexes by selection of the marker band at

592 cm-1 with 785 nm laser excitation (Fig. 12).

As an example, chemical maps obtained on standard and historical samples

(ROND12) are reported in Figs. 13 and 14. The analysis allowed the clear

Fig. 12 Extinction spectra of the not aggregate (red line), and aggregated (blue line) gold nanoparticles
after functionalization with the Nile Blue the secondary and antibody. Reproduced from Ref. [12], by
permission of The Royal Society of Chemistry (http://pubs.rsc.org/en/content/articlepdf/2013/an/
c3an00057e)
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localization of ovalbumin within the whole-egg tempera red paint layer (in the

standard mock-up) and in the uppermost layer of the historical sample stratigraphy.

Interestingly, the result achieved for the real sample is in agreement with the

previous analyses performed by CL immunochemical identification, which allowed

the localization of a thin external layer of ovalbumin [7, 9]. Moreover, the immuno-

SERS analysis combined with the traditional Raman spectroscopy provided

additional information concerning the composition of paint materials.

3 Scanning Electrochemical Microscopy for the Immunochemical
Detection of Proteins

In the attempt to explore the potentialities of the immunochemical approach in the

characterization of artistic samples, alternative detection techniques have also been

evaluated.

In particular, a recent research study has proposed the combination of

immunoassay procedures with the Scanning Electrochemical Microscopy (SECM)

for the selective recognition of ovalbumin directly in paint cross-sections [10].

300 600 900 1200 1500 1800 2100

52
µm

11µm

299

414

592

a b c d

e

Raman shift cm-1

Fig. 13 a Cross-section microphotograph of standard sample under visible light. The white box indicates
the selected area for Raman analysis. Chemical false color maps of b Nile Blue (band at 592 cm-1); c red
ochre (band at 299 cm-1); d Azurite (band at 400 cm-1); e Spectrum extracted from the red paint layer
which contains ovalbumin. Bands at 299 and 414 cm-1 are ascribable to red ochre, while the band at
592 cm-1 is related to the Raman reporter, which indicates the presence of the target protein (ovalbumin).
Reproduced from Ref. [12], by permission of the Royal Society of Chemistry (http://pubs.rsc.org/en/
content/articlepdf/2013/an/c3an00057e)
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SECM allows the electrochemical detection of the analyte, obtaining information

on the electrochemical process in which the target molecules are involved and

providing chemical and topographic information about the investigated surfaces.

Thus, it can be considered as a complementary tool in the investigation of complex

substrates.

Interestingly, even if the electrochemical detection of immunocomplexes in

conservation science is not new [67], the research presents the first application of

SECM for paint samples investigations, opening the way for a wide application of

SECM to analysis of paint cross-sections. Indeed, only very few applications of

electrochemical microscopy have been reported for the characterization of heritage

materials, such as ancient copper-based alloys [68].

3.1 Scanning Electrochemical Microscopy

SECM is scanning probe microscopy (SPM) based on the use of an ultramicro-

electrode (UME) probe for scanning the investigated substrate and recording the

current produced by electrochemical reactions. Thus, the electrochemical reaction at

Fig. 14 Cross-section microphotographs of historical sample ROND12: a image under visible light;
b image under UV illumination. Black and white boxes indicate the selected area for Raman analysis.
Chemical false color maps of c Nile Blue (band at 592 cm-1); c Azurite (band at 400 cm-1); d lead white
(band at 1051 cm-1). Reproduced from Ref. [12], by permission of the Royal Society of Chemistry
(http://pubs.rsc.org/en/content/articlepdf/2013/an/c3an00057e)
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the UME is spatially resolved with high resolution according to the probe diameter

dimension, which is typically about 10 lm [69] for micron-sized disc-shaped

electrodes sealed in glass. Sub-micron- and nanometre-scale electrodes have been

also proposed in this specific study to improve the spatial resolution. The tip is

connected to a positioner, which allows moving the probe across the investigated

area. Even if different positioners can be employed, for high spatial resolution, a

piezoelectric system is required.

SECM has been used in several types of study, such as: (1) organic and inorganic

film permeability, (2) metabolites absorption in cells and (3) local surface

modification [70–75].

Several operation modes can be applied for the SECM mapping approach in the

investigation of electroactivity of sample surfaces, such as feedback and the

generation/collection modes. However, probably the most widely employed is the

feedback mode. In this case, the UME is immersed into a solution containing a

redox mediator that can be oxidized or reduced according to the potential applied to

the probe (e.g., if a positive potential is applied to the tip, the mediator is oxidized

with a rate which depends on the diffusion of the mediator at the UME surface).

Thus, the steady state current can be registered as a function of the mediator

concentration and of its diffusion coefficient at the tip. When the UME is moved

across the sample, the electrochemical proprieties, as well as the distance of the

electrode from the surface, influence the variation of the mediator concentration at

the UME, modifying the registered current. Indeed, an increment (positive

feedback) or a decrement (negative feedback) of the current can be observed [76].

For the topographic documentation of samples, the negative feedback mode can

be employed, keeping the probe at a fixed position from the investigated surface.

Thus, changes in the distance between the probe and the sample surface induce a

reduction of current, producing information about the morphology. However, even

if the spatial resolution achieved by the SECM is not competitive with the

performances of other probe scanning techniques, such as the atomic force

microscopy (AFM), the most relevant advantage of this approach is the possibility

to perform noncontact detection of electrochemically active species, thus preserving

the analyte.

Indeed, SECM is an attractive technique for studying biological systems and

processes, as well as enzyme determination in biosensing approaches and

biomedical applications. In this case, the probe is used to detect the electron

transfer reaction involving the immobilized enzymes, which have to be detected. In

particular, a reversible redox mediator is used and converted at the tip electrode.

Than the product of this reaction is regenerated by the enzymatic activity [77],

producing an increment of current.

The use of immunosensing device in combination with electrochemical detection

has been proposed for the study of immunochemical complexes antibodies labeled

with an enzyme as recognition element [78–81]. The activity of enzymes can be

precisely localized by SECM in correspondence with the target protein thanks to a

catalytic production of species that are detected at the ultramicroelectrode surface.

Thus, SECM imaging investigations of the enzyme activity can be applied to

spatially locate the target protein.
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3.2 SECM for Immunochemical Investigation of Paint Stratigraphies

In a recent research work, a new electrochemical microscope immunoassay has

been developed as an innovative approach for the localization of ovalbumin in

painting. The immunoassay procedure has been performed directly on paint cross-

sections by using an anti-ovalbumin primary antibody and a secondary antibody,

labeled with HRP and following a noncompetitive indirect approach. Subsequently,

samples have been submitted to SECM measurements in feedback mode and

benzoquinone (BQ) has been used as redox mediator, initially reduced into

hydroquinone (H2Q). In the presence of hydrogen peroxide (H2O2), the HRP-

catalyzed reaction allowed the re-oxidation of H2Q to BQ. Thus, the increment of

BQ concentration in correspondence of the target protein has been detected by

SECM through the reduction at the tip of the regenerated BQ (Fig. 15). The

regeneration created a local concentration gradient and an increment of BQ

reduction current over the layer containing the analyte. Thus, SECM measurements

were carried out by approach curves and scan line analysis, both performed in

presence and absence of H2O2 to discriminate the contribution arising from

topographic features of the surface and the HRP catalyzed reaction.

The electrochemical approach has been evaluated on standard mock-ups and on a

historical sample, to verify the capability of the proposed method to precisely

localize HRP enzyme. As shown in Fig. 16, as an example, the scan line registered

in the absence of H2O2 showed features mainly related to differences in surface

morphology. Conversely, in the presence of H2O2, an evident peak is superimposed

on the signal background, revealing the catalytic activity of HRP in correspondence

of the pigment layer mixed with egg. Thus, the micrometric localization of

ovalbumin has been achieved by the comparison of the measurements recorded

before and after H2O2 administration.

The study presented also the evaluation of the effect of metal ions contained in

pigments (such as Co2?, Cu2?, Pb2?) and in particular the role of Fe2? due to its

known interaction with H2O2 (Fenton reaction). However, no significant interaction

with the enzyme activity have been observed.

Fig. 15 Schematic representation of the BQ reaction at the tip. In the presence of H2O2 a, the
immobilized HRP catalyzes the oxidation of H2Q to BQ, consequently a regeneration current is observed.
Reproduced from Ref. [10], by permission of Springer
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4 Conclusions and Further Perspectives

The growing interest towards new analytical strategies for the characterization of

paint stratigraphies has led to the development of advanced immunochemical

methods for the detection of proteins in artistic samples. In particular, the attention

has been focused on micro imaging approaches for highly selective localization of

target proteins within paint cross-sections. Moreover, the possibility to determine

the biological source of a given protein (e.g., fish or rabbit glue) also makes the

immunolocalization method relevant for authentication studies, by allowing the

determination—for instance—of the production period and of the origin of painting

materials.

One of the most powerful immunochemical approaches proposed in the field of

conservation science is CL imaging detection. Indeed, the absence of an excitation

source allowed the obtainment of high sensitivity and high spatial resolution, also

working on very complex matrices (such as paint samples). The efficiency of the

methods has been not experimentally proven by the detection of proteins in real

samples.

Fig. 16 a SECM approach curve obtained on the pigment layer without H2O2 (black line) and with H2O2

(red dashed line) recorded at Et = -0.35 V, 1 mM BQ in PBS. The thin black line under the red one is
the fitted curve using the theory of finite kinetics by Cornut-Lefrou. b Optical image of the standard
sample under visible light (1009). Layer 0 gypsum ground, layer 1: minimum mixed with egg whole
tempera. The red spot indicates the area where the approach curve was performed, while the red dashed
line represents the investigated region through scan line analysis; c SECM scan lines with (red line) and
without H2O2 (black line), Et = -0.35 V, 1 mM BQ in PBS. The presence of HRP-conjugated antibody
can be located in correspondence of the pigment layer. Reproduced from Ref. [10], by permission of
Springer
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Moreover, multiplexed CL assays for the simultaneous identification of

different proteins have been developed. Interestingly, up to now, such CL

protocols represent the only attempts reported in the literature for the simulta-

neous localization of two proteins within a paint stratigraphy. However, this

aspect is of particular relevance in the field of cultural heritage, because paint

samples are often very small and available in limited number. Therefore, from

each sample, the maximum amount of information must be obtained. Neverthe-

less, on the basis of this principle, it is worth indicating the major limitation of the

CL method, which is the inability to provide information on different organic and

inorganic substances present (alone or in mixtures) within the paint layers. On the

other hand, in CL investigations—as well as in all of the other immunochemical

protocols presented in this review—the stratigraphic sample is not destroyed; thus,

it can be submitted to other measurements just after a smooth polishing of the

surface.

Thanks to the possibility to assure knowledge on different types of materials with

a single type of analysis, the Raman microscopy detection approach has attracted

the attention of different researchers. However, the potential of such a method is not

yet completely exploited. Some studies are currently ongoing, attempting to propose

a multiplex immunochemical protocol with SERS detection. Indeed, the SERS

multiplexed approach is based on the use of two different SERS reporters presenting

well-recognizable, enhanced spectra for the localization of different analytes within

paint mixtures.

The spectroscopic approach, as well as the electrochemical approach, allows the

qualitative identification of the protein investigated. However, when stratigraphic

analyses are performed, quantitative investigations are not undertaken, due to the

fact that only qualitative information is usually required and needed in studies on

painting materials and conservation status.

Thanks to the recent developments of immunochemical methods in heritage

science, the approaches described in this review appear to be suitable for routine

analysis in conservation studies. Efforts are currently aiming at extending the range

of detectable substances by including other proteins (e.g., casein and collagen) and

organic materials (e.g., gums) used in paintings, even in a multiplexed way.

However, deeper attention should be devoted to the effect of aging in the

immunochemical recognition of the antigen.

Finally, it is worth underlining that, together with the optimization of microscopy

imaging assays, one of the most urgent and challenging objectives is the

development of user-friendly portable analytical devices to be used on site by

restorers. Immunochemical systems can be applied to address such an issue in

conservation science studies. In particular, it has been demonstrated that, thanks to

the use of ready-to-use analytical cartridges and a portable CL detection instrument,

analyses can be performed (even directly by restorers) in different working contexts

(e.g., conservation and restoration laboratories or on site) where the samples are

collected, reducing response time and costs of analysis [6].
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Abstract Despite the large diffusion of natural organic substances in art-historical

materials, their characterization presents many challenges due to the chemical

complexity and instability with respect to degradation processes. Among natural

products, proteins have been largely used in the past as binders but also as adhesives

or additives in coating layers. Nevertheless, biological identification of proteins in

art-historical objects is one of the most recent achievements obtained in heritage

science thanks to the development of specifically tailored bio-analytical strategies.

In the context of this active emerging discipline, immunological methods stand out

for sensitivity, specificity and versatility for both protein recognition and localiza-

tion in micro-samples. Furthermore, the growing use of immunological techniques

for advanced diagnostics and clinical applications ensures continuous improvement

in their analytical performance. Considering such, this review provides an overview

of the most recent applications of enzyme linked immunosorbent assay and im-

munofluorescence microscopy techniques in the field of heritage materials.

Specifically, the main strengths and potentials of the two techniques as well as their

limits and drawbacks are presented and discussed herein.
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1 Introduction and Background

1.1 Immunochemical Methods in Heritage Science

Immunochemical methods encompass a set of analytical techniques relying on the

selective affinity of a biological antibody for its antigen. These techniques have a

long tradition [1] and are widely used analytical tools in research and clinical

diagnostics for the analysis of a variety of bio-molecules (peptides/proteins,

hormones, vitamins, drugs, etc.). In fact, they are capable of providing high

sensitivity, accuracy and specificity for the target analyte [2]. Given these appealing

features, exploration of immunological techniques in the emerging field of heritage

science is, therefore, a natural step towards the use of new analytical solutions for

heritage materials. In this review, we report on the most recent developments in the

application of immunochemical methods in heritage science focusing on enzyme-

linked immunosorbent assay (ELISA) and immunofluorescence microscopy (IFM)

techniques for recognition and localisation of bio-materials for objects in this field.

In human history, natural substances have long been man’s first choice as raw

materials for general applications in daily life, from cosmetics, medicine,

construction of functional objects to creating artworks. Proteins, polysaccharides,

waxes, vegetable oils, resins, natural fibres (cotton, silk, wool, etc.) and dyes are

some examples of biomaterials used since antiquity by man in his artistic

productions [3–5].

The basic need of providing a detailed scientific knowledge of cultural heritage

materials for scholar and conservation purposes is nowadays firmly recognised [6]

and has given rise to fruitful multidisciplinary collaborations among scientists,

conservators, curators, restorers and art historians [7]. However the challenging

identification and characterization of natural organic substances in art-historical

objects still demands great analytical efforts to fulfil this final goal [8, 9]. This is due

to their intrinsic complexity and chemical instability, making them prone to

alteration/degradation processes combined with their limited availability for

analytical purposes when these require sampling of invaluable works of art.

Furthermore, in the specific context of cultural heritage materials, natural organic

substances can be found as complex mixtures in intimate contact with inorganic

compounds, a fact which may seriously hamper their characterization [10].

In the attempt to look for more effective analytical strategies targeted towards the

identification of organic compounds in heritage materials, modern bio-molecular

techniques have been demonstrated to be particularly suited for protein analysis.

Proteomics and DNA analysis [11–15] are sophisticated sensitive techniques

capable of identifying species origin of proteinaceous binders. On the other hand, as

shown in the following sections, immunochemical methods offer an alternative

analytical approach which is simple, cost-effective, and highly versatile for

identifying and localising different proteins in a single micro-sample while

remaining selective with respect to their biological source. After initial sporadic

works [16–18], in the last decade, a growing number of papers have appeared

focusing on the application of immunological techniques in the field of heritage
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science. These include ELISA for the bulk analysis of samples (no spatial

information) and immunochemical microscopy imaging techniques such as IFM,

chemiluminescence and immuno surface-enhanced Raman spectroscopy (SERS)

[19–30]. Examples of archaeological studies performed using immunoassays can be

also found (see for example [31, 32]) but this specific application is beyond the

subject of this review. Table 1 reports the comprehensive list of biological proteins

currently identified in heritage materials using different immunologic approaches

along with examples of recent applications selected from literature, spanning from

ancient Egyptian objects, passing through ancient Chinese polychromies and silks,

up to western paintings [19–30, 33–45].

In the next paragraphs, after a brief introduction on the basics of immunoassays,

a description of methodologies and variants on the use of ELISA and IFM in the

study of cultural heritage materials is given.

1.2 Basic Concepts

Nature has provided living organisms with a powerful versatile defence system,

composed of innate immunity and adaptive immunity, which is capable of reacting

with pathogenic organisms and, in general, more so with foreign substances. By

convention, the term immune response refers to the coordinated reaction of the

adaptive immune system for neutralizing and eliminating these foreigner molecules,

which are called antigens (Ag), when they overcome the innate immune defenses.

Recognition of antigens takes place in specific sites (epitopes) through antigen

receptors specifically expressed by lymphocytes, the main components of the

Table 1 Proteins identified by immunoassays in heritage materials using different immunologic

techniques

Protein Natural

material

Object References

Chicken ovalbumin Albumen Paintings [19–21, 24–27, 29, 30, 33,

34, 36–43]

Egyptian cartonnages [35]

Chicken egg yolk

immunoglobulin

Egg-yolk Paintings [23, 44]

Bovine b-casein Milk/casein Paintings

Egyptian cartonnages

[21, 24, 26, 27, 33, 36, 38]

[35]

Collagen Animal glue Paintings

Egyptian cartonnages

Polychromy on Chinese

terracotta

[21–23, 26, 27, 30, 40]

[35]

[41]

Glycoproteins Vegetable gum Paintings

Egyptian cartonnages

Peruvian feathered tabard

Water colours on paper

[21, 26, 34]

[35]

[26]

[26]

Fibroin Silk Chinese textiles [45]
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adaptive immune system. The immune system recognizes and acts against an

enormous number of antigens by generating a wide variety of lymphocytes, each

with a single antigen receptor. The most important class of antigen receptors are the

immunoglobulins, also called antibodies (Ab). Antibodies have a characteristic Y

shape (see sketch in Fig. 1 reproduced from [46]) where the binding site to the

antigen (paratope) is located at the top of the Y arms. The mechanism which

underlies the high specific interaction between antibody and antigen has been

extensively studied and is still under investigation in many different aspects

(kinetics, thermodynamics, structural factors, etc.). It is mainly based on non-polar

interactions (van der Waals forces) but also on electrostatic and structural

complementarity of the interacting protein surfaces [46–48]. The striking specificity

and affinity of the Ab–Ag interaction and the ability of the immune system to

generate novel protein recognition sites is not only the basic key of immunity but it

also makes antibodies a fundamental tool in experimental biology, biomedical

research, and diagnostics. Indeed, thanks to the adaptability of the animal immune

system, it is possible to custom-produce antibodies to be used as probes for

detection of biomolecules of interest in a variety of research and diagnostic

Fig. 1 a 3D representation of an Ab molecule and b schematic view of the Ab structure (reproduced
from [46], a free PubMed Central [PMC] article, � 2013 Sela-Culang, Kunik and Ofran). The Y-shaped
structure is formed by four polypeptide chains distinguished by two couples of identical heavy (H) and
light (L) chains linked to each other by disulfide bonds. The arms of the Y-shaped structure are known as
Fabs. Each Fab is composed of two variable domains (VH in the heavy chain and VL in the light chain)
and two constant domains (CH1 and CL). The Ag binding site (paratope) is contained in the region of the
variable domains (Fv fragment) where six hyper-variable loops lie (L1, L2, and L3 in the light chain and
H1, H2, and H3 in the heavy chain) forming the so-called complementarity determining regions (CDRs).
Non-CDRs are distinguished as framework regions (FRs). Two additional domains of the heavy chain,
CH2, and CH3, compose the Fc region
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applications continuously in progress [49]. This branch of analytical science is

called immunoassays [2, 50].

In immunoassays, the immuno-complex—formed by the antibody selectively

bound to its antigen—is revealed by labelling the antibody in order to generate a

detectable signal. Different reporter labels can be used [1]. In ELISA, the antibody

is labelled with an enzyme which can react in the presence of a chromogenic or

fluorogenic substrate producing a signal which is optically detected [51, 52]. Since

each molecule of the enzyme can convert many molecules of the substrate, signal

generation is highly amplified. In the case of IFM, the detection antibody is

conjugated to a fluorophore and the immuno-complex is detected through

fluorescence techniques [53]. This offers the major advantage of combining the

highly specific recognition of proteins by immuno-tagging with the capability of

mapping/imaging their distribution by high-resolution and high-sensitivity fluores-

cence microscopy and advanced micro-spectrofluorimetry techniques.

ELISA, since its invention in the 1960s [54], has rapidly developed with a

number of immuno-reagents and immunoassay formats largely reviewed in

literature [51, 52, 55]. It is the most common type of immunoassays in use for

routine diagnostics and clinics studies; this ensures continuous advancement in

assay specificity and sensitivity as well as in detection technologies. In a similar

way, IFM is a fundamental research tool for imaging of biological and living

systems; it is still an expanding research field which offers room for increasing

development of many aspects such as: choice of fluorophores, immunoreagents,

type of imaging technique, improvements in microscopes, and image computational

post-processing treatments [56–59]. An extensive description of different method-

ologies and innovations today available in ELISA and IFM applications is out of the

scope of this review since they are amply covered by the literature cited above and

references therein. Instead, emphasis will be given to the emerging issues and

solutions concerning the use of these immunoassays in heritage science with

particular attention to the investigation of painting materials and polychromies.

1.3 Immunodetection of Aged Proteins in Heritage Materials

Proteins in heritage materials lose their native chemical physical properties as a

result of the processing treatments before use and due to their prolonged exposure to

environmental factors (light, humidity, temperature, oxygen, pH, etc.). In the

specific case of paintings and polychromies, degradation processes are intensified

owing to the interactions with pigments and other organic reactive components

present in the painting matrix (for example, oxidising lipids or carbohydrates [60]).

Scientific studies found that molecular modifications may vary as a result of the

chemico-physical stress experienced by the system [61]: disruption of the protein–

protein intermolecular interaction, oxidation, cross-linking, hydrolysis and deami-

dation [62–66]. Protein degradation directly influences immunoassay sensitivity due

to possible losses of the active epitopes available for immuno-detection [67]. Thus,

the variation of both chemical and structural properties of proteins may cause

significant reduction of the antibody–antigen affinity. Furthermore, inorganic ions

may inhibit enzymatic activity of the ELISA reporting system.
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So far, only a few studies have focused on the systematic investigation of

proteinaceous binders in laboratory painting models under different conditions in

order to reveal possible hindrance effects on immunoassays due to ageing and

pigment interaction [21, 23, 26, 36, 42, 43, 68]. These studies were centred mainly

on ELISA investigations and are discussed in the next section, specifically dedicated

to ELISA.

In consideration of the frequently occurring event of finding denatured/degraded

proteins in immunoassays of heritage materials, as explained above, criteria for

primary antibody selection requires particular mention. Antibodies commercially

available are tailored for biotechnology and clinical applications and have been

developed specifically for historical materials only rarely and are restrictedly to

research studies [45, 69]. This fact limits both the choice of detectable antigens and

sensitivity of the assay for non-biological samples. Antibodies against denatured

proteins can offer better chances of investigating degraded samples [36]. It is, then,

possible to choose between polyclonal and monoclonal primary antibodies.

Polyclonal antibodies are produced in the serum of an immunized animal by

different B cells and are directed against different epitopes of the antigen.

Monoclonal antibodies are derived from single antibody-producing cells immortal-

ized by fusion to a B lymphocyte tumor cell line. This class of antibodies is specific

for a single epitope of the antigen. Multiple epitope recognition of polyclonal

antibodies guarantees high affinity (avidity) against the antigen and increases the

chances of detecting modified proteins (sensitivity); this, however, may limit assay

specificity [55]. Monoclonal antibodies are, instead, highly specific but have less

affinity. It is best to find the optimal compromise between antibody specificity and

affinity as a function of the analytical needs. For example, high specificity is

required for distinguishing biological origin of a protein in order to provide

historical information on the derivation and the use of a particular proteinaceous

material [23] or for authentication purposes [15]. On the other hand, to ascertain, for

example, the presence of collagen (animal glue) in painting samples, species

specificity is unnecessary in consideration of the ancient practise of mixing

materials of different biological origin for preparation of animal glues [70].

Eventually, it is worth noting that immunologic techniques are able to identify

only the searched antigen against which the used primary antibody is raised;

conversely, they remain insensitive to all the other antigens possibly present in the

sample. Such a limit is particularly relevant in the case of unknown samples, as is

common in heritage materials. In this sense, immunological methods have to be

considered as a complementary tool to other analytical techniques for an exhaustive

chemical characterization of art-historical materials.

2 ELISA

2.1 The ELISA Format

Immunoassays can be classified according to different formats [51, 55] which

mainly consider homogeneous or heterogeneous assays and competitive or non-
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competitive mechanisms. ELISA is the most widely adopted heterogeneous

immunoassay format where the immuno-complex is separated from the immuno-

reagents owing to its immobilisation on to a solid phase system (either the wells of a

microtiter plate, cuvettes or tubes); this avoids any unspecific reaction by the

unreacted reagents which are washed out before the detection step. The procedure

requires the extraction into solution of the target antigen from the sample matrix.

Following such, the competitive and the non-competitive approaches are possible

in ELISA. The latter is generally more sensitive [71] and can be further divided into

direct, indirect, and sandwich formats [55]. Figure 2 summarizes these three

formats, configured for measuring the level of the target antigen in a sample. A full

description of these formats is provided elsewhere [2, 55].

Briefly, in the direct format, the antigen is immobilised on to a solid phase and

directly detected by an enzyme-conjugated primary antibody. The indirect format is,

instead, a two-step method; it uses a primary antibody against the antigen while a

secondary enzyme-conjugated antibody, specific to the primary one, is used for

detection of the immuno-complex. In the sandwich format, the antigen is captured

by a first antibody which is anchored to the solid phase system; then, a detection-

labelled antibody is reacted with the bound antigen to allow detection. The

sandwich format requires that the antigen contains at least two antigenic epitopes

capable of binding to the capture and the detection antibodies; this limits the assay

to relatively large antigens.

The indirect format is generally preferred over the direct approach due to its

higher specificity and sensitivity but also as it is simpler and more flexible than the

double antibody sandwich ELISA since it avoids the need of generating enzyme–

antibody conjugates for each antigen to be detected.

Dot-ELISA is a further variant derived from immunoblotting techniques [72] in

which proteins are ’dotted’ directly onto a membrane and reacted with the antigen-

Fig. 2 ELISA formats, from left to right: direct, indirect and sandwich assay
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specific antibody which can be labelled with an enzyme (direct format) or

recognised by a secondary tagged antibody (indirect format). The addition of the

corresponding chromogenic substrate develops colour dots on the solid phase which

are visually read or measured by either colorimetric or densitometric analysis after

image digitalization [42, 43].

It is significant that all the applications of both conventional [19–21, 23, 26, 34–

36, 40, 45] and dot-ELISA [42, 43] to heritage materials reported in literature in the

last decade rely on the indirect format, mainly because it offers the best compromise

with respect to specificity, sensitivity and affordability (simplicity and versatility) .

2.2 ELISA Protocols for Heritage Materials

Irrespective of the approach, the development of an ELISA protocol requires

optimization of different parameters, above all those influencing the equilibrium of

the immuno-complex formation, such as: antibody specificity and sensitivity,

antibody dilutions, incubation time and temperature and enzyme label/substrate

pair; also, washing solution, buffer solution and blocking solution need to be tested

[55]. Optimization is carried out to obtain high absorbance values at the lowest

background signal. There is a variety of choice for these parameters which are

reported in previously highlighted literature concerning applications in heritage

science. However, given the choice, all manuals recommend performing in-house

titration tests of reagents and cross-checking of incubation parameters in order to

optimize the immunological protocol specifically for the needed application; this is

because immuno-response may vary greatly from one stock of reagents to another

and from one system to another.

As an example of evaluation of an immunologic procedure, Fig. 3 reports the

results from tests of assay specificity and sensitivity for the immunodetection of

bovine b-casein performed on samples of aged laboratory models of an easel

painting made with bovine milk, chicken egg and animal glue as a binder, both pure

and in the presence of different pigments [36]; the ELISA calibration curve obtained

from antigen standard solutions is also shown and it gives a further estimation of the

immunoassay sensitivity.

Preliminarily to all immunologic protocols, analyte extraction from the sample

matrix is a requisite for ELISA. Note that dealing with non-biological matrices, with

a variety of chemical and physical properties, means that the extraction efficiency is

not predictable; thus, the procedure must be developed from the perspective of

having the widest applicability for extraction and determination of any protein

possibly present in unknown samples. As shown in Table 1, the largest number of

applications of ELISA to heritage materials consists in the analysis of paintings.

Painting materials can be very complex and heterogeneous at the micrometric level

and, what is more, they usually display a composition mainly made up of inorganic

compounds (pigments and fillers), whilst proteins are only a minor fraction [60].

Furthermore, natural ageing over centuries and the catalytic action of light and of

metal cations from the inorganic matrix lead to important molecular modifications

(see Sect 1.3) which strongly affect protein solubility. Consequently, antigen

concentration available in solution to the immunoassay depends on the sample
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extraction step. In literature, different extraction procedures have been reported to

be successful for protein immunodetection in ancient painting materials, all making

use of extraction in a basic buffer. Table 2 gives an overview of the currently used

approaches together with some information on the ELISA format and protocol

respectively applied.

Another important aspect influencing assay specificity is the use of an appropriate

blocking solution which has the function of saturating unspecific solid phase sites,

avoiding unspecific bonding of the primary antibody. Normally, blocking solutions

are made with proteins which compete with the antibody for attachment to the solid

phase. Of course these blocking solutions should not contain any antigen recognised

by the primary antibody. Non-specific antibody adsorption can be also avoided

using non-ionic detergents [55]. Table 2 summarizes blocking solutions reported in

the immunologic studies of heritage materials here reviewed.

Typically, the immunologic protocol for indirect ELISA used in these

applications is composed of the following steps:

Step 1 Protein extraction from the sample;

Step 2 Binding of the extracted proteins to the surface of the microtiter wells;

Step 3 Addition of the blocking solution to saturate the unspecific sites in order to

avoid false positive results;

Step 4 Addition of the primary antibody and incubation to allow binding between

the antibody and the antigen;

Fig. 3 ELISA calibration curve and test of antibody specificity performed for the development of an
ELISA protocol for the immunodetection of bovine b-casein in paintings (see text). An indirect ELISA
format was used combined with the alkaline phosphatase reporting system. Results are expressed as
optical density (OD) at 405 nm ODk = 405nm (reproduced from [36], by permission of Springer-Verlag �
2010)
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Step 5 Addition of the enzyme conjugated secondary antibody and incubation to

permit binding between the primary and the secondary antibody;

Step 6 Addition of the chromogenic or fluorogenic enzyme substrate;

Step 7 Blocking of the colouring enzymatic reaction at a fixed time. This step is

necessary since colouring also depends on the time for which the enzyme is

left to be active.

Between each step, wells are thoroughly rinsed in order to remove any unbound

reagent leading to unspecific reactions.

Thanks to ELISA sensitivity and specificity, the optimized procedures developed

for the single antigen can, then, be applied in parallel on multiple aliquots of the

extract of a micro-sample for testing different proteins (multiplex detection). As an

example of multiplex analysis in a single painting micro-sample (*1 mg), Fig. 4

reports specific recognition of bovine b-casein, chicken ovalbumin and egg yolk in

Table 2 Extraction conditions and blocking solutions for protein analysis in painting materials by

ELISA

Elution buffer (extraction

conditions)

Reporting system Blocking

solution

ELISA format

[references]

10 mM Tris–HCl, 1 mM EDTA,

6 M urea, 1 % SDS—pH 7.4

(incubation for 30 min at RT)

Alkaline phosphatase/p-

nitrophenyl phosphate

Powdered

skim milk/

sea block

buffer

Indirect ELISA

[19, 20]

PBS—pH 7.4 (sonication for 4 h

followed by incubation for 48 h

at RT)

Alkaline phosphatase/p-

nitrophenyl phosphate

Goat serum Indirect ELISA

[23]

50 mM Ambi/TFE (1:1; heating

at 60 �C for 1 h with repeated

vortexing)

Horse radish peroxidase/

3,30,5,50-

tetramethylbenzidine

Sea block

buffer or

newborn

calf serum

Indirect ELISA

[26]

50 mM Tris–HCl, 50 mM

EDTA, 10 mM dithiothreitol,

8 M urea, 0.1 % SDS—pH 7.6

(incubation for 3 days at RT)

Indirect labelling using biotin-

strepavidin system with

alkaline-phoshatase/p-

nitrophenyl phosphate

Horse serum Indirect ELISA

[34]

6 M urea (vortexing at RT) Alkaline phosphatase/5-bromo-

4-chloro-3-indolyl

phosphate ? nitro blue

tetrazolium

Fish gelatine Dot-blot ELISA

[42]

25 mM Tris, 6 M urea, 191 mM

glycine, 868 mM SDS

(vortexing at RT)

Alkaline phosphatase/5-bromo-

4-chloro-3-indolyl

phosphate ? nitro blue

tetrazolium

Powdered

skim milk

Dot-blot ELISA

[43]

0.1 M phosphate buffer—pH 7

(ultrasonication for 2 h)

Horse radish peroxides/

H2O2 ? methylene blue

Bovine

serum

albumin

Indirect ELISA

with

electrochemical

detection [44]

Tris–HCl tris(hydroxymethyl)aminomethane hydrochloride, EDTA ethylenediaminetetraacetic acid, Tris

tris(hydroxymethyl)aminomethane, SDS sodium dodecylsulfate, PBS phosphate saline buffer, Ambi

ammonium bicarbonate, TFE triuoroethanol, RT room temperature
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bi-layer model paints aged at 40� and relative humidity (RH) 85 % for 3 months

according to reported protocols [23, 36]. In a similar way, ELISA results from

multiple protein identification in historical samples following a similar analytical

procedure are shown in Fig. 5, reproduced from [26]. Attempts for systematic

investigations of the effects of ageing and of binder/pigment interactions on ELISA

response are reported only in a few research papers [21, 23, 26, 36, 42, 43, 68].

These studies found a suppression of the ELISA signal depending on the ageing

protocols applied to the binder (both natural and accelerated). A further reduction of

the immuno-response was observed in the presence of pigments, in particular, when

a basic pH environment is developed [26, 42]. This behaviour is mainly due to the

direct role that metal ions have in protein degradation processes [26], although an

effect of pigments without metal cations, such as bone black and cochineal red-

violet lake, seems to be also present [68]. However, these sparse results do not allow

inferring any clear specific action of different pigments/inorganic substrates on

Fig. 4 Multiplex ELISA results (absorbance expressed as optical density at 405 nm ODk=405nm) obtained
for protein analysis in micro-samples from aged bi-layer easel painting models treated with antibodies
against chicken egg yolk immunoglobulin (IgY), bovine b-casein and chicken ovalbumin. An indirect
ELISA format was used combined with the alkaline phosphatase reporting system. Standard deviation
(SD) has been calculated performing three replicates for each sample. The black line shows the limit of
detection determined for the three proteins
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immunoassays in heritage materials (both as degradation promoters or immunoas-

say inhibitors) and deeper investigations on the subject are needed.

It is worth noting that the capability of ELISA in resolving a complex mixture of

proteins and distinguishing biological origin in degraded samples provides

significant basic information about materials and artistic techniques otherwise not

achievable by conventional chromatographic and spectroscopic analysis. Only

advanced biomolecular techniques, such as proteomics and DNA analysis, can

compete with ELISA for sensitivity and specificity, but versatility and cost

affordability of this immunoassay certainly open new perspectives for the

investigation of art-historical materials in conservation laboratories.

3 IFM

3.1 IFM for Heritage Materials

Fluorescence is the emission of radiation following absorption of light (typically at

lower wavelengths) by an atom or a molecule that returns to its ground state. The

difference between excited and emitted wavelengths makes fluorescence a very

sensitive analytical tool for detection of molecules with fluorescent properties.

Fluorescence microscopy couples the sensitivity of fluorescence measurements with

the spatial resolution of a microscope [73] and it is a good candidate for the

detection and imaging of proteinaceous binders and, in general, more so of

fluorescent organic components in cross-sections of polychrome samples. Protein

fluorescence is usually excited from 280 to 365 nm while emission falls in the

visible range [74, 75]. Unfortunately, the low specificity of the endogenous

fluorescence of proteinaceous binders and the variability of the spectral properties

due to ageing and to pigment interferences make binder identification by

fluorescence techniques not straightforward.

Fig. 5 Results of multiplex ELISA obtained for the identification of binders (shown in the x-axis) in
micro-samples from historical materials: a A twelve- to thirteenth-century feathered tabard, b a
watercolor drawing and c a fourteenth-century double-sided processional banner (reproduced from [26],
by permission of the Royal Society of Chemistry). The legends show protein concentration in the
analysed solutions. The absorbance readings of the samples are plotted after subtraction of the threshold
values. In this example, an indirect ELISA format was used combined with the horse radish peroxidase
reporting system (absorbance measured at 450 nm)

Top Curr Chem (Z) (2016) 374:5

123 252 Reprinted from the journal



As an alternative, protein tagging by visible stains or by fluorescent reporters has

been used to image binder distributions in painting stratigraphies ([76, 77] and

references therein). Nevertheless, this approach has the limit of not allowing for

unambiguous protein identification. To overcome this limit, immunofluorescence

uses fluorescent-tagged antibodies to specifically detect proteins and image their

distribution by fluorescence microscopy and micro-spectrofluorimetry techniques

[53, 56, 78].

Pioneering studies exploring the application of immunofluorescence microscopy

to painting cross-sections [17–19] have shown promising results for future

developments in heritage science. Nevertheless, so far, only a few scientific papers

have been published on this thematic [21, 27, 33, 41]. This is partly due to the

scarceness of combined biotechnological and micro-spectroscopy instrumental

resources in conservation science laboratories, but also to some analytical

drawbacks that affect the technique which are strictly related to the type of

investigated materials (not biological) and which still have to be completely solved.

These include unspecific fluorescence due to sample autofluorescence and to optical

artefacts [27, 33, 41, 53], unspecific immunoreactions on the porous matrix of the

sample and cross-section swelling as a consequence of the use of solvents during the

immunologic protocol [17, 18]. In the following paragraph, an overview of the

immuno-detection schemes and analytical solutions adopted to investigate heritage

materials by IFM is given. Most of them were already anticipated in a research

article in 2010 [21] but, since then, no improved applications of IFM to heritage

materials have been published.

3.2 Immunological Protocols for IFM Applied to Heritage Materials

Immunologic protocols for application of IFM to heritagematerials are all based on the

indirect assay format [18, 19, 21, 27, 33, 41]. They follow the same steps of indirect

ELISA (see Sect. 2.1) with the difference being that the sample is not extracted into

solution but is, instead, embedded in a synthetic resin. The immuno-complex

formation takes place at the exposed surface of the sample where protein epitopes are

accessible to the primary antibody for immunoreaction. The secondary antibody,

specific to the primary one, is conjugated with a fluorophore which, upon proper light

excitation, emits, allowing for sensitive detection of the targeted molecule and, at the

same time, to localize it on the sample surface [73]. Until now, chicken ovalbumin,

bovine casein and animal collagen have been tested for the search of the single protein

(no multiplex) by IFM both in painting models and real samples.

Standardization of the IFM methodology is much more complicated and time

consuming than ELISA since it requires optimization of both the immunological

protocol and the detection strategy. The former includes testing specificity and

cross-reactivity of the immuno-reagents at different working conditions (incubation

temperature and time, antibody concentrations, etc.) by systematic analysis of

samples from laboratory models prepared as cross-sections with different binder/

pigment/substrate combinations; the latter requires an accurate evaluation of the

fluorophore along with the choice of the most effective detection scheme (micro-

scope set-up). To these last two aspects, crucial for successful IFM investigations, a
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specific paragraph has been dedicated in the following. Sample preparation and

choice of the embedding synthetic resin are also important since they condition

surface properties of the cross-section and, at the same time, define its stability

during the immunologic protocol. The use of both epoxy and acrylic resins has been

reported in literature [18, 19, 21, 27, 33, 41] where no light emission from the resins

was observed interfering with immunofluorescence detection; as a drawback,

swelling of water-soluble materials was sometimes observed after exposure to

aqueous solutions during incubation [18, 19].

Concerning the immunologic procedure, the issue of unspecific antibody

reactions are particularly critical in IFM with respect to ELISA. In fact, the

heterogeneous porous matrix characterizing heritage materials may favour unspeci-

fic interactions with the immuno-reagents at the sample surface. The use of a

blocking solution is, therefore, an indispensable step to saturate unspecific sites,

combined with accurate tests of antibody specificity. Goat serum, bovin serum

albumin and fat dry milk have been proposed as blocking solutions in IFM protocols

[21, 27, 33, 41].

3.3 Immunofluorescence Detection

A major issue in IFM is the sensitive detection of the specific fluorescence emitted

by the targeted protein avoiding interferences from unspecific fluorescence and

spurious light. Given that unspecific immunofluorescence can be inhibited through

focused strategies in the immunological procedure (use of blocking solution, control

of antibody specificity, test of incubation temperature, etc.), unspecific fluorescence

and interfering spurious light may derive from different processes: autofluorescence

phenomena of the sample, light scattering at the sample surface, and infiltration of

‘‘room’’ light which enhance background noise [53]. Both autofluorescence and

spurious light interference can be easily checked acquiring images of the sample

before and after the immunostaining under the same experimental conditions of the

microscope used for immunofluorescence detection. Solutions to this interference

can be adopted at two different levels: choice of the fluorophore and fluorescence

detection set-up.

The most significant properties of fluorescent molecules for the use as

immunolabels are [57]: (1) biocompatibility for antibody conjugation, (2) photo-

chemical stability, (3) a high molar absorption coefficient and a high fluorescence

quantum yield (to be maintained also after bio-conjugation), (4) position and shape

of the absorption and emission bands and (5) the Stoke shift. The Stoke shift is the

difference between the spectral position of the absorption and the luminescence

maxima for the same electronic transition; it, therefore, determines the overlap

between the absorption and the emission bands and is relevant for the spectral

separation of the fluorescence emission from the excitation light and for an efficient

detection of the emission signal.

Traditional organic dyes used as fluorescent labels are fluorescein isothiocyanate

(FITC, excitation with blue light, 490–495 nm; emission at 520–530 nm) and

rhodamine derivative compounds such as tetramethyl rhodamine isothiocyanate

(TRITC, excitation with green light, 525–540 nm; emission at 615–630 nm). Other
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new dyes have been recently introduced, such as the ‘‘Alexa’’ [79] or the ‘‘Dylight’’

[80] fluorophore series for their improved photophysical properties. As an example,

Fig. 6 shows the fluorescence images of a polychrome sample from a Qin

Shihuang’s terracotta warrior before and after the immunostaining with an

AlexaFluor 594 tagged secondary antibody for the search of chicken ovalbumin

[41]. Comparing the two fluorescence images at the same position of the sample, the

emission of a red–orange radiation is clearly observed after the immunologic

protocol.

When using conventional wide-field fluorescence microscopes, the use of

fluorophores with a reduced Stoke shift, as those above mentioned, may suffer from

intense generation of spurious light from the inorganic substrate. This typically

occurs when studying painting stratigraphies, as shown by Fig. 7, and it has been

attributed to scattering phenomena of the excitation light incident on the sample

surface [33]. In fact, the closeness in working energy range of the microscope optics

used in excitation and in emission spoils detector shielding from the incident light.

In order to avoid this spurious effect, new high-performance fluorescent labels based

on nanocrystal inorganic chromophores are now available. In particular, quantum

dots (QDs, nanoparticles of II/VI and III/V semiconductors) are the most promising

materials for life science applications due to their proven photochemical and optical

properties [57]: photochemical stability, high fluorescence yield, long lifetime,

broadband absorption, and sharp and intense emission band. These properties are

Fig. 6 IFM detection of egg albumin in a sample from a Qin Shihuang’s terracotta warrior (from left to
right: optical microscope 9100 image, fluorescence 9100 images before and after immuno-reaction)
reprinted from [41], � 2014 Elsevier Masson SAS. All rights reserved

Fig. 7 Left optical microscope (OM) image (9160) and right, fluorescence image (9160—at the same
instrumental conditions of the epifluorescence microscope used for FITC detection) of a layer of hematite
in egg-tempera on a gypsum/glue preparation before the immunologic protocol
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explained by the strong confinement of electrons when the radius of the particle is

smaller to the exciton Bohr radii and can be controlled by changing the particle

composition, particle size and size distribution. In particular, the increased Stoke

shift of QDs with respect to conventional dyes and tunability of the emission band

allows improving suppression of spurious light and hinders interferences from

sample autofluorescence.

Improved suppression of unspecific light is further achieved through optimization

of the optical elements (objective, filters, detector, etc.) andmicroscope configuration.

Most of the fluorescencemicroscopes used for diagnostic and research applications are

typically wide field epifluorescence microscopes where excitation of the fluorophore

and detection of the fluorescence are done through the same light path. This set-up

offers the advantage over transmission microscopy for which, in the case of thin

sections, only a small percentage of the exciting light is reflected off the sample along

the optical path of fluorescence, improving the signal-to-noise ratio.

In recent years, the compelling need to develop new and improved fluorescence

imaging systems for high-resolution and three-dimensional (3D) studies in

biochemistry and cell biology gave birth to new instrumental and technological

solutions that, today, have matured as super-resolution microscopy techniques

which are capable of going beyond the diffraction limit [81]. Before them, laser

scanning confocal fluorescence microscopy (LSCFM) has long been the most

accredited technique in advanced bio-imaging studies [78]. Briefly, in LSCFM, a

tightly focused spot of laser light is used to scan the sample and a pinhole in the

optical path allows only light from the focal plane to arrive to the detector; while the

light out of the focal plane is discarded. In this way it is possible to obtain optical

sections of the specimen and reconstruct its 3D structure from the detected light

independent of the position of the scanning spot. This approach is particularly

valuable in the study of bulk samples, like cross-sections, to avoid detection of the

excitation light reflected at the sample surface (as that shown in Fig. 7). The

coupling of a laser scanning confocal microscope with a spectral detection system of

the emitted light further improves recognition of specific fluorescence. This

instrumental solution is fully exploitable when combined with the use of QD

fluorophores. In fact, as shown by Fig. 8, the QDs’ increased Stoke shift and their

Fig. 8 Cross-section of a normal light and b fluorescence confocal microscope images (1609) from a
fourteenth-century mural painting micro-sample after application of the immunologic protocol for the
search of chicken ovalbumin. Protein tagging was performed with QD605 fluorophores excited at
458 nm. c Emission spectra collected in different fluorescent areas of the sample shown in (b). The
typical QD emission at 605 nm in correspondence of the painting red layer allows for the unambiguous
distinction between specific fluorescence and spurious background light
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sharper emission band with respect to conventional organic fluorophores make

easily discernible specific immunofluorescence from the light background (Fig. 8c).

At present, although QD-conjugated antibodies are commercially available and

laser scanning confocal fluorescence microscopes are of daily use in many

laboratories, only one application of these analytical resources to the investigation

of paintings is reported in literature [21]; conversely, other recent IFM studies report

about the use of conventional organic fluorophores coupled to epifluorescence

microscopes despite the mentioned drawbacks [19, 27, 33, 41].

Looking to the recent advances gained in IFM relative to other disciplines, new

perspectives for further developments in the field of heritage science open up. In

particular, the idea of approaching simultaneous detection of more proteins in

polychrome stratigraphies is very attracting. This result has been already obtained in

imaging studies by chemiluminescent immunochemical microscopy [22]. However,

achieving this ultimate goal by IFM poses several difficulties in terms of availability

of proper primary and secondary antibodies and choice of antibody/fluorophore bio-

conjugates. In fact, IFM multiplex protein recognition imposes the use of primary

antibodies harvested from different species (goat, mouse, rabbit, rat, etc.) to avoid

cross reactivity of the secondary antibodies. This fact limits the choice of

commercial primary antibodies suitable for heritage materials. Furthermore,

different secondary antibody/fluorophore bio-conjugates must be generated, having

different emission wavelength for parallel fluorescence detection of multiple targets.

Alternatively, direct primary antibody/fluorophore bio-conjugation can be per-

formed. However, the loss of immunoassay specificity is a major drawback for both

the solutions and many efforts still have to be made to obtain new results in this

direction.

4 Summary and Future Perspectives

This review provides an overview of the most recent applications of ELISA and

IFM as versatile, although very specific, tools for identification and localization of

proteins in heritage materials.

Today, the proven analytical qualities of ELISA of being highly specific,

sensitive and reproducible combined with the properties of being simple, fast and

affordable explain the high popularity of this technique in biochemical and medical

disciplines. These are, also, the reasons which make ELISA very promising for

routine applications in conservation science laboratories. In fact, as shown by the

examples detailed in this chapter, it can be easily implemented and used by non-

specialised personnel for the multiplex recognition of proteins in historical materials

[82].

On the other hand, the recent progress in organic chemistry and materials science

towards the development of new fluorescent labels [83] and novel bio-conjugation

strategies [84], accompanied by technical improvements achieved in microscopy

[81], make immunofluorescence microscopy a promising analytical tool in heritage

science [21, 33]. Analytical potentials of IFM are particularly relevant for the

investigation of organic components in polychrome cross-sections, allowing further
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insight to be gained into the artist’s technique through the compositional study of

the sample stratigraphy [85].

In spite of these considerations, until now, only a few research groups have been

involved in the development of validated analytical protocols based on ELISA and

IFM. In particular, many challenges still exist which hinder the diffusion of IFM in

heritage science, and, thus, a more extensive experimentation of the technique is

needed to make it a consolidate tool. To this purpose and also to push ELISA

advancement in this field, research activities and resources must be directed towards

(1) extensive experimentation of immunological protocols for different heritage

materials in order to evidence analytical interferences of the matrix (either organic

or inorganic) with the immunoassay; (2) enlargement of the number of commer-

cially available antibodies dedicated to heritage materials to provide common

standards to all laboratories for data comparison and exchange; (3) experimentation

of new immunoassay schemes, immunoreagents and detection strategies, particu-

larly for IFM, in order to overcome analytical obstacles here reviewed; (4)

exploration of alternative imaging techniques consistently based on specific

recognition of proteins for multiplex imaging.
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Abstract The separation, detection and quantitation of specific species contained

in a sample in the field of Cultural Heritage requires selective, sensitive and reliable

methods. Procedures based on liquid chromatography fulfil these requirements and

offer a wide range of applicability in terms of analyte types and concentration range.

The main applications of High Performance Liquid Chromatography in this field are

related to the separation and detection of dyestuffs in archaeological materials and

paint samples by reversed-phase liquid chromatography with suitable detectors. The

relevant literature will be revised, with particular attention to sample treatment

strategies and future developments. Reversed phase chromatography has also

recently gained increasing importance in the analysis of lipid binders and lipid

materials in archaeological residues: the main advantages and disadvantages of the

new approaches will be discussed. Finally, the main applications of ion chro-

matography and size exclusion chromatography in the field of Cultural Heritage will

be revised in this chapter.
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1 Introduction

The separation, detection and quantitation of specific species contained in a sample

in the field of Cultural Heritage requires selective, sensitive and reliable methods.

The ability of a technique or protocol to provide information on single components

of a sample, their being ions, small molecules or polymers, is of paramount

importance when dealing with complex and unknown mixtures of organic and

inorganic species, such as paint or archaeological samples. Moreover, analytical

techniques generally need to be suitable for coupling with detectors, such as diode

array spectrophotometers and mass spectrometers, which allow one to run not only

quantitative, but also qualitative analyses.

Liquid chromatography is a separation technique in which the mobile phase is a

liquid and the elution is, in the majority of cases, carried out in a column [1]. The

systems for liquid chromatography consist of a column containing a support and a

stationary phase, and a pump for solvent delivery. For analytical purposes, an

injection and a detection system are included. The only requisite for an analyte to be

analysed by liquid chromatography is its solubility in a proper liquid solvent: thus,

several materials present in Cultural Heritage samples can be analysed by this mean.

In order to separate two or more analytes, they must exhibit a different retention that

depends on their interactions with both the stationary and the mobile phase. Small

particles are used as stationary phase to enhance the differences in retention of the

analytes, and thus to increase the efficiency of the columns. High performance

liquid chromatography (HPLC) is a modern liquid-phase chromatography technique

based on the use of small particles and high pressures. In the late 1980s, 5 lm
particles (diameter) were developed; the newest applications entail the use of

1.8 lm particles, which may be employed to perform Ultra-High Pressure Liquid

Chromatography (UHPLC, if pressures are higher than 400 bar). The main

processes underlying separations in liquid chromatography are: adsorption,

partition, ion exchange, size exclusion and affinity. In the field of Cultural Heritage

studies, the great majority of applications of HPLC are based on partition (in

particular, reversed-phase chromatography [RP-HPLC]). RP-HPLC has been widely

applied in the last 20 years in the characterisation of organic dyes: the identification

of dyeing sources is usually achieved by comparing the chromatographic profiles of

extracts of unknown samples to those obtained for known dyeing sources. With

most of the chromophore-containing molecules being polar, water-soluble com-

pounds, RP-HPLC is the method of choice for the analysis of natural dyes. Lately,

the application of liquid chromatography, most often coupled to diode array

detectors (HPLC–DAD), has become a routine strategy for the characterisation of

the colour palette in tapestry and textiles, and for the detection of organic lakes in

paintings. The latest research trends today are mainly focused on sample preparation

strategies, the employment of mass spectrometry (MS)-based techniques for the

detection and identification of unknown species, and on the application of UHPLC.

Ion exchange chromatography has also been used in the field of Cultural

Heritage, mainly as a step of a routine protocol aimed at identifying specific

properties of particulates and deposits.
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Table 1 Main applications of liquid chromatography in cultural heritage

Type of LC Type of samples Detectors References

Partition

(reversed-

phase)

Dyes UV/Vis detectors (UV/Vis)

Diode array detector

(DAD)

Fluorescence detector

(Fluo)

API-Mass spectrometry

(ESI–MS, APCI–MS)

[3–33]

Lipids: drying oils; alkyd resins;

archeological samples (amorphous

residues)

Atmospheric pressure

chemical ionisation

(APCI) mass

spectrometry

Electrospray ionisation

(ESI) tandem mass

spectrometry

[34–50]

Ion

chromatography

Inorganic salts (mainly anions) and

small organic acids (formic, oxalic and

acetic acids) in black crusts and

generally damaged layers on stone

buildings

Conductometer (with ion

suppressor) and UV–Vis

spectrophotometers

[51–53]

Damaged layer due to atmospheric

corrosion of historical organ pipes

Conductometer (with ion

suppressor)

[54–57]

Indoor pollutants Conductometer (with ion

suppressor)

[58, 59]

NO2, SO2, acetic and formic acids in

their anionic forms in air in historical

buildings

Conductometer (with ion

suppressor)

[60–65]

SEC/GPC Polysaccharides (wood, paper and

gums)

Refractive index detector

(RID)

Fourier transform infrared

spectroscopy (FTIR)

[69–73]

Cellulose based materials Diode array detector

(DAD)

Refractive index detector

(RID)

Fluorescence-multiangle

laser light scattering

detector (MALS)

[74–81]

Protein paint binders UV detector (UV)

Diode array detector

(DAD)

Cold vapour generation

atomic fluorescence

spectrometry (CVGAFS)

[82, 83]

Triterpenoid resins UV/Vis detector (UV/Vis)

Refractive index detector

(RID)

[84]
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Size exclusion chromatography has also been used in some peculiar case studies,

which will be reviewed in this Chapter.

Table 1 lists the main type of chromatographies described in the literature in the

field, along with the type of samples analysed, and the most common detectors.

Each type of chromatography will be discussed in detail in the following

paragraphs.

2 Reversed-Phase Chromatography

Reversed-phase chromatography is the most used mode in HPLC analysis of organic

molecules (RP-HPLC). The separation is prominently based on the relative

hydrophobicity of the solutes, the stationary phase being made of low polarity

packings such as octadecylsilane or octylsilane phases bonded to silica or neutral

polymeric beads. The mobile phase is usually water and/or water miscible solvents,

such as alcohols or acetonitrile [1]. Mobile phase modifiers include acid or alkaline

buffers, depending on the nature of the analyte. Several detectors may be coupled

with RP-HPLC, the spectrophotometric ones being the most common (utraviolet-

visible (UV–Vis), Diode array detector [DAD], fluorescence). Mass spectrometry

can be coupled to RP-HPLC separations, mainly by electrospray ionisation (ESI) or

atmospheric pressure chemical ionisation (APCI) interfaces [2]. RP-HPLC is

applied in the field of Cultural Heritage-related studies in four main fields:

• analysis of natural and synthetic dyes;

• analysis of lipids in archaeological samples or used as paint binders;

• proteomics;

• analysis of molecular markers in archaeological residues (e.g. wine residues,

etc.).

In this chapter, we will review the main applications in the fields of natural and

synthetic dye analyses and in lipidomics applied to Cultural Heritage. Being the

great majority of applications related to the qualitative and quantitative analysis of

dyes, a brief paragraph on their characteristics will be included.

Table 1 continued

Type of LC Type of samples Detectors References

Lipids UV/Vis detector (UV/Vis)

Diode array detector (DAD)

Refractive index detector (RID)

Fluorescence-multiangle laser Light scattering

detector (MALS)

[85, 86]
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2.1 Natural and Synthetic Dyes

Natural organic colourants were used to prepare inks and lakes and most of all to

dye fabrics. They can be classified accordingly to the application method, i.e. as

mordant, direct or vat dyes, or to their chemical classes, as reported in Table 2.

Synthetic dyes and pigments are classified in the Colour Index, a reference record

for all the commercial dyes and pigments, created in 1924 by the Society of Dyers

and Colourists. The pigments are recorded by a generic name and a number, as their

chemical classes are too numerous to be listed [3].

The relatively small amount of samples available, the low concentration of

molecular markers in the original material, the presence of possible degradation

products, and the lack of information on the original recipes are the main analytical

problems that challenge the analyst in the characterisation of organic dyes in works

of art by micro-destructive techniques [4]. Generally, the identification of the dye

source is based on the identification of molecular markers, followed by a qualitative

and semi-quantitative comparison of analytical results with the profiles of known

reference materials. Reversed-phase liquid chromatography is the method of choice

for the analysis of natural dyes, because most of the chromophore-containing

molecules are polar, water-soluble compounds. The application of liquid chro-

matography to the analysis of natural dyestuffs has been reviewed in detail in [5–7].

The 2014 review contains a complete overview of latest sample treatments and

analysis methods [8].

The latest applications have mainly focused on innovative sample preparation

strategies and the employment of novel detection techniques (in particular, MS-

based techniques), and on the characterisation of previously unreported dye sources

or of minor components of known raw materials, which may help in their

unambiguous identification in historical samples. With regard to synthetic dyes,

organic pigments were in most cases analysed by pyrolysis coupled with GC/MS

(Py–GC/MS) [9, 10], being insoluble in most solvents. Only in selected cases was

RP–HPLC, mainly coupled with ESI–MS2, used for their study [11, 12]. On the

other hand, synthetic organic dyestuffs were analysed by RP-HPLC, either with

DAD or MS detection [13–15].

Chromatographic conditions entail the use of a reversed-phase C18 or C8 (or

even C4) column; to separate the most polar coloured compounds, such as phenolic

acids contained in tannins, polar embedded reversed-phase columns such as RP-

amide were tested in a few cases [16]. The most commonly used eluents are water,

acetonitrile, and methanol. Acetonitrile has important advantages over MeOH,

including lower absorbance in the 200–275 nm range, lower UV cutoff, and lower

back-pressure due to lower viscosity [17]. Elution takes place in gradient mode,

with a constant percentage of an acid, used to reverse the dissociation of analytes,

most of which have acidic groups [17]. The nature and amount of mobile phase

modifier is chosen not only on the basis of optimal peak shape and thus resolution,

but also depending on the detection system adopted. Formic (FA), trifluoroacetic

(TFA) and phosphoric acid are the most used modifiers in the analysis of natural

dyes. In a few cases, methanesulfonic acid (MSA) has been used to improve

resolution of indigoid compounds [18]. Amongst these, only MSA and FA can be
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Table 2 Most common natural dyestuffs classified by their chemical class [7]

Dye source Botanical name Main molecular markers

Anthraquinoid

dyes

Madder-type Rubia tinctorum L., Rubia

peregrina, Rubia cordifolia,

Rubia akane, Galium species,

Relbunium, Morinda citrifolia

L.

Alizarin, purpurin,

xanthopurpurin, munjistin,

pseudopurpurin

Armenian,

Polish and

American

cochineal

Dactylopius coccus Costa,

Porphyrophora polonica,

Porphyrophora haemli Brandt

Carminic acid (main component),

kermesic acid, flavokermesic

acid, dcii, dciv, dcvii

Kermes Kermes vermilio Planchon Kermesic acid (75–100 %),

flavokermesic acid (0–25 %)

Lac dye Kerria Lacca Kerr Laccaic acid a (71–96 %), laccaic

acid b, c and d (0-20 %),

flavokermesic acid (3.6-9.0 %)

Flavonoid

dyestuffs

Weld Reseda luteola L. Luteolin, apigenin, chrysoeriol

Dyer’s broom Genista tinctoria L. Luteolin, (apigenin), genistein

Sawwort Serratula tinctoria L. Luteolin, diosmetin, chlorogenic

acid

Persian

berries

Rhamnus genus berries Quercetin, rhamnetin, kaempferol

Young fustic Cotinus coggygria Scop. Fisetin, fustin, sulfuretin

Fustic Clorophora tinctoria L. Morin, maclurin, kaempferol

Quercitron Quercus velutina Lam. Quercetin, quercitrin

Safflower Carthamus tinctorius Carthamin, cts, safflower yellow

a, safflower yellow b, and

precarthamin

Brazilwood

and

sappanwood

Caesalpinia species Brazilin, brazilein, bw

compounds

Logwood Haematoxylum campechianum Hematein, hematoxylin

Indigoid

dyestuffs

Indigo Indigofera tinctoria Indigotin, indirubin

Woad Isatis tinctoria Indigotin

Purple Bolinus brandaris L., Hexaplex

trunculus L., Stramonita

haemastoma, Plicopurpura

patula, Nucella lapillus

6,60-dibromoindigotin,

6-bromoindigotin, indigotin,

6,60-dibromoindirubin,

6-bromoindirubin, indirubin

Lichen Orchil Rocella tinctoria Orcein

Tannins Galls Gallnuts from Cynips, or Quercu

sinfectoria Oliv.

Gallic acid, ellagic acid

Alder bark Alnus glutinosa Gallic acid, quercetin, emodin

Sumac Rhus genus Gallic acid, elladico acid,

quercitrin, kaempferol

Black walnut Juglans nigra, Juglans regia L.,

Juglans cinerea L.

Juglone
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reasonably used when exploiting a mass spectrometric detection. FA is indeed the

most used for LC–MS analyses.

Most separations are performed on 150 9 4.6, 5-lm particle-size columns. The

use of narrow-bore columns can result in increased peak heights for analysed

compounds [18, 19], but their application never gained much importance in the

field. UHPLC was recently successfully applied [20–22], showing the potentialities

of this technique in this field. Owing to instrument improvements, UHPLC allows

the use of sub-2-lm porous particles while applying extreme pressures and faster

flow rates, resulting, eventually, in shorter runtimes. As a consequence, lower

solvent consumption and faster analyses can be achieved, while maintaining an high

chromatographic efficiency. Further details on the three published applications of

UHPLC to the analysis of natural dyes are reported in Table 3.

With regard to the sample treatments, most recent papers deal with the

optimisation of extraction conditions by comparison of different methods. As the

range of chemical classes exploited as colouring materials is surprisingly broad, the

molecular markers of each dye differ in terms of solubility and reactivity in acidic

and basic media [7]. In order to take into account these properties, distinct

extraction procedures have been optimised for different classes of chromophores.

Recent research deals with the quest for an optimal strategy to extract all type of

dyestuffs from a textile, painting or ink sample. A comparative investigation of

hydrolysis methods to analyse natural organic dyes by HPLC–PDA from 12

biological sources selected for the preparation of dyed fibers, pigments and paints is

described in [23]. The same type of study was performed on six dyestuffs in woolen

textiles by Manhita and coworkers [24], and on six dyestuffs by Karapanagiotis and

coworkers [25], while Sanyova proposed a new mild procedure for anthraquinone-

based organic lakes [26]. For the analysis of inks on paper, specific sampling and

extraction procedures were developed, such as the direct application of a brush

imbibed with SDS [27].

Extraction methods can be divided into three main classes: hydrolysis in an

acidic (for HCl) methanolic solution; application of complexation agents such as HF

[26, 28], formic [29], oxalic [30], trifluoroacetic, acetic, EDTA (‘‘mild extraction

methods’’); extraction with organic solvents such as pyridine, dimethylsulfoxide

(DMSO), or dimethylformamide (DMF) [5]. Hydrolysis in acidic methanolic

solution and the application of complexation agents is most often used in case of

Table 2 continued

Dye source Botanical name Main molecular markers

Naphto-

quinones

Alkanna Alkanna tinctoria Tausch. Alkannin

Henna Lawsonia inermis L. Lawsone

Polymethindyes Turmeric Curcuma longa L. Curcumin, demethoxycurcumin,

bisdemethoxycurcumin

Saffron Crocus sativus L. Crocin, crocetin

Annatto Bixa orellana L. Bixin
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mordant dyes and organic lakes. The extraction of brominated indigoids, known

molecular markers of purple, which are vat dyes, and of carthamin, the molecular

marker of safflower, is mainly performed by an organic solvent such as DMF or

DMSO. Moreover, since these latter analytes are sensitive to acidic environments,

the use of acids must be avoided if possible. The extractions take place at elevated

temperatures, generally ranging between 40 and 120 �C, for a short time for labile

dyes and up to 1 h for the mordant dyes. In few cases, the reaction is performed in

an ultrasonic bath [7]. If HCl or HF is used, the extract is cooled and evaporated to

dryness under vacuum or under nitrogen flow and redissolved in a small volume of

the eluent, water–methanol mixture, DMF or DMSO (also in mixtures), depending

on the nature of the analytes. The main difference between the use of the strong

methods and the mild ones lies in the nature of the extracted compounds. In

particular, the application of strong conditions leads to the breaking of glycosidic

bonds [30], the decarboxylation or dehydration of molecular markers, the

esterification of phenolcarboxylic compounds [7]. Moreover, the hydrolysis results

in the complete disruption of the samples, leading in some cases to severe matrix

effects, which may be overcome by introducing a liquid/liquid extraction step with a

suitable solvent, such as ethylacetate [31, 32]. No method of election has been

identified yet, which is optimal for all the investigated materials. A comparison

between different sample treatments applied to the extractions of madder

components from reference lakes or textiles, reported in recent papers, is presented

as an example in Fig. 1.

2.2 Lipids

Vegetable oils consist of mixtures of triacylglycerols (TAGs), glycerol tri-esters of

fatty acids. Their identification has proven valuable to establish the painting

technique when oils are used as paint media, or to investigate ancient diet and

pharmaceutical ointments when they are found as residues in potsherds. Reverse

phase high pressure liquid chromatography is the preferred chromatographic

approach for the separation of complex mixtures of triglycerides in oils, using

several detectors including UV spectrophotometers, refractive index detectors, and

mass spectrometers [33–36]. Notwithstanding, only few applications of HPLC to the

characterisation of lipid materials in paints or archaeological materials have been

published, mainly due to the difficulty to detect surviving TAGs after centuries of

ageing, even in museum environments.

Mass spectrometry detection is fundamental for TAG profiling, since RP-HPLC

is generally unable to separate the positional isomers of TAGs: mass spectrometry

detects TAGs, and also identifies positional isomers [34, 37]. Both atmospheric

pressure chemical ionisation (APCI) mass spectrometry and electrospray ionisation

(ESI) tandem mass spectrometry have been successfully used for the differentiation

of TAG positional isomers on the basis of their fragmentation patterns [35, 37–42].

An example of APCI-MS spectrum obtained for 1,3-distearoyl-2-oleoyl glycerol

(SOS) is presented in Fig. 2.

In the field of archaeological materials characterisation, HPLC–APCI–MS was

successfully applied for the study of the lipid fractions of residues extracted from
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late Roman cooking pots, along with the more traditional GC/MS approach [39].

The presence of beeswax in the residues was proven by identification of the

constituting alkanes, mono- and diesters. The main contribution of HPLC-APCI-MS

was the detection of high amounts of saturated triacylglycerols (TAGs) that

indicated that animal fat was processed in the pots. The lipid extracts were obtained

fr
Chromatogram .feRtnemtaertelpmaS

reference madder-dyed wool (alum-mordanted), 
chromatogram shown at 290 nm

2 mg of dyed wool was placed in vials, and 
1.0 mL of 0.1% Na2EDTA in H2O/DMF (1:1, 
v/v) solu�on was added. The vials were 
capped and kept at 100 °C for 30 min. Vials 
were cooled to room temperature, and the 
solvent was evaporated under vacuum. 10 = 
alizarin; 11 = purpurin. 

[24] 

Chromatograms (at 255 nm) of extracts of home-made madder 
lake RT2 

Upper chromatogram: the samples (c. 0.2 
mg in glass test tubes) were dispersed at 

(v/v) mixture of HF aqueous solu�on (HF 4 
M, DTPA 4 mM, LiF 120 mM), MeOH, DMF 
and AcEt. The supernatants were filtered on 

. 
Lower chromatogram: the samples (c. 0.2 
mg in glass test tubes) were dispersed in 250 

methanol and water, and heated for 10 min 
at 110 °C. A�er evapora�on to dryness 
under vacuum, the residues were taken up 

the HPLC system. 

[28] 

Chromatogram (at 450 nm) of extract of a tex�le dyed with 
Rubia �nctorum (240 = alizarin and 256 = purpurin)

hea�ng approximately 0.1–1 mg of fibers in 
200 L of a solu�on of pyridine/water/1.0 M 
oxalic acid in water (95:95:10) at 100 °C for 
15 min.

[30] 

Fig. 1 Examples of chromatograms obtained after the application of different sample treatments to
reference lakes or textiles prepared with madder dyestuffs
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by extraction with n-heptadecane and analysed using a reversed-phase column of

the type Supelcosil LC18 (25 cm 9 4.6 mm, Supelco) with a gradient of methanol

and iso-propanol as mobile phase. The same approach was used in the study of

residues in ancient oil lamps found at the archaeological site of Sagalassos (South-

West Turkey) [42]. HPLC–APCI–MS allowed the detection of surviving TAGs

whose nature and profile suggested that olive oil was used as illuminant for the

archaeological oil lamps. The presence of relative high amounts of multiply

unsaturated TAGs and traces of saturated TAGs suggested that other oils and animal

fat were also added.

More recently, extracts of archaeological potsherds from the same archaeological

site were analysed by three complementary chromatographic and mass spectromet-

ric procedures. GC/MS, GC–IR–MS, HPLC–APCI–MS were used and led to the

identification of animal fat. The samples for liquid chromatography were extracted

with chloroform/methanol and subjected to silylation derivatisation; the chromato-

graphic set-up included a reversed phase column 15 cm Varian OmniSpher C18

with a diameter of 3 mm, which was held at 60 �C. A full 10-lL loop of the sample

was injected. The same set-up was used to characterise burned greasy deposits

found inside shells of the large Nile bivalve Chambardia rubens, excavated in a

VIII–X century AD church of the Coptic monastery of Bawit (Egypt) and

supposedly used as lamps. Low concentrations of unaltered TAGs were detected by

HPLC–APCI–MS, which included TAGs with at least one dihydroxylated acyl

chain. The preservation of this species may be accounted by the dry climate of the

excavation site. The type and distribution of the surviving TAGs suggested the

illuminant was rapeseed (Brassica napus L.) or radish (Raphanussativus L.) oil.

HPLC-APCI-MS was also applied to the study of historical pharmaceutical

ointments from the XVIII century [43]. The analytical protocol was set up using a

comparative study based on the evaluation of TAG compositions of raw natural

lipid materials, in laboratory-reproduced ointments, and was then applied to

residues contained in a series of apothecary jars. In order to characterise the

Fig. 2 The APCI mass spectrum of 1,3-distearoyl-2-oleoyl glycerol (SOS) (reprinted with permission
from [38])
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triglyceride profile of the archeological samples, the chromatographic separation

was performed using an Ascentis C18 column (150 9 4.6 mm, 5 lm particle size,

Supelco, USA) and iso-propanol and methanol as mobile phase. The samples were

submitted to extraction with a mixture of chloroform/methanol at reflux and the

extracted material was dried, suspended in hexane and washed three times in a

separator funnel with a water/ethanol solution. The final residue in hexane was then

dried and diluted in the elution mixture [43].

In the study of oil paints, HPLC–APCI–MS of triglycerides was performed to

evaluate the effects of traditional processing methods of linseed oil on the

composition of its triacylglycerols. The study aimed at evaluating how the

triglyceride composition of linseed oil changed as a consequence of different oil

pretreatments such as washing with water, heating or treatment with lead-based

dryers. The separation of the TAGs was performed using a NovaPack C18 column

(150 9 4.6 mm, Waters, USA) and acetonitrile/ethanol as eluents [44]. In order to

characterise the lipid fraction of linseed oil after the processing methods, the oil

samples were dissolved in a acetonitrile/iso-propanol/hexane mixture and injected

in the chromatographic system.

Recently developed non-porous core particles stationary phases [45] were also

tested for the separation of TAGs in oils, which were used as binding media or for

producing ointments, and proved to have a high efficiency at lower back pressures,

compared to traditional porous particles [36, 37].

In particular, HPLC–ESI–MS equipped with a core shell stationary phase was

used to determine the triglycerides profile of a set of fresh reference oils commonly

used in modern and contemporary art. The separation of the triglycerides was

performed using a Poroshell 120 EC-C18 column (50 mm 9 3.0 mm, 2.7 lm
particle size, Agilent, USA) with a high-resolution ESI-Q-ToF tandem mass

spectrometer as detection system using iso-propanol and methanol as eluents [36].

HPLC TAGs analysis allows to characterise the different species in the sample

(Fig. 3). The triglycerides were extracted using n-hexane and the extracts were dried

under nitrogen stream, diluted with the elution mixture before the injection. The

optimised chromatographic method was applied for the characterisation of the

triglyceride profiles of drying oils used in modern paint tubes formulations, and to

characterise the lipid material in paint samples. The paint samples were submitted to

a microwave extraction (600 W, 80 �C) using a n-hexane/chloroform solution, and

the extracts were dried under nitrogen stream, diluted with the elution mixture and

filtered before the injection [46].

The same analytical approach used for the characterisation of fresh oils was

applied to the characterisation of the lipid composition of several alkyd resins. The

characterisation of the glycerides composition allowed to discriminate between

different trademarks of commercial alkyd paints, to identify the raw materials used

for the production of the resin and to define the synthesis process used for their

preparation [47]. The same method based on liquid chromatography coupled with

high resolution mass spectrometry and hexane extraction was applied to a set of

industrial alkyd resins: the application of this method allowed not only the

identification of the TAGs, but also the detection of pentaerythritol and phthalic acid

esters deriving from the synthesis process of the resin [48] (tandem mass spectrum

Top Curr Chem (Z) (2016) 374:20

123 274 Reprinted from the journal



6x10

0

2

4

+ESI BPC(895.6695) Scan Frag=200.0V LLnLnLn

6x10

0

2

4
+ESI BPC(897.6988) Scan Frag=200.0V LLnLnL

6x10

0

2

+ESI BPC(873.6985) Scan Frag=200.0V LLnLnP

6x10

0

2

4

+ESI BPC(899.7150) Scan Frag=200.0V LLnLL

6x10

0

1

2

3

+ESI BPC(875.7197) Scan Frag=200.0V LLLnP

6x10

0

2

4
+ESI BPC(901.7273) Scan Frag=200.0V LLLL

5x10

0

2.5

5

7.5

+ESI BPC(851.7294) Scan Frag=200.0V PPLnP

6x10

0

2

4
+ESI BPC(877.7502) Scan Frag=200.0V LLLP

6x10

0

2

4

+ESI BPC(903.7554) Scan Frag=200.0V LLLO

6x10

0

1

2

+ESI BPC(879.7713) Scan Frag=200.0V LLOP

6x10

0

2

+ESI BPC(905.7691) Scan Frag=200.0V OOOL

6x10

0

1

2

3
+ESI BPC(881.7738) Scan Frag=200.0V OOOP

6x10

0

2

+ESI BPC(907.7912) Scan Frag=200.0V OOLS

5x10

0

2

4

6

+ESI BPC(933.8055) Scan Frag=200.0V AALL

6x10

0

1

2

3
+ESI BPC(909.8153) Scan Frag=200.0V OOOS

Counts vs. Acquisition Time (min)
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Fig. 3 Extract ion
chromatograms of linseed oil for
15 identified TAGs species
(reprinted with permission from
[36])

Top Curr Chem (Z) (2016) 374:20

123275Reprinted from the journal



of PenLnLO and LGlyPhGlyLn sodiated adducts shown in Fig. 4). The analytical

approach used for the characterisation of the fresh alkyd paint and resins was also

applied for the characterisation of the oxidised triglycerides in a set of alkyd paint

layers exposed to acetic acid vapour. The application this HPLC procedure is

suitable for the characterisation of aged and fresh alkyd resins, for discriminating

between different trademarks, and to evaluate the conservation state of an artwork

[49, 50].

A slightly modified method, still based on the use of a Poroshell 120 EC-C18

column with a high resolution electrospray ionisation-quadrupole-time of flight

tandem mass spectrometer as detection system, was optimised for the identification

of triacylglycerols in complex archaeological residues [37]. Thanks to the

unprecedented chromatographic separation and detection sensitivity of the set-up,

it was possible for the first time to perform TAGs profiling in archaeological

residues and reference materials with a data set containing more than 500 molecular

formulas. In particular, it was possible to distinguish between plant oils and animal

fats, and to identify pork suet even in complex mixtures with plant oils. The

archaeological organic residues were homogenised in a mixture of dichloromethane/

methanol using a ultrasonic bath. Then the mixture was filtered, dried under

nitrogen stream, suspended in hexane and washed three times in a separator funnel

with a water/ethanol solution. The final residue was then dried over MgSO4, filtered

and evaporated to dryness. The final material was diluted with the elution mixture

and injected in the chromatographic system [37].

In conclusion, thanks to the improvements in columns efficiency and in

resolution of the available mass spectrometers, HPLC–MS based techniques are

gaining momentum in the analysis of triglycerides and their oxidation products in
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archaeological residues and in paintings. In the last 3 years, several papers have

described optimised procedure for their determination. On the one hand, the

applicability of these protocols to actual case studies in the field of archaeology has

been proven in several cases, in which the original lipid material was relatively well

preserved, thanks to suitable conservation conditions (i.e. very dry climate and

relatively anaerobic conditions, in the absence of direct light). On the other hand,

the application of TAGs profiling for the identification of the binding medium is

complicated by the tendency of siccative oils to polymerise, due to the exposure to

direct light and conservation in unfortunate conditions. Thus, only few successful

applications of this strategy in paint analyses have been presented so far [46]. The

publication of new case studies in the future will prove the actual applicability of the

technique to diagnostic analyses of paintings.

3 Ion Chromatography

Ion chromatography (IC) is an ion-exchange technique in which low concentrations

of organic and inorganic anions and cations are determined using ion exchangers of

low ion-exchange capacity with dilute buffers [1]. IC is mostly employed to

separate organic and inorganic ions, amino acids, proteins or nucleic acids. Strong

or weak acids or bases can be used as stationary phases to separate cations and

anions, respectively. The ion exchangers are supported on silica, polystyrene or

carbohydrate-based polymers.

In the field of Cultural-Heritage-related studies, IC has been mainly used as a

robust routine technique to quantify inorganic anions and cations, and small organic

acids in a plethora of samples. In this chapter, a few examples of possible

applications of this technique will be provided, focusing on a few classic case

studies and presenting some new developments.

Several papers describe the application of IC to the study of immovable cultural

heritage, i.e. stone, masonries, etc., to characterise inorganic salts in damage layers

or in black crusts. It has also been applied to characterise the VOCs and the

particulate determined in environmental studies in musea, in semi-confined

exhibition areas, and, in general, in the urban environment where important

monuments stand.

One of the first applications of ion chromatography to the characterisation of

anions in damage layers of outdoor building was published in 1995 [51]. An

analytical procedure was set up for the dissolution of damage layers from stone

monuments with the aim of performing ion chromatography analyses. The

dissolution was achieved in water and purified from cations using cation resins,

and ion chromatography analysis was performed with anionic micromembrane

suppressor and two serial detectors (conductometer and spectrophotometer). The

separation was undertaken on an Ionpac column (AS4A-SC). Halide anions (F-,

Cl-, Br-), nitrates and nitrites, phosphates, oxalates and carbonates were

quantitated in samples from damaged layers of stone monuments, i.e. black crusts.

The same approach and instrumental setup was adopted in [52], where the formate

and acetate anions were also determined, and eventually applied to the complete
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characterisation of black crust in damage layers on historic buildings at different

European urban sites [53]. The soluble anions, including formate, acetate and

oxalate, were measured by ion chromatography analysis (IC) with a Dionex 4500i

(IonPac AS14 column with a AMMS III suppressor in conjunction with a

conductivity detector). Oxalates were the most abundant small (C1–C2) organic

anion found at all the sites. The data reported show how OC and EC concentrations

and OC/EC ratio are typical of each site and provide essential input for an

exhaustive investigation of black crust formation.

Similar studies were presented in [54], where the degradation of archaeological

porous stone in the medieval city of Rhodes was assessed, and in [55], which

focuses on the effects of sulphation in the frame of a research study on the effects of

atmospheric deposition on the cement mortar of the basement in a twentieth-century

building. The results achieved by IC were complemented by analyses performed by

visual observation, scanning electron microscopy, X-ray diffraction, differential and

gravimetric thermal analysis and the quantitative determination of elemental carbon.

Sulphation was found to be the main damage mechanism occurring on the cement

mortar constituting the base section of a building, since the concentration of

sulphate increases from the inner to the outer layer at the expense of the carbonate.

The same approach, system setup, and similar results were obtained for the case

study of Michelozzo’s Courtyard in Florence (Italy) [56]. The investigation adopted

a holistic approach involving thermographic measurements on the wall paintings,

microclimatic analysis, gaseous pollutant monitoring, atmospheric particles char-

acterisation and dry deposition compositional analysis. Also in this case, the surface

is undergoing a sulphation process. In particular, the presence of significant amounts

of sulphite (SO3
2-), with concentration values well correlated to the sulphate ones,

indicates that sulphate is also produced by the oxidation of sulphite at the painting

surface. The effects of rising damp on the durability of a plaster were studied in [57]

by means of a similar, multi-analytical approach entailing ion chromatography.

Summarising, the application of a routine analytical technique such as IC,

complemented by several other microscopy- or spectroscopy-based techniques, to

the characterisation of black crusts, and more generally, of superficial layers of

stone and plaster, allowed the researchers to highlight specific behaviours of stone

buildings depending on the environment.

A similar approach, in terms of use of a multi-analytical array of techniques

(ICP-AES, SEM, ….) including ion chromatography, was adopted for the

characterisation of particulate matter. This method is widely applied in environ-

mental chemistry, so previously optimised methods are routinely applied in the field

of Cultural Heritage. Notwithstanding, a few interesting case studies will be

discussed. To analyse the deposition of fine particulate matter (PM) on book

surfaces in the National Library in Prague, Smolik and coworkers [58] used

cellulose filters to sample the PM, and SEM and IC to characterise them. Ghedini

and coworkers monitored the atmospheric aerosol in the area of the Florence

Baptistery [59]. Total suspended particulate (TSP) was collected using circular

filters with diameter of 47 mm. Atmospheric particles were sampled for the

measurement of total weight, non-carbonate carbon (NCC) and major soluble ions

by ion chromatography. Interesting results were obtained by comparing the data
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collected in different sampling points, from both a qualitative and quantitative point

of view.

Besides the characterisation of damage on stone historical and modern buildings,

IC was exploited to study metal corrosion in some archaeological and historical

materials. A nice example is given by the evaluation by IC of the atmospheric

corrosion of historical organ pipes by volatile organic acids, as described in [60].

The corrosivity of formic and acetic acid was investigated in laboratory exposed

polished samples. Corrosion rate was measured gravimetrically and the corrosion

products were analysed qualitatively and quantitatively by IC equipped with an

IONPAC AD9-SC analytical column. The results imply that acetic acid vapour is a

very important corrosive agent for lead pipes in historical organs, while formic acid

is slightly less corrosive than acetic acid. Also in this case, the application of a

routine analytical protocol such as IC for the quantification of small organic acids to

a peculiar case study allowed the researcher to highlight important characteristics of

the objects under study.

Finally, ion chromatography has also been used to quantify the above-mentioned

volatile organic acids (namely, acetic and formic acid) in air samples in and outside

the Cathedral of Cologne (Germany), after sampling the corresponding acids by

passive Radiello� diffusion tubes [61]. Both acids were adsorbed by TEA and

subsequently extracted with water. Four important gaseous pollutants were sampled

simultaneously, i.e. NO2, SO2, acetic and formic acids, and their quantitation

performed by IC by the same method described in [62]. The performances of two

analytical columns (Allsep A-2 and IonPac) were compared in terms of detection

limits, precision, and dynamic range. An example of separation is shown in Fig. 5.

With regard to confined environments, few analytical methods entailing IC have

been published for the detection of acetic and formic acid vapours in musea [63];

one study even focuses on the detection not only of airborne acetate and formate,

but also fluoride [64].

Fig. 5 Separation of fluoride, acetate and formate on an IonPac AS14 in a real sample taken at the
Cathedral of Cologne (reprinted with permission from [61])
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One last example presents the application of ion chromatography, along with

several other techniques (such as mercury intrusion porosimetry; Fourier transform

infrared spectroscopy; scanning electron microscope with energy dispersive

spectrometry), to the evaluation of the best application technique for a novel

hydroxyapatite-based consolidating treatment for limestone [65].

4 Size Exclusion Chromatography

Size exclusion chromatography (SEC), often referred to as gel permeation

chromatography (GPC) in the case of the analysis of hydrophilic macromolecules,

is a separation technique in which molecules are separated on the basis of their

hydrodynamic molecular volume or size [66].

In the SEC chromatographic system, a liquid mobile phase flows through the

column at a fixed flow rate, setting up a pressure gradient across its length; the

particles of the stationary phase are porous with controlled pore size. The smaller

macromolecules are able to penetrate into these pores as they pass through the

column, while the larger ones are too large to be accommodated and remain in the

interstitial space. The smaller molecules are only temporarily retained and will flow

throw the column until they encounter other particles’ pores to enter. Meanwhile,

the larger molecules flow more rapidly throw the length of the column because they

cannot reside inside the pores for any period of time [67].

SEC is widely used for separation of various natural and synthetic polymers.

With proper column calibration and by the use of molecular-weight-sensitive

detectors, such as light scattering, viscometry, or mass spectrometry, the molecular

weight distribution and the statistical molecular weight averages can readily be

obtained [66–68].

In Cultural Heritage studies, SEC has been used to characterise synthetic

polymers used as paint binders or consolidants; to assess the degradation of

cellulosic and wooden materials and Arabic gum used as binder; to study the binder-

pigment interactions in protein-based paintings; and to evaluate the polymerisation

or, in general, the degradation processes undergone by terpenoid varnishes and lipid

binders.

4.1 Synthetic Polymers

A number of synthetic materials have been exploited by artists and restorers, and the

wide variety of formulations of synthetics resins has allowed their extensive use as

paint binders, plastic materials, consolidants, adhesives, coatings and varnishes and

many other applications.

Size-exclusion chromatography interfaced with a refractive index detector (SEC-

RID) was applied to evaluate the modification of the molecular weight distribution

of the varnishes Laropal A81, Laropal A101, Laropal K80, Regalrez 1094 and

Arkon P90 during artificial ageing, and to evaluate the effects due to the addition of

Tinuvin 292 as UV-stabiliser in the formulation of the resins. The resins were

solubilised in tetrahydrofuran and directly injected in the LC system, and the
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chromatographic separation was performed using two Polymer Laboratories

(Netherlands) PL-gel 5 lm mixed-D columns (300 mm 9 7.5 mm) and tetrahy-

drofuran as eluent [69]. The results obtained for unstabilised and stabilised Laropal

K80 during accelerated light aging are reported in Fig. 6.

The modification of the molecular weight of the ketone resin Laropal K80 during

ageing was also studied with the same chromatographic approach in the commercial

formulation of BEVA 371, a heat-seal adhesive containing two EVA co-polymers,

the ketone resin, a phthalate ester of a hydroabietyl alcohol and a paraffin wax [70].

SEC-RID was also applied to evaluate the photochemistry processes involved in

the ageing poly(vinyl acetate) paints and to evaluate the ageing effects related to the

presence of pigments and fillers in the paint formulation: the information on the

molecular weight distribution obtained with SEC-RID were used to identify the

main chemical reactions involved in the ageing of the paint and to predict its long-

term life [71].

In all these cases, SEC allowed the researchers to evaluate the behaviour of

different polymeric resins upon ageing, and thus their long-term stability, and, as a

consequence, suitability as conservation or restoration materials.

In one case, SEC coupled with Fourier transform infrared spectroscopy (SEC-

FTIR) was applied for the characterisation of artists’ acrylic emulsion paints [72].

The collection of the infrared data was performed using an off-line solvent-

elimination interface. The use of the off-line interface is commonly preferred over

on-line flow-cell systems, since the removal of the solvents used in the

chromatographic separation allows for the increase of the signal-to-noise ratio

Fig. 6 Changes in SEC of unstabilised and stabilised Laropal K 80 during accelerated light aging
(reprinted with permission from [69])
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and decreases the limits of detections [73]. The acrylic emulsions were solubilised

in tetrahydrofuran and the chromatographic separation was performed using three

Polymer Laboratories (United Kingdom) PLgel 10 lm MIXED-B (300 9 7.5 mm)

columns and tetrahydrofuran as eluent. Figure 7 reports an example of a 3D plot

obtained for the characterisation of an acrylic emulsion paint [72]. The use of

infrared spectroscopy as a detector system allowed the simultaneous identification

of the polymer matrix and the minor components, such as the surfactants and dyes

used in the acrylic paint emulsions. This approach allowed a full characterisation of

the material under study, but required a relatively high amount of sample. Thus, it

can only be applied for studies on reference materials or for quality control of newly

produced materials (e.g. during natural or artificial ageing experiments), and not for

diagnostic purposes. Examples of the application of SEC to these type of problems

follow.

4.2 Polysaccharides (Wood, Paper and Gums)

The main chemical components in wood are cellulose, hemicellulose, lignin and

extractives. Cellulose is a homo-polymer of b-1,4-glucose units with a highly

regular H-bonded network between its layers, especially in the case of crystalline

cellulose, while hemicellulose is a carbohydrate hetero-polymer consisting of

different monomers. Lignin is a tridimensional macromolecular network in which

the more abundant monomers are substituted phenols bonded via ether bonds.

GPC was applied to determine the chemical features and molecular weight

distributions in wood and in the corresponding extracted lignin using different

sample pretreatments [74, 75]. The analyses were performed on both archeological

and reference wood samples in order to evaluate the change in the molecular weight

Fig. 7 3D plot obtained by SEC-FTIR of an acrylic emulsion paint. Peak A has been identified as a
poly(nBA-co-MMA) medium, peak B as an alkyl aryl polyethoxylate surfactant and peak C as Pigment
Red 5 (reprinted with permission from [72])
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distribution occurring as an effect of ageing. The chromatographic separation of the

wood components was performed using an Agilent (USA) PL 3 lm MIXED gel E

(MW 220–400 K) and tetrahydrofuran as eluent. The detection of the analytes was

performed using a diode array detector (DAD) set at 280 nm [74, 75]. The same

analytical approach was successfully applied for the characterisation of the

conservation state of archeological waterlogged wood artifacts [76].

In all these cases, GPC provided important data on the depolimerisation of lignin

in different conservation conditions, which can be correlated with the conservation

state of wood in archaeological context.

GPC was also used for the ageing studies of paper related to the presence of

metals. The presence of copper ions that migrate from the pigments can catalyse the

degradation of cellulose and discoloration of the paper. In order to evaluate the

effects of this metal on paper, a GPC-Fluorescence-multi-angle laser light scattering

detector (MALS) apparatus was used. The use of this system allowed to determine

not only the absolute molar mass moments by MALS, but also the contents of

carbonyl groups measured by a fluorescence detector after a carbonyl specific

chemical labeling [77]. Gel permeation chromatography was also applied for the

characterisation of cellulose nitrate, a semi-synthetic material deriving from the

industrial processing of cellulose, which was one of the first semi-synthetic plastics

to be commercially exploited. Many museums contain a large number of artifacts

containing this plastic. In order to evaluate the main degradation pattern of this

material, GPC-RID was applied for the characterisation of several samples from

selected artifacts in various stages of preservation, and on a set of artificially aged

reference cellulose nitrate films [78, 79].

In both cases, GPC was mainly adopted to highlight the depolymerisation

reactions occurring in paper or nitrocellulose as results of hydrolysis, possibly

catalysed by metal ions.

Gum Arabic, or acacia gum, is the oldest and best known of all the tree gum

exudates and has been used as binder and traded for more than 5000 years.

Structural studies of the proteic and polysaccharide components of gum Arabic were

performed using GPC coupled with a UV-RID-MALS [80]. The effects of the

ultraviolet irradiation on the physicochemical and functional properties of gum

Arabic were also evaluated using GPC-RID-UV: the modification of the molecular

weight distribution of the gum polymer were used to identify the cross-linking and

depolymerisation processes occurring during exposure to UV light [81].

4.3 Protein Paint Binders

Historically, proteinaceous materials, such as egg, casein and animal glue, have

commonly been used as paint binders.

Size exclusion chromatography was applied on paint replicas of casein and

ovalbumin with cinnabar (HgS) in order to evaluate the ageing pathways of these

proteins in presence of such pigment. The separation of the proteins was performed

using a SEC system coupled to UV and cold vapor generation atomic fluorescence

spectrometry detector (SEC–UV–CVGAFS). CVGAFS technique is based on the

pre-column derivatisation of protein thiol groups with a mercurial probe in order to
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selectively speciate and detect mercury–protein complexes by CVGAFS. The

separation of the proteins was performed using a Biosep SEC S2000 column

(Phenomenex, USA) and an isocratic elution in 50 mM Phosphate Buffered Saline

pH 7.4, 0.15 M NaCl at 1.0 mL/min [82]. The interactions of casein and ovalbumin

with azurite (Cu3(CO3)2(OH)2), calcium carbonate (CaCO3), hematite (Fe2O3) and

red lead (Pb3O4) were also evaluated using the chromatographic conditions

described above, with a DAD detector (Fig. 8) [83]. The results highlighted that

pigments may act directly on the stability of the protein structure because of their

interaction with amino acid functional groups, or indirectly, promoting oxidation.

4.4 Triterpenoid Resins

Triterpenoid resins are the main components of traditional varnishes used by artists

and are often identified in archeological amorphous materials. Polymerisation and

degradation of triterpenoid resins entails radical polymerisation, cross-linking and

condensation, oxidative modifications and shortening of side-chains.

In order to evaluate the effects on the molecular weight distribution of these

chemical processes, dammar and mastic resins were studied using a high

performance size exclusion chromatography system (HP-SEC) coupled with RID

and UV/Vis detectors [84]. This technique was not applied to other cases of

Fig. 8 SEC-UV chromatograms of the soluble fraction of unaged (continuous line, black) and aged
(dotted line, red) ovalbumin/pigment (a) and casein/pigment (b) paint replica (reprinted with permission
from [83])
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terpenoid resins due to their poor solubility in the majority of the samples.

Nonetheless, the results highlighted in [84] proved that the ageing processes are

related to the thickness of the varnish layer; as an example, condensation reactions

that leads to cross-linking and polymerisation were identified only in the first

portion of the resin layer and are related to UV wavelength exposure.

4.5 Lipids

Drying oils are one of the most ancient binders used in paints for both decorative

and protective purposes. The oils used as paint binder are usually pre-processed by

heating, chemical bleaching and treatment with metallic salts in order to enhance

their siccative proprieties (ability to form films).

The effects of these processes on linseed oil were studied using an HP-SEC-RID-

UV/Vis-DAD system. The oil samples were solubilised using tetrahydrofuran and

the chromatographic separation was performed using a PLGEL 5 lm 1000 Å

column (300 9 7.5 mm, Polymer Laboratories, Netherlands) and tetrahydrofuran as

eluent [85]. The application of SEC analysis allowed the identification of the main

chemical modification involved during the preparation of linseed oil. Two major

chemical processes were observed for the oils: oxidation and oligomerisation. This

is accompanied by a relative decrease in the percentage of the triple unsaturated

fatty acid, the most reactive component of the TAGs.

Alkyd paints, introduced in the 1940s, represent an evolution of modern drying

oils. They are oil-modified polyesters, characterised by higher drying rates than

classic drying oils. Size exclusion chromatography coupled with a MALS and a RID

detector was applied to evaluate the structure of an alkyd resin produced using

soybean oil at different polymerisation reaction times in [86]. The application of

SEC coupled with a MALS detector provides information about the branching and

on the molecular weight distribution of the resin.

5 Summary and Conclusions

This review of the several applications of liquid chromatography to the study of

materials in the field of Cultural Heritage highlighted that several protocols were

optimised for the detection and, in several cases, quantitation, of a great number of

analytes. Almost all types of HPLC have been exploited with the aim of

characterising different properties of different materials.

Until now, most of the research has focused on the application of reversed-phase

HPLC to the analysis of organic dyes and lakes, which has almost become routine in

diagnostic campaigns. Besides the future perspective for proteomics in this field,

reviewed in another chapter, the analysis of dyes and lipid residues or binders

represents the most promising application up to now. The main improvement that is

currently gaining momentum is related to the development and validation of

UHPLC methods for dyes analyses, which allow faster separations without losses in

chromatographic resolution. Moreover, the key issue in both these applications

(namely, dyes and lipid analysis) is the optimisation of sample treatment, in order
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not only to avoid matrix effects, which have not been evaluated in any of the

published papers, but also to lower detection and quantitation limits.

Less common applications of HPLC include ion chromatography and size

exclusion chromatography, which have both been successfully applied to selected

cases.

Ion chromatography has been mainly used as routine analytical technique to

quantify cations and anions in damage layers and patinas, mostly on stone buildings.

Robust protocols entailing sample treatment and complementation of IC results with

those of other techniques have been published, which has set the standard for future

applications.

Size exclusion chromatography has been applied in a few cases to the study of

polymeric materials upon ageing (also thanks to accelerated ageing tests). Both

natural (proteins, polysaccharides, lignin) and synthetic (alkyd binders and low

molecular weight resins) polymers have been studied, with particular attention to

their behaviour in the presence of inorganic salts, which may influence

depolymerisation or polymerisation reactions. This technique has high potential

for the characterisation of the ageing of materials, given the possibility to detect and

characterise the products. On the one hand, we may expect future developments to

go in the direction of coupling this technique with mass spectrometric detection that

has already proven effective in the study of protein behaviour in biological studies,

and in polymer chemistry for more than 10 years. On the other hand, the lack of

proper standards in the field of Cultural-Heritage-related studies might represent a

drawback for this kind of application.
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Abstract Gas chromatography/mass spectrometry (GC/MS), after appropriate wet

chemical sample pre-treatments or pyrolysis, is one of the most commonly adopted

analytical techniques in the study of organic materials from cultural heritage

objects. Organic materials in archaeological contexts, in classical art objects, or in

modern and contemporary works of art may be the same or belong to the same

classes, but can also vary considerably, often presenting different ageing pathways

and chemical environments. This paper provides an overview of the literature

published in the last 10 years on the research based on the use of GC/MS for the

analysis of organic materials in artworks and archaeological objects. The latest

progresses in advancing analytical approaches, characterising materials and

understanding their degradation, and developing methods for monitoring their sta-

bility are discussed. Case studies from the literature are presented to examine how

the choice of the working conditions and the analytical approaches is driven by the
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analytical and technical question to be answered, as well as the nature of the object

from which the samples are collected.

Keywords Gas chromatography/mass spectrometry � Wet chemical sample pre-

treatment � Analytical pyrolysis � Organic materials � Paintings � Archaeological

objects

1 Introduction

Gas chromatographic techniques were first used in conservation science in the 1970s,

and were driven by the interest in identifying organic materials present as binders in

paintings, or associated with archaeological objects. Since the pioneering work of

Mills and White in the laboratories of the National Gallery in London [1–3] and of

Michael Shilling at the Getty Conservation Institute in Los Angeles [4], gas

chromatography coupled with mass spectrometry (GC/MS) has become an established

method for investigating organic materials in art and archaeological objects.

Most organic materials encountered in cultural heritage are macromolecular. In

some cases, they are natural or synthetic polymers (such as proteins, plant gums, vinyl,

and acrylic resins), others undergo oligomerisation or cross-linking reactions as an

effect of exposure to light and air (such as natural resins or drying oils). Organic

materials in the cultural heritage are also polar and have a low volatility. Their analysis

by GC/MS thus entails chemical or thermal treatments in order to reduce the original

macromolecules into low polarity, low molecular weight components, thus facilitating

their volatilisation and subsequent separation onto a gas chromatographic column.

This can be achieved by coupling analytical pyrolysis with gas chromatography mass

spectrometry (Py-GC/MS) or by a wet-chemical treatment of the samples prior to GC/

MS. Common analytical approaches, method developments, advantages, and

drawbacks of the different methods, as well as instrumental aspects have been

discussed and overviewed in detail in the literature [5–12].

In the last 10 years, analytical research involving GC/MS and PY-GC/MS has

tackled three related challenges: advancing analytical approaches, characterising

materials and understanding their degradation, and developing methods for

monitoring their stability. The choice of the working conditions and the analytical

approaches is firstly driven by analytical and technical questions, among which:

what painting or manufacturing technique has been applied? What is the object’s

state of conservation? Which chemical markers or features allow to detect a specific

material? Which analytical procedure detects a specific analyte?

The answers clearly depend on the classes of organic materials found in the sample

and the nature of the sample itself. Organic materials in archaeological contexts, in

classical art objects, or in modern and contemporary works of art may be the same or

belong to the same classes, but can also vary considerably, often presenting different

ageing pathways and chemical environments, thus requiring different analytical

approaches. Thus, the following sections discuss the recent advances in GC/MS and Py-

GC/MS for the characterisation and identification of organic materials in archaeological

contexts, classical art objects, and modern and contemporary works of art.
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2 Organic Materials in Archaeological Contexts

Archaeological organic samples involve a range of critical characteristics, making

their study an analytical challenge. Their investigation is complicated by the ageing

and degradation of the molecules present in the organic substances [13–18]. This

means that in order to establish the origin of the natural substances in the sample

and to understand the alteration processes that have modified the materials it is

essential to identify the molecular composition as well as to reveal the presence of

Fig. 1 TAG distributions of total lipid extracts of sieves from the region of Kuyavia (a). The blue bars
denote TAGs present in both adipose and milk fats, whereas those in red are only detectable in milk fat.
Plots of the d13C values for the C16:0 and C18:0 fatty acids prepared from animal fat residues extracted
from sieves (b). D13C values of the extracts plotted against their d13C16:0 values from the same
potsherds (c). Adapted from [50]
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molecular markers. Gas chromatography/mass spectrometry (GC/MS), after appro-

priate wet-chemical pre-treatments of the sample or using analytical pyrolysis, is

thus the most commonly adopted technique.

The possibility of identifying unexpected compounds by MS detection on the

basis of their mass spectra makes GC/MS particularly suitable for studying

unknown matrices and/or following ageing and degradation pathways. In addition,

given that gas chromatography combustion-isotope ratio mass spectrometry (GC-C-

IRMS) can be used to measure the carbon stable isotope ratios (d13C) of palmitic

and stearic acids, the exact origin of lipid substances from archaeological findings

can be identified, which is one of the greatest challenges of organic residues analysis

[19]. In fact, degraded lipid substances are mainly composed of palmitic and stearic

acids regardless of the original source, due to degradation processes that tend to

make the fatty acid profile of archaeological samples difficult or impossible to

diagnose. Isotopic analysis has proven to be a powerful tool in identifying the origin

of lipid materials of a very similar composition, even in mixtures. This analysis

distinguishes between ruminant and porcine adipose fats and between lipids from

C3 and C4 plants. In addition, ruminant adipose and dairy fats can also be

distinguished by the d13C values along with D13C (d13C18–d13C16) of their fatty

acids [19].

Since 2000, GC/MS, Py-GC/MS, and GC-C-IRMS have been well established

techniques for identifying organic substances and materials linked to specific

productions, daily life and food activities, religious or ritual practices, and cosmetic

and medical activities [20–47]. In addition, the same techniques, particularly GC-C-

IRMS, have been used to address some key questions concerning animal husbandry

in prehistoric phases [48–52].

A particularly interesting study was recently carried out by GC/MS and GC-C-

IRMS on organic residues preserved in sieves/strainers from the region of Kuyavia

(Poland) and dating back to 5200–4800 cal. BC to investigate the function of these

ceramic vessels [50]. The chromatographic profile along with d13C values of

palmitic (C16) and stearic (C18) acids, and D13C (d13C18–d13C16) values provided

direct chemical evidence of their use in milk processing (Fig. 1). The chemical data

obtained provided evidence of the high abundance of dairy products and the specific

features of the ceramic shreds, characterized by the presence of several holes, led

the authors to suggest that as early as 7000 years ago prehistoric people were able to

make cheese.

The chemical study of organic materials from archaeological contexts is

generally based on the knowledge of the behaviour of the materials under ageing

and on comparisons with reference materials of a known origin. Thus, collecting

reference materials for testing analytical procedures and comparing analytical data

and submitting them to artificial ageing treatments are important preliminary steps

in the research on ancient materials [6, 17, 18]. Further considerations are required

for the potential use of unexpected materials that are not extensively used in modern

society, such as the Brassicaceae oil used as an illuminant found in two Roman

ceramic lamps (lamps 718 and 809) discovered at the archaeological site of North

Necropolis of Antinoe (Egypt) [31]. The two lamps showed an adherent blackish

residual deposit, which was submitted to an analytical protocol based on GC/MS
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analysis. After alkaline hydrolysis, extraction, and derivatisation reaction with

BSTFA, the samples produced the chromatographic patterns shown in Fig. 2.

The extracts consisted of a series of linear monocarboxylic saturated fatty acids

ranging from 9 to 24 carbon atoms with hexadecanoic acid (palmitic) and

octadecanoic acid (stearic) as the most prominent, and a high abundance of long

chain acids (C20–C24), a series of a,x-dicarboxylic acids ranging from four up to 14

carbon atoms, with nonanedioic acid (azelaic) as the main constituent of this group,

a series of x-hydroxycarboxylic acids ranging from eight up to 14 carbon atoms,

and three long chain dihydroxycarboxylic acids with 18, 20, and 22 carbon atoms,

namely, 9,10-dihydroxyoctadecanoic acid, 11,12-dihydroxyeicosanoic acid, and

13,14-dihydroxydocosanoic acid; each of the dihydroxycarboxylic acids were

present as a pair of threo-erythro isomers. The predominance of C9 dicarboxylic

acid (azelaic acid) together with the presence of 9,10-dihydroxylated acids implied

high amounts of oleic acid in the original lipid material. On the other hand, the

presence of 11,12-dihydroxyeicosanoic acid and 13,14-dihydroxydocosanoic acid

was a very distinctive feature of these samples, and the formation of 11,12-

dihydroxyeicosanoic acid and 13,14-dihydroxydocosanoic was ascribed to the

oxidation of gondoic and erucic acids. Since the only seed oils that contained high

amounts of gondoic and erucic acids were those derived from Brassicaceae [31, 53,

54], the results were interpreted as chemical evidence of the use of a seed oil

derived from Brassicaceae species for lighting purposes. It was impossible to detect

the botanical species from which the seed oil used in the examined lamps was

actually produced, thus it is not known whether the oil came from radish as reported

by Pliny, or from another Brassicaceae plant such as rapeseed. In any case,

detection of the characteristic markers in lamps from Antinoe, one of the main urban
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centres of Roman Egypt, represents chemical confirmation of the widespread use of

cruciferous oil at that time and is consistent with ancient documents [55]. This was

supported by the results obtained in the aging tests and analysis performed on

Brassica juncea oil and the pure gondoic and erucic acids. It was possible to

demonstrate that 11,12-dihydroxyeicosanoic acid and 13,14-dihydroxydocosanoic

acid are markers for cruciferous seed oil in archaeological residues.

Lipids of animal and plant origin as well as plant resins are the most commonly

encountered substances in archaeological findings. In fact, owing to their lower

susceptibility to structural modification and degradation by chemical and micro-

biological attacks as well as hydrophobicity, they may survive better than

carbohydrates, proteins, and nucleotides in archaeological environments [13–15,

18]. A similar argument can be made for the chemical components of alcoholic

beverages and wines whose water solubility limits their persistence in archaeolog-

ical environments. The detection of wine and other alcoholic beverage residues has

always been of great interest in the archaeological community, and although some

papers have appeared in the literature [46, 56, 57], it still remains an analytical

challenge. In this framework, a completely new biomarker approach entailing the

detection of bacterial lipids formed during fermentation and ethanol production was

recently published [58]. Correa-Ascencio et al. used gas chromatography/mass

spectrometry in selected ion monitoring (m/z 191) of lipid extracts to reveal

characteristic bacterio-hopanoids produced by Zymomonas mobilis bacterium

during the fermentation of maguey plants (Agavaceae) in order to identify pulque

residues in pottery vessels from Teotihuacan (150 B.C. to A.D. 650, Mexico).

The chemical study of organic materials from archaeological contexts is also

complicated by the fact that the substances and materials used by ancient

populations varied widely depending on their availability, which was strictly related

to geography. On the one hand, the study and identification of plant and animal

residues in European and Mediterranean artifacts are well represented and reported

in the literature. On the other hand, sources of the substances used in America, in

eastern countries such as China, as well as in Australia and Africa, which could

differ quite substantially from those used traditionally in Mediterranean/European

areas, have been studied less. In recent years, a number of papers dedicated to the

GC/MS study of non-European/Mediterranean objects have appeared in the

literature [58–68]. Some of these papers aim to fill the gap regarding the material

composition of non-European/Mediterranean archaeological findings by carrying

out systematic GC/MS investigations of reference substances that had not

previously been studied.

A recent trend in the characterisation of organic materials in archaeological

objects is to perform non-invasive analyses of the volatile organic compounds

(VOCs) released from the organic components. VOC emissions can be character-

istic of a given material and can provide information on the material composition

and its state of degradation. According to the experimental asset, the analysis can

provide qualitative, semiquantitative, or quantitative information. It is performed by

exposing an adsorbing fiber to volatile molecules released from a surface or from a

solid sample enclosed in a closed vial, in some cases with the assistance of heating

to increase the concentrations of VOCs.
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In the latter case, the technique is referred to as headspace solid phase

microextraction (SPME) [69]. The main advantage of this approach is that it is

totally non-invasive and non-destructive to the sample. This approach was used for

example in the detection of phenolic derivatives and sesquiterpenoid isomers, which

were recognised as the volatile biomarkers of birch bark tar. Directly at the

archaeological site, these and other volatile compounds emitted were trapped as

soon as the archaeological artefacts were discovered and recovered from their

sediment matrix, providing a non-destructive analytical method for investigating the

nature of the glues used in the past [70]. The same approach was used to determine

the composition of a mummy balm in samples from the tomb of Khnoumit at

Dachour in Egypt, by recognising the VOC profiles of volatile terpenes and phenols

characteristic of conifer resin [69]. Another example is the investigation of the

different geological origins of amber from the volatile fraction. Romanian

(romanite) and Baltic (succinite) ambers were studied showing significant

differences in the VOC profile [71].

Lignocellulosic polymers are a particular class of organic biomaterials in the

cultural heritage. Preserved wood archaeological objects are extremely rare, due to

the fragility of wood towards fire, insects, and biological agents such as fungi. Wood

survives for centuries only when degrading agents are less aggressive, as is the case

of waterlogged shipwrecks. In these cases, the determination of the chemical

composition of wood is key in assessing its preservation and evaluating the

necessity for consolidation.

Analytical pyrolysis coupled with GC/MS is a powerful tool for this purpose due

to the difficulties in obtaining information on the molecular structure of lignin and

cellulose by other techniques using a limited amount of sample [72]. Pyrolysis of

wood produces a mixture of low molecular weight compounds derived from

polysaccharides, which also leads to the formation of levoglucosan and of relatively

simple phenols resulting from the cleavage of ether and C–C bonds of lignin [73–

75]. The phenols produced retain their substitution patterns from the lignin polymer

[76], thus it is possible to identify components from the p-hydroxyphenylpropanoid

(H), guaiacylpropanoid (G), and syringylpropanoid (S) lignin units. Pyrolysis

products of wood are polar, low volatile molecules. Consequently, specific reagents

are added to the sample before pyrolysis in order to achieve the in situ thermally

assisted hydrolysis of specific bonds and the derivatisation of polar groups present

in the pyrolysis products in order to improve the chromatographic separation and

analytical response of polar compounds. Thus, it is possible to separate and detect

much more structurally significant products than by conventional pyrolysis

techniques, with a better chromatographic performance and longer column lifetime.

The most common derivatization approach in analytical pyrolysis coupled with GC/

MS is a transmethylation reaction, where tetramethylammonium hydroxide

(TMAH) is used simultaneously with pyrolysis [77], and silylation with hexam-

ethyldisilazane (HMDS) [5].

Py-GC/MS, with and without derivatisation, has been used to study the chemical

alterations of wood components [78–80] induced by fungi [81, 82] and also by

chemical and enzymatic treatments [83, 84] and to investigate the degradation of

archaeological wood [85–90]. Py-GC/MS produces semi-quantitative results on the
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extent of cellulosic loss occurring in waterlogged wood artifacts such as shipwrecks

and highlights the chemical modifications undergone by polysaccharides and lignin.

Differences between the archaeological wood of several historical periods and

sound wood have been found in the relative amounts of pyrolysis products, which,

above all, show a polysaccharide degradation/depletion compared to lignin. There

can be a relative loss of up to 90 % of polysaccharide pyrolysis products in terms of

peak areas, from sound to archaeological wood.

The loss of polysaccharides induced by degradation can be semi-quantitatively

estimated by interpreting the pyrograms and calculating parameters such as the

holocellulose/lignin (H/L) pyrolytic coefficient, defined as the ratio between the

relative abundances of holocellulose (cellulose and hemicelluloses) and lignin

pyrolysis products [91]. H/L coefficients of different samples analyzed in the same

conditions can be compared, leading to a quantitative evaluation of the decay

processes. H/L coefficients reported in the literature for sound wood vary from

around 1.0 for softwood up to 3.0 for hardwood, depending on the species. Pyrolytic

H/L of extensively degraded archaeological wood have been reported to be

significantly lower (0.2–0.3) [88, 89].

Figure 3 shows the pyrogram of sound maple wood in comparison with that of

waterlogged archaeological maple wood, showing the loss of polysaccharide

pyrolysis products.

The information obtained by the interpretation of pyrolysis products is not

limited to the depletion of carbohydrates, because the increase in specific pyrolysis

products that are markers of degradation or alteration can also be evaluated. A study

carried out on archaeological oak (Quercus sp.) wood samples, ranging from the

sixteenth century AD to 6000 BP, provided the first unequivocal evidence that the

demethylation of syringyl units occurs very early in wood degradation [90]. The

GC/MS pyrograms revealed a number of methoxycatechols directly related to

syringyl units, which are characteristic building blocks of angiosperm lignin. A Py-

GC/MS study of a sample of waterlogged beech from the excavation of the site at

San Rossore (Pisa, Italy) confirmed the formation of catechols and methoxy

catechols, which are derived from the demethylation of both guaicyl and syringyl

lignin [87]

In another study [89], archaeological waterlogged wood remains from the roof of

a Roman villa in Herculaneum buried in AD 79 by the eruption of Vesuvius were

analyzed by pyrolysis–gas chromatography/mass spectrometry (Py-GC/MS). The

findings enabled the authors not only to highlight the loss of polysaccharides and the

demethylation undergone by lignin, but also its oxidation. The analyzed samples

contained a relatively high abundance of vanillin, acetovanillone, vanillic acid, and

coniferylaldehyde, indicating that lignin monomers had also undergone oxidation

reactions in the course of ageing. An O/L coefficient can be taken as a pyrolytic

indicator of the degree of oxidation of lignin, calculated as the sum of the

normalized areas of vanillin, acetovanillone, vanillic acid, and coniferylaldehyde,

divided by the sum of the areas of all the lignin pyrolysis products. The O/L

coefficient values show that the O/L for sound wood is 0.07 and most archaeological

samples from Herculaneum showed a coefficient higher than 0.1, thus revealing a

significant degree of oxidation [89].

Top Curr Chem (Z) (2016) 374:6

123 298 Reprinted from the journal



Polar pyrolysis products of wood, such as vanillic acid, which are significant in

evaluating the extent of oxidation of lignin, are not detected in GC without

derivatisation. Although TMAH has been occasionally used for the characterization

of wood and its components [92, 93], it is not the ideal reagent because the

methylation of phenolic groups makes them indistinguishable from methoxylic

groups, unless isotopically labelled reagents are used. Thus, the use of silylating

reagents for in situ derivatisation reactions is preferred in the Py-GC/MS analysis of

wood [85, 94].

3 Analysis of Organic Materials in Classical Art Objects

GC/MS is the most common technique for the molecular characterisation of organic

materials in paintings, polychrome objects, and classical art in general. A plethora

of studies have been reported in journals, books, and conference proceedings (see

for example [95–137]). In the last 10 years some improvements in analytical

procedures used by the scientific community for the analysis of organic materials in

Fig. 3 Py(HMDS)-GC/MS profiles obtained for the analysis of sound maple wood (a) and
archaeological maple wood (b). C carbohydrates, G guaiacyl lignin, S syringyl lignin [72]
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art samples have been proposed [101, 138–147]. Particular focus has been on both

understanding and removing analytical interference caused by inorganic con-

stituents [148–150] and on developing methods for the simultaneous detection of

more than one class of organic materials in the same micro-sample [151–155].

Proteins, glycerolipids, and polysaccharides are the main binders found in art

samples [6]. In addition, natural waxes, lacquers, and terpenoid resins have been

used as additives, varnish ingredients, and consolidants. These materials are mixed

together with pigments and fillers. They are then subjected to ageing. All this results

in extremely complex samples with a variety of molecules with different chemical

reactivities.

Some organic materials cannot be chemically processed for analysis by GC/MS

and require analytical pyrolysis [5]. The pool of produced fragments provides a

fingerprint that is characteristic of a particular sample, in terms of both the

fragment’s nature and relative distribution. This approach means that the chemical

composition of a sample can be reconstructed on the basis of a detailed

interpretation of the chromatographic molecular profile of the thermal degradation

products of the original components and on the recognition of specific molecular

markers in the chromatogram or of characteristic molecular patterns, which act as

molecular fingerprints of the pyrolyzed material [5, 12].

A class of material that cannot be chemically processed for analysis by GC/MS

and requires analytical pyrolysis is represented by oriental lacquers, extracted from

three species of the same tree belonging to the Anacardiaceae family. Their sap is

composed of water (30 %), glycoproteins (2 %), plant gum (7 %), a laccase enzyme

(1 %), and a mixture of catechol derivatives (60–65 %), which varies depending on

the plant of origin [156].

The phenolic fraction of the sap is responsible of the hardening of the lacquer,

which polymerises leading to the formation of C–C aromatic nucleus-side chain

coupling bonds, C-O phenolic oxygen-side chain coupling bonds, and C–C bonds

between side chains. This results in cross-linked polymeric structures [157, 158],

which cannot be analysed by GC/MS, but require Py-GC/MS in order to

characterize and identify the oriental lacquers [124, 156, 159–168] in ancient

samples of unknown composition [48, 51–60]. The low volatility of acidic and

alcoholic moieties of oriental lacquer pyrolysis products means that they are

unsuitable for gas chromatographic analysis, as they cause a rather low

reproducibility of the resulting pyrograms, low sensitivity for specific compounds,

and strong memory effects. In fact, the most promising results have been achieved

using thermally assisted reactions with tetramethylammonium hydroxide (TMAH)

[159, 166] and hexamethyldisilazane [167] as derivatizing agents. Figure 4 shows

the profiles of alkyl-catechols, which are formed by thermal cleavage of C–C bonds

between aromatic nuclei and side chains, obtained from the pyrolysis of two lacquer

samples in the presence of HMDS (Fig. 4a) and TMAH (Fig. 4b).

In both samples urushi, the lacquer obtained from Rhus vernicifera, was

identified. The mixture contained in the sap of Rhus vernicifera is called urushiol,

whose principal component is 3-pentadecylcatechol [156]. The lacquer was

identified based on the detection of derivatised molecular biomarkers in the
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pyrogram, as well as characteristic pyrolytic profiles of derivatised alkylcatechols

and alkylphenols, aliphatic hydrocarbons, and alkylbenzenes [159, 166, 167].

However, the intrinsic non-quantitative nature of the pyrolysis technique does not

always lead to the unambiguous identification of the raw source of an organic

material, especially in the case of mixtures. Thus, the interpretation of the

pyrograms is critical, especially for aged materials, and requires not only a wide

database of reference specimens, but also experience in interpreting the effect of the

matrix. The simultaneous occurrence of different organic materials, the relative

abundance of one material with respect to the others, the presence of inorganic

materials, sample morphology, and several other factors can affect the resulting

pyrograms.
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Koryciarz Kitamikado. Analysis was carried out by Diego Tamburini at the workshop Recent Advances
in Characterizing Asian Lacquer, 2014, held at the Centre de Recherche et de Restauration des Musées de
France, under the supervision of Dr Michael Schilling). Legend to the Figure: CT2 3-ethylcatechol, CT3
3-propylcatechol, CT4:1 3-butenylcatechol, CT4 3-butylcatechol, CT5:1 3-pentenylcatechol, CT5
3-pentylcatechol, CT6:1 3-hexenylcatechol, CT6 3-hexylcatechol, CT6 acid 6-(2,3-
dihydroxyphenyl)hexanoic acid, CT7:1 3-heptenylcatechol, CT7 3-heptylcatechol, CT7 acid 7-(2,3-
dihydroxyphenyl)heptanoic acid, CT8 3-octylcatechol, CT8 acid 8-(2,3-dihydroxyphenyl)octanoic acid,
CT9 3-nonylcatechol, CT9 acid 9-(2,3-dihydroxyphenyl)nonanoic acid, CT15:1 3-pentadecenylcatechol,
CT15 3-pentadecylcatechol. The catechols are in the mono-TMS form in a and in the bis-CH3 form in b
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Another approach to analyse the complex mixtures of natural organic materials

that can be found in art samples by GC/MS is based on the wet chemical pre-

treatment of the sample in order to increase the volatility of the original compounds

by means of hydrolysis and derivatisation. Hydrolysis conditions for these materials

are all very different. For example, glycerolipids and waxes are quantitatively

hydrolysed by an alkaline solution. Proteins and polysaccharides require acidic

solutions, although in very different conditions, milder for polysaccharides, harsher

for proteins. This means that either the sample is divided into aliquots to be

processed separately for various components, or the sample is subject to extractions

and separations steps in order to obtain different fractions for the different materials.

In addition to the reliability of the analytical approach chosen, the quality of the

results obtained in the GC/MS analysis of art samples relies both on the

characterisation of the reference materials and their degradation pathways and on

the development of suitable analytical models for data analysis.

Identifying organic materials in paint samples is generally based on three main

methodologies: identification in the chromatogram of specific biomarkers (chemo-

taxonomy), recognition of the overall chromatographic profile, or quantitative

analysis of significant compounds.

Natural terpenoid resins are identified based on the presence of molecular

biomarkers in the chromatogram [6]. For example, butolic, aleuritic, shellolic and

laccishellolic, lacsholic, laccilacsholic acids, and relative epimers are the markers of

shellac resin, a resin of animal origin from Coccus species, when saponification has

been carried out in conditions that allow the Cannizzaro type reactions undergone

by the aldehyde moieties in jalaric and laccijalaric acid to be completed [169]

Natural waxes are identified based on the recognition of their molecular profiles

[6]. For example, beeswax is identified based on the detection of fatty acids in the

chromatogram with an even number of carbons (from palmitic to dotriacontanoic

acid), (x-1)-hydroxy acids with an even number of carbons (from 15-hydroxyhex-

adecanoic acid to 23-hydroxytetracosanoic acid), long chain linear alcohols with an

even number of carbons (from tetracosanol to tetratriacontanol), long chain (a,x-1)-

diols with an even number of carbons (from 1,23-tetracosandiol to 1,27 octacosan-

diol), and long chain linear saturated hydrocarbons with the prevalence of an odd

number of carbons (from tricosane to tritriacontane) [170]. The volatility of some of

beeswax components makes it possible to identify it in a museum object also by

analysing its VOCs. For example, beeswax was identified as the moulding material

of some sculptures by analysing the VOC composition (n-alkanes and n-carboxylic

acids) of the showcase in which the sculpture was kept [171].

Proteinaceous materials can be identified based on the quantitative evaluation of

the amino acidic profile obtained after hydrolysis [7]. One of the main difficulties in

identifying proteinaceous materials, is that with the exception of animal glue

containing hydroxyproline (which is an amino acid produced by hydroxylation of

the amino acid proline with a post translational modification), the proteins of

organic paint media all contain the same amino acids. Quantitative evaluations are

thus necessary; however, quantitative profiles can be influenced by the inorganic

pigments and fillers present [6 and references therein]. Pigments give rise to strong

interactions with the organic media, modifying the thermal stability and tertiary
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structure of the proteins, forming complexes, causing crosslinking and hydrolysis of

the peptide chains, and favouring oxidation with ageing [172–174]. If purification

procedures are not adopted, inorganic media can not only interfere in the

derivatisation step and damage the GC column, but can also modify the quantitative

profiles [6 and references therein].

Polysaccharide media are identified on the basis of the presence/absence of

sugars and uronic acids in the chromatogram. Tragacanth, arabic, and fruit tree

gums are the most commonly used gums in classical art in the Mediterranean basin

and Europe, and are characterised by quite different sugar profiles. It has been

shown that ageing in the presence of certain pigments can modify the sugar profiles,

making the gum identification less straightforward [150]. In addition, most of the

natural organic media found in artworks contain saccharides, including proteina-

ceous media [150]. It has also been suggested that polysaccharides from plant

tissues (wood, straw, paper, etc.) may be present in particulate matter both in indoor

and outdoor environments.

Four decisional schemes have thus been proposed [150] to identify the source of

a plant gum (Fig. 5) to be used as alternatives when:

a. there are no proteinaceous materials simultaneously present and there seems to

be no contamination1

b. the presence of proteinaceous materials is unknown and there seems to be no

contamination (see footnote 1)

c. proteinaceous materials are simultaneously present and their source is known,

and there seems to be no contamination (see footnote 1)

d. the polychromy is on a wooden/paper support or contains straw, or the xylose/

arabinose ratio is higher than 1, thus the samples are clearly contaminated by

sugars originating from plant tissues present in the environmental particulate

matter

The identification of the origin of the saccharide material in a paint sample is

even more complex when considering possible sources of sugars other than

polysaccharide media. One example is represented by an extensive historical and

scientific investigation into commercially prepared British watercolour cakes from

London based artists’ colourmen Reeves, Rowney, Ackermann, and Roberson,

dating from before the eighteenth through to the early twentieth century [175]. The

study revealed that although arabic gum was the main binder, several other additives

could be present, including smaller portions of other gums, among which the lesser

known gums heder, lake, ammoniac, guttae, and guaiacum. Other additives, such as

sugar or honey, starch, and other non-saccharide materials were also added, in order

to obtain specific rheologies of the paint. As expected, the chromatograms of the

saccharide fractions generated by such mixtures can be impossible to interpret if the

possible ingredients are not known through a systematic investigation into the

historical sources.

1 This is based on the evaluation of the xyl/ara ratio: when this is higher than 1, contamination is

hypothesised.
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Glycerolipids are identified by GC/MS based on the ratio between the relative

amount of palmitic and stearic acid (P/S) and the ratio between the relative amount

of azelaic and palmitic acid (A/P). An A/P ratio lower than 0.3 suggests the presence

of non-drying fats, such as egg yolk, while a ratio higher than one points to the

presence of a drying oil [1, 6, 11, 176 and references therein].

Azelaic acid is in fact one of the main oxidation products of polyunsaturated fatty

acids, which are abundant in drying oils. The P/S ratio is used to distinguish

between different drying oils. This is based on the assumption that as palmitic and

stearic acids are saturated long chain acids, they are stable to ageing. Actually, using

the P/S ratio to identify the source of the drying oil has several limitations. It has

been recently shown that evaporation of the organic medium from the paint layers

takes place during ageing at a surprisingly fast rate, depleting the paint layers of

glycerol and fatty acids [177]. A weight loss of 15 % was observed in reference

paint layers of linseed oil and vine black in only 12 years. When fatty acids are

saponified by the pigment, such as Pb2? in the lead white pigment, then evaporation

does not take place [177]. Thus, the presence in the paint layers of any material,

pigment, or other binder, which can form complexes or other sorts of chemical

compounds with the fatty acids, hinders this phenomenon. Considering that palmitic

acid evaporates four times more quickly than stearic acid [178], the P/S value is

expected to significantly decrease over time. There are thus other factors of

fundamental importance in determining the final P/S value of a paint sample, some

of which are the direct consequence of the rapid evaporation of the free fatty acids

from the paint film: the film thickness at the sampling point, the presence of any

other organic materials that could hinder the evaporation of fatty acids as a

consequence of the formation of non-volatile complexes (for example, protein-fatty

acid complexes), the presence of pigments able to form complexes with the fatty

acids [179–182], the presence of overlying layers [183, 184], the cleaning

treatments [185–187], and finally the thermo-hygrometric conditions of the storage

places throughout the history of the paint [178]. This means that the P/S ratio alone

is not a suitable parameter for determining the source of the oil.

The identification of polysaccharide, proteinaceous, and lipidic binders is thus

based on the quantitative analysis of significant compounds, that is sugars, amino

acids, and long chain linear and dicarboxylic acids, respectively. The reliability of

such models is based on the evaluation of blanks and calibration curves. These are

two very important, but often neglected aspects, which in analytical chemistry are

the basis for quantitative measurements.

Environmental blanks are often impossible to determine in samples collected from

cultural heritage, as in the case of paintings. Laboratory blanks, however, can be

measured and are fundamental for distinguishing between the actual sample and

laboratory contamination. For example, Fig. 4 shows the chromatogram of the

saccharide fraction of a sample from the mural paintings of the Nefertari tomb in

Luxor, Egypt, and highlights the peaks of xylose, arabinose, mannose, and galactose

obtained by GC/MS after extraction, acidic hydrolysis, desalting, and mercaptalation

followed by silylation [150]. The sample did not contain any protein and showed no

sign of environmental contamination. According to the decisional scheme in Fig. 5 A,

the chromatographic profile suggests the presence of fruit tree gum. In fact, xylose
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and mannose, at a 95 % confidence level, fell under the detection limit of the

analytical procedure [155], indicating that only arabinose and galactose belonged to

the sample. This led to the identification of arabic gum (Fig. 6).

Fig. 7 Calibrations graphs acquired for palmitic and stearic acids in the case of empty glass liner (a) or
glass wool-packed glass liner (b) (image from [189]). Quantification was obtained after alkaline
hydrolysis, acidification, extraction, and silylation
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Fig. 6 GC/MS Chromatogram of the sample from the mural paintings of the Nefertari tomb, Luxor,
Egypt [188] obtained by GC/MS after extraction, acidic hydrolysis, desalting, and mercaptalation
followed by silylation [150]
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Quantification in GC/MS is also often performed based on peak areas, instead of

calibration curves, and this may lead to erroneous evaluations of the relative

amounts of the constituents of interest [189]. Even when a one-point calibration

method is used, the linearity of the instrument response is neither controlled nor

guaranteed. This was demonstrated in an evaluation of P/S ratios for the

identification of the source of the drying oil. A nonlinear instrument response

was obtained for both palmitic and stearic acids, which was attributed to incomplete

sample evaporation in the GC/MS injector (Fig. 7).

The non-linear instrument response leads to different P/S values depending on

the sample dilution. By analysing three different aliquots of the same sample (10,

20, and 30 lL), the P/S ratios obtained were 1.7, 1.9, and 2.4, respectively. The first

two values suggest the identification of linseed oil in the sample, but the third value

is in agreement with the literature data for walnut oil. The authors also proved that

packing the glass liner with deactivated glass wool improved the sample

evaporation and ensured the linearity of the instrument response and independence

of the P/S ratio from sample dilution (Fig. 7).

When non-linear responses are observed, it is necessary to ensure that the areas

of the analytes to be quantified fall within the portion of the calibration curve that

has been experimentally measured with reference standards. For example, Fig. 8

shows the score plot obtained from the principal component analysis of the amino

acid profile (Ala 7.0, Gly 6.2, Val 8.3, Leu 10.0, Ile 4.7, Ser 8.4, Pro 4.6, Phe 9.3,

Asp 17.6, Glu 23.8, Hyp 0.0) of a sample from a reference paint layer of egg white

(Sample A) together with those of 105 reference paint samples of egg, casein, and

animal glue. Amino acid concentration were determined by GC/MS after extraction,

desalting using a C4 loaded pipette, hydrolysis, and silyalation [153]. The sample

clearly falls within the cluster of casein. This can be explained because the

concentration of the amino acids calculated from the chromatographic areas was

Sample A

Fig. 8 Score plot obtained from the principal component analysis of the amino acid profile (Ala 7.0, Gly
6.2, Val 8.3, Leu 10.0, Ile 4.7, Ser 8.4, Pro 4.6, Phe 9.3, Asp 17.6, Glu 23.8, Hyp 0.0) of a sample from a
reference paint layer of egg (Sample A) together with those of 105 reference paint samples of egg, casein,
and animal glue determined by GC/MS after extraction, desalting using a C4 loaded pipette, hydrolysis,
and silylation [153]
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more than ten times higher than the highest concentrations used for the calibration

curves, and thus the quantitation was erroneous.

The complexity of the data interpretation involved in the GC/MS analysis of

samples from cultural heritage, both using pyrolysis and wet chemical pre-

treatment, is very well exemplified by the analyses of a round robin sample

performed by ten laboratories specialised in the field in the framework of the

activities of the MaSC-Users Group for Mass Spectrometry and Chromatography in

Cultural Heritage (http://mascgroup.org/) [190]. The sample contained ParaloidB82,

a copolymer of ethyl acrylate and methyl methacrylate (EA/MMA), sandarac,

mastic, linseed oil, egg white, gum arabic, and succinic acid. The sample was

analysed using FTIR and GC/MS based analytical techniques. The materials were

specifically included in the round robin blind sample in order to make the data

interpretation quite complex. For example, arabic gum contains a small amount of

protein with a high content of hydroxyproline, which is commonly used as marker

for the presence of animal glue. Sandarac contains polycommunic acid, which is

also abundant in other compounds, such as copal resin or Baltic amber, which also

contains succinic acid. This compound was also added to the sample. The results of

the round robin analysis can be summarised as follows: an acrylic resin (EA/MMA)

was identified six times, succinic acid three times, Baltic amber (hypothesized) four

times, copal once, sandarac seven times, mastic ten times, linseed oil ten times, gum

arabic three times, gum (possible) twice, egg white four times, egg four times. The

data clearly indicate that more than one procedure is often necessary to characterise

fully such complex samples as those collected from cultural heritage, although this

is not always possible given the very small sample size.

4 Analysis of Organic Materials in Modern and Contemporary Art
Objects

The investigation of materials and the diagnosis of modern and contemporary art is

a relatively recent field of application of analytical chemistry, to which conservation

scientists have devoted increasing attention over the last 10–15 years. We decided

to dedicate a specific section to the topic in this chapter due to the relative lack of

textbooks on the study of materials in contemporary art, compared to the

applications of analytical chemistry to classical art and archaeological objects,

which are much more extensively described in the literature. However, there are a

few textbooks and publications on the investigation and analysis of materials in

modern art and are an excellent basis for research in this field [8, 9, 12, 191].

At the turn of the nineteenth century a staggering array of new binders were

developed and used in the production of fine art paints. The new oil paints were sold

in tubes, and thus contained not only oils and pigments, but also additives such as

surfactants and stabilizers.

Oil sources have been investigated in paint tubes and samples from works of art

[192–194]. Actually, the identification of the oil source in the case of modern oil

media is even more complex, although GC/MS is still the preferred technique [192,

194–198]. The range of oils used is different in modern oil paints compared to
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classic oil paints, and includes safflower, palm, soybean, and many others. The

introduction of new lipid materials and oleochemicals was driven by the economic

sustainability of production and the availability, workability, and possibility of

improving their properties by means of additives and engineered treatments. In

some cases, a specific marker for an oil can be identified in the chromatogram,

permitting its identification. In a recent study, the detection of specific fatty acid

markers such as ricinoleic and erucic acids led to the assessment of castor oil and

rapeseed oil among the components of the oil paints used by Lucio Fontana [193].

In another work, the presence of odd-number (C7–C15) fatty acids and the observed

P/S values suggested the presence of animal fats and of soybean and safflower oils

in the paints used by Pablo Picasso [196]. Despite the difficulties in the

interpretation of the fatty acid profile, GC/MS has proven to be a fundamental

tool in assisting the evaluation of conservation practices of modern oil paints [199,

200].

Alkyd resins are another class of lipid modern paint binders in contemporary art.

Alkyds are an industrial evolution of oil paint media. The adoption of these oil-

based industrial polymers by artists is one of the milestones in the evolution of

painting techniques in twentieth century art. Alkyds are oil-modified polyesters

manufactured from poly-ols (typically glycerol or pentaerythritol), aromatic

polybasic acids (phthalic anhydride and phthalic acids are the most common) and

a source of fatty acids, usually a vegetable oil [201]. Drying and semi-drying oils,

such as linseed, soybean, and castor oil are used for the production of alkyd resins.

The lipid fraction of alkyds can be characterized by GC/MS analysis after

saponification [195, 202–204]; however, Py-GC/MS with appropriate derivatising

agents is a currently used approach used for the chemical characterization of these

synthetic polymers for their identification in paint samples and to study their curing

processes [12, 196, 203–207]

Py-GC/MS analysis of alkyd paints has been performed by online, thermally

assisted hydrolysis and derivatization of the hydroxyl and carboxylic groups present

in the resin components and fragments, with the same approach successfully

adopted for the chemical characterization of oil paintings [12, 205]. Fatty acids

derived from the lipid components and aromatic components such as phthalic

anhydride and phthalic acids can be observed in the pyrograms. Benzoic acid is also

often observed, derived both from phthalic acid or phthalic anhydride, but it can

also be present in the resin as a terminal chain or length modifier. Phthalic anhydride

can be detected in pyrogram of an alkyd without derivatising agent; however,

isophthalic acid would not, leading to the possibility of incorrect identifications. In

pyrolysis conditions, the reported products of penthaerythrol are 3-methoxy-2,2-

bis(methoxymethyl)-1-propanol and 3-methoxy-2-methoxymethyl-1-propanol [12].

THM-GCMS has been successfully used to investigate alkyd paints in artworks by

Lucio Fontana (‘‘Concetto Spaziale’’ 1961) [12], Jackson Pollock (‘‘Yellow

Islands’’ 1952) [206], and Pablo Picasso (‘‘Nude Woman in a Red Armchair’’

1932) [196]. The results proved that Picasso experimented with alkyd resins, which

was unusual for the times.

Although many artists have used these modern paints and explored their handling

and optical properties, ‘‘tempera’’, a classic painting technique using a protein based
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binder, has also been rediscovered in the twentieth century. New editions of

historical treatises increased the debate on technical issues and the use of tempera

was a key topic among those artists involved in the renewal of a classicist style and

traditional working methods. Consequently, numerous formulations containing

proteinaceous binders were developed and commercialised. Identifying modern

tempera techniques is much more complex than in classical art. By using GC/MS in

the analysis of the lipid and proteinaceous fractions of artist and model samples, it

has recently been demonstrated that the word ‘‘tempera’’ used by artists at the end of

the nineteenth and beginning of the twentieth century is more related to the

rheological properties of the paint, which is strongly influenced by its minor

additives (such as glycerol, soaps, or tallow) more than its main constituents [208]

(proteins and/or lipids).

Since the synthesis of cellulose nitrate by Schönbein and Böttger in 1846 [209],

artistic experimentation has led to the introduction of synthetic resins in artistic

productions: paintings, sculptures, installations, and restoration procedures have

included synthetic materials and industrially elaborated natural materials. Acrylic

polymers, were initially diluted with solvents and later were used as much more

practical aqueous emulsions (waterborne paints), diffused as varnishes, paint

binders and as material for 3D art. Similarly, vinyl resins were used as adhesives

and binders, and nylon was an alternative to natural fibres. The complex

composition of modern and contemporary paintings is thus the result of the rapid

changes occurring in society and culture due to industrialization during the

twentieth century [209–211].

Conservators are now for the first time facing problems related to the degradation

and preservation of recently introduced industrial materials. A crucial aspect of the

composition of modern commercial materials, affecting their stability over time and

their response to conservation treatments, is the wide variety of formulations, often

covered by patents. Commercial formulations of synthetic materials contain several

components, including pigments, stabilisers, plasticisers, and other additives. These

were added to the main polymer in order to modify its general properties, and they

can strongly contribute to several degradation phenomena characteristic of plastic

artefacts, including water sensitivity, brittleness, vulnerability to light, deformation,

surface deposits, gloss change, cracking, and shrinkage. Their unknown composi-

tion can be a problem in the evaluation of the compatibility of the ingredients used

during restoration with the different ingredients in the original material.

Advanced analytical techniques based on chromatography and mass spectrom-

etry are now playing a key role in addressing these issues. Analytical pyrolysis is the

preferred technique for the molecular characterization of synthetic organic

molecules [8, 9, 212]. Py-GC/MS leads to the chemical characterization of the

synthetic materials in a large range of molecular weights. The mechanisms of

thermal degradation of many polymeric materials used in art are described in the

literature [9, 12, 55, 213, 214], and knowledge of their pyrolytic markers can be

exploited to identify them when they are present as paint binders or varnishes. Py-

GC/MS has been applied to modern paint or synthetic conservation materials using

different instrumental assets based on furnace, filament, and Curie point pyrolysers

[8, 212, 215–218].
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Py-GC/MS identification of synthetic paint media is essential in order to

understand fully the techniques of contemporary art. Identifying a synthetic binder

in an artwork is in fact the first step in assessing the artist’s technique, in addressing

attribution and dating issues, evaluating the possible effects of cleaning, and in

establishing the best conditions for conservation [219]. FTIR spectroscopy is also

used to identify the type of polymer present in a sample; however, when the precise

identification of the monomers is needed, for example, to discriminate between

many acrylic resins, the molecular information achieved by Py-GC/MS or other

mass spectrometric techniques is generally more conclusive than spectroscopic data.

As an example, a particular concern is the diagnosis of street art and outdoor

murals [220, 221] where often acrylic paints have been used, because of the

complete lack of established methods and protocols for the cleaning, protection, and

preventive conservation of these types of artworks [222–226]. As the conservation

treatment of outdoor acrylic paint is an emerging field, the identification of the

original materials is necessary in order to make informed choices regarding the

conservation approach.

Acrylic resins are a major class of synthetic polymers used as paint binders and

varnishes. The most common monomers used in products sold for artistic

applications are methyl methacrylate (MMA), ethyl acrylate (EA), n-butyl-

methacrylate (nBuMA), and ethyl-hexyl-acrylate (EHA), often used as copolymers

with styrenic monomers. As generally happens with macromolecules synthesized by

radical addition reactions, the thermal degradation molecular profile of acrylic

polymers is determined by an unzipping mechanism, which induces the scission of

the polymeric chain to form the monomer or the monomers. Normally dimers and
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Fig. 9 Py-GC/MS chromatogram of a paint sample from the Tuttomondo mural by Keith Haring (area
painted in Burgundy) [229]
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trimers are also observed. As acrylic monomers are efficiently separated and

determined by GC/MS, derivatisation is not required in their analysis [227, 228].

Figure 9 represents the chromatogram obtained in the Py-GC/MS analysis of a

sample taken from the wall painting Tuttomondo (1989, Pisa, Italy) by Keith Haring

(1958–1990) [229]. The pyrolysis profile is characterized by the presence of styrene

and n-butylacrylate monomers as main peaks. At higher retention times, n-

butylacrylate sesquimer, dimers and trimers are detected, which are markers of a

poly-n-butylacrylate resin. Other significant pyrolysis products include the dimeric

structures typical of a polystyrene: 1-ethyl-2-propenyl-benzene, diphenylethylene,

1,2-diphenylpropane, and 2,5-diphenyl-1-hexene. The pyrograms of the Tut-

tomondo paint samples also featured n-butylacrylate/styrene dimer. This molecular

profile indicates that a styrene/n-butylacrylate copolymer is the binder in the paint

materials used by Haring in Pisa [12, 213, 229].

The versatility of Py-GC/MS in studying the painting techniques in modern and

contemporary artworks is illustrated by a parallel case study: the characterization of

paint samples from another mural by the same artist, Keith Haring. Necker

Hospital’s mural created in 1987, (Fig. 10) is on the exterior stairwell at the Necker

Children Hospital in Paris [229]. Unlike the Tuttomondo mural in Pisa, which is in

an excellent state of conservation, the Necker Hospital mural shows conservation

problems related in particular to the black paint constituting the drawing, which was
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Fig. 10 Py-GC/MS chromatogram of a paint sample from Necker Hospital’s mural in Paris [229]
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applied over the other colour areas. The black areas have wrinkling and paint

detachments, as well as degradation phenomena not present in the other colours.

Seven paint samples were analysed and one of the pyrograms obtained is reported in

Fig. 10 with the relative peak attribution.

The results show that in this case Haring used a different medium. The pyrolysis

profiles reveal benzene and acetic acids which, together with small amounts of

toluene, styrene, indene, and different aromatic compounds, are indicative of the

presence of a vinyl resin [12]. The identification of a vinyl resin by Py-GC/MS

requires the addition of a derivatising reagent for the thermal assistant derivatisation

of acetic acid, developed in the thermal degradation of vinyl resins. In this case

hexamethyldisilazane was used, so that acetic acid is separated in the form of

trimethylsilyl ester. The pyrogram reveals several isomers of the vinyl ester of

versatic acid (TR range 9.0–14.0 min.), a constituent of VeoVaTM, an internal

plasticizer used in vinyl paint media [230]. At higher retention times, butyl

phthalate, a common plasticizer added in commercial products, was also identified

in all the sample. The poor conservation conditions are likely due to the composition

of the binding medium: a vinyl resin containing high amounts of VeoVa as an

internal plasticizer. VeoVa renders the paint layer more sensitive to daily variations

in temperature, due to the decrease in the glass transition temperature of the resin.

This is particularly evident in the darkest paint areas, caused by daily variations in

temperature enhanced by the higher temperature reached by the dark zones due to

higher absorption of light, thus promoting wrinkling, detachments, and variations in

the morphology of the layer [229].

Although analytical techniques based on pyrolysis, chromatography, and mass

spectrometry are a powerful tool in investigating the organic components of modern

paint media, the complete characterisation of a material is not straightforward and

requires specific analytical methodologies, strategies, and data analysis models to be

specifically developed for each analytical problem. An interesting possibility is to

Fig. 11 Pyrograms of Mowilith(R) 50, a polyvinyl acetate, obtained by Py-GC–MS with double shot
technique: in the first step—thermal desorption: DTBD, di-ter-buthyl dicarbonate; DEP, diethyl phthalate,
*not identified compounds. Figure from [219]
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perform the evolved gas analysis (EGA) of the volatile products released by the

sample during controlled heating at a low temperature desorption (100–250 �C)

before high temperature pyrolysis. The molecular profile produced in the first and

second steps are analysed separately by GC/MS in two different analytical runs. A

similar approach is the double shot pyrolysis [203, 219, 231], which combines the

analysis of thermally desorbed volatiles with the flash pyrolysis of the polymer. For

example, in order to investigate the photochemical degradation of commercial

polyvinyl acetate, Py–GC/MS in double shot mode was used to reveal the

differences in the amounts of volatile components present in the specimens before

and after UV ageing, including the changes in amounts of the deacetylation product

acetic acid and of the content plasticizers such as diethyl phthalate (DEP) (Fig. 11)

[219]. The analysis of acrylic emulsion paints after ageing highlighted the decrease

in the abundance of octylphenol, which is a marker for the non-ionic surfactant

octyl-phenyl-polyethoxy-ethanol in the thermal desorption chromatograms.

When using Py-GC/MS for characterising plastics, identifying the peaks in the

pyrogram and deducing the structure of the original polymer is a challenging task.

In fact, the same monomer can be used to produce more than one plastic, and it is
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important to identify those peaks in the pyrograms that can help in differentiating

between one polymer and another. This requires the development of a data analysis

model to support the data interpretation. For example, styrene is the primary

building block of a number of plastics, including polystyrene (PS), high impact

styrene (HIPS), styrene–butadiene–styrene (SBS), unsaturated polyester resin (UP),

and acrylonitrile–butadiene–styrene (ABS). In order to differentiate between these

polymers using pyrolysis in the presence of TMAH, a flow chart has been proposed

to assist in the pyrogram interpretation [232] (Fig. 12).

VOCs analysis by GC/MS can also be used in the conservation of plastics to

better understand polymer degradation and thus the physical damage observed in

plastic artifacts and artworks. For this purpose, the use of SPME sampling followed

by GC/MS analysis is a non-destructive and fast tool to obtain information. The

affinity of the SPME fibers toward various volatiles depends on their chemical

physical properties, and different adsorbing phases are commercially available.

SPME coated with a divinylbenzene/carboxen polydimethylsiloxane (DVB/CAR/

PDMS) stationary phase and thickness of 50/30 lm is particularly effective in VOC

trapping. It can be used to characterize the degradation state of aged paper by

revealing over 50 compounds including acetic acid, a variety of aldehydes,

2-ethylexanol, and furfural [233–235]. In fact, the degradation state of aged paper

could be based on the determination of volatile compounds produced through the

decomposition reactions that occur in paper upon ageing. The same approach can

also be used to demonstrate that the pool of VOCs emitted by plastics is strongly

influenced by the polymer formulation and by its decay, and can help in

understanding how degradation takes place. Significant examples have been

described for cellulose acetate as the main constituent of various objects such as

dolls, laminated documents, toys, and boxes. These produced a VOC pattern, which

included, in addition to the expected acetic acid, phenols, phthalates, and

monoterpenes, ascribable to additives of a different nature [236–238]. Such

research has also proved that HS-SPME-GC/MS is a non-invasive technique not

only useful in understanding degradation phenomena, but also in identifying

selected plastics at any point in their degradation, and in distinguishing between

different formulations.

The analysis of VOCs by GC/MS and the investigation of the damage caused by

such VOCs on the cultural heritage using GC/MS based approaches is a very

powerful tool in preventive conservation. Preventive conservation not only deals

with climatic considerations, but increasingly considers the effects of outdoor and

indoor air pollution in cultural institutions. Museums, archives, and libraries play a

special role because particular climatic requirements are needed for the well-being

of visitors and at the same time to protect cultural assets against deterioration.

In this field, scientific research is aimed at assessing the complexity of the

physical, chemical, and biological risks in situ, in museums, galleries, churches, and

in micro-environments such as showcases and micro-climate frames [239, 240].

Recent research has focused on understanding the deterioration of art objects that

make VOCs a threat to our cultural heritage. Identifying the source of a particular

pollutant can be difficult, but it is now understood that modern heritage objects can

act as an emissive source. The ‘‘vinegar syndrome’’ is an example of the production

Top Curr Chem (Z) (2016) 374:6
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of a volatile compound, acetic acid, as the effect of degradation phenomena of a

plastic material, cellulose acetate. In cellulose acetate, upon exposure to moisture,

heat, or acids, acetic acid is released (causing the characteristic vinegary smell),

which has a catalytic effect on the degradation process itself, and that of other

materials which are kept in the vicinity. Thus, appropriate storage conditions can be

adopted in order to slow down the decay process, which include cold and

moderately dry storage [240, 241]. Similarly, the chemical compounds released

from a wide range of plastic objects are being investigated and how they might

affect the stability of other heritage objects held in close proximity to the emitting

object [237, 242–244]. In general, the emission of carboxylic acids by materials

used for museum display cases has been observed [245].

Wood products, coatings, silicone-based sealants, and polyvinyl acetate adhe-

sives, usually employed in the fabrication of frames or storage containers, emit

aldehydes and organic acids that are potentially harmful to the art objects [246–

248]. Acetic and formic acid are the most abundant organic acids present in museum

environments. Organic acids are dangerous for monuments and buildings [249], and

acetic and formic acid in museum environments corrode lead, copper, and some

other metals and calcareous minerals [250–255]. However, very little is known

about the possible long-term degradation impact of these gases on organic materials

used in works of art, although it is clear that they can have a strong effect on the

degradation of cellulose [256, 257]. Recently it has been shown that these volatile

acids are also harmful to other organic materials that constitute art objects. GC/MS

based approaches have shown that paint varnishes based on dammar resin and paint

layers based on alkyd media are subject to accelerated degradation under exposure

to acetic acid [258, 259].

5 Conclusions

An overview of the literature highlights that the analytical approach for use in GC/

MS analysis of organic materials in cultural heritage samples is strongly dependent

on the specific problematic posed by art historians and conservators. The complex

mixtures of molecular species present in organic materials, the questions to be

answered, and consequently the analytes to be searched for, determine the choice of

analytical approach, especially concerning sample pretreatment.

Research on organic materials in the cultural heritage is still an open issue, and

more research into analytical methodologies and data interpretation models is still

necessary, based on a better understanding on the degradation processes undergone

by the materials. Such research needs the support of a more systematic investigation

into ancient technological and historical sources, in order to understand which

materials were originally used and how they were pre-processed. In order to shed

light on the various molecular and physical changes taking place in materials upon

ageing, a combination of analytical techniques are being exploited including

spectroscopic, thermoanalytical and spectrometric techniques. Of these, GC/MS still

plays a fundamental role due to its unsurpassed ability to identify biomarkers and

degradation products at a molecular level, thereby obtaining quantitative data.

Top Curr Chem (Z) (2016) 374:6

123 316 Reprinted from the journal



HPLC and HPLC/MS are increasingly being used to study of organic materials

and to supplement GC/MS data obtained from volatile components with information

on higher molecular weight components. In addition, spectroscopic techniques

(such as FTIR, SEM-EDX, XRF, XRD, also using synchrotron source), spectro-

metric (such as SIMS), and immunology-based techniques can be used to locate

both organic and inorganic materials in the sample cross-section.

The number of applications of GC/MS in conservation science and archaeometry

has increased every year over the two last decades, and is likely to continue to grow

in the next few years thanks to improved instrumentation, the reliability of the

results (given the advances in the knowledge of the community in the field), and

GC/MS’s versatility as the same instrumentation is able to give a molecular

identification of several classes of organic materials.
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35. Ribechini E, Pérez-Arantegui J, Colombini MP (2011) Gas chromatography/mass spectrometry and

pyrolysis-gas chromatography/mass spectrometry for the chemical characterisation of modern and

archaeological figs (Ficus carica). J Chromatogr A 1218(25):3915–3922

36. Ribechini E et al (2011) Discovering the composition of ancient cosmetics and remedies: analytical

techniques and materials. Anal Bioanal Chem 401(6):1727–1738

37. Giachi G et al (2013) Ingredients of a 2000-y-old medicine revealed by chemical, mineralogical,

and botanical investigations. Proc Natl Acad Sci 110(4):1193–1196

38. Orsini S et al (2015) Micromorphological and chemical elucidation of the degradation mechanisms

of birch bark archaeological artefacts. Herit Sci 3(1):2

39. Colombini M et al (2005) Characterisation of organic residues in pottery vessels of the Roman age

from Antinoe (Egypt). Microchem J 79(1):83–90

40. Tchapla A et al (2004) Characterisation of embalming materials of a mummy of the Ptolemaic era.

Comparison with balms from mummies of different eras. J Sep Sci 27(3):217–234

Top Curr Chem (Z) (2016) 374:6

123 318 Reprinted from the journal



41. Stacey R (2011) The composition of some Roman medicines: evidence for Pliny’s Punic wax? Anal

Bioanal Chem 401(6):1749–1759

42. Connan J, Nissenbaum A (2003) Conifer tar on the keel and hull planking of the Ma’agan Mikhael

Ship (Israel, 5th century BC): identification and comparison with natural products and artefacts

employed in boat construction. J Archaeol Sci 30(6):709–719

43. Brettell R et al (2015) ‘Choicest unguents’: molecular evidence for the use of resinous plant

exudates in late Roman mortuary rites in Britain. J Archaeol Sci 53:639–648

44. Steele VJ, Stern B, Stott AW (2010) Olive oil or lard?: distinguishing plant oils from animal fats in

the archeological record of the eastern Mediterranean using gas chromatography/combustion/iso-

tope ratio mass spectrometry. Rapid Commun Mass Spectrom 24(23):3478–3484

45. Marangou C, Stern B (2009) Neolithic zoomorphic vessels from eastern Macedonia, Greece: issues

of function. Archaeometry 51(3):397–412

46. Stern B et al (2008) New investigations into the Uluburun resin cargo. J Archaeol Sci

35(8):2188–2203

47. Regert M (2011) Analytical strategies for discriminating archeological fatty substances from animal

origin. Mass Spectrom Rev 30(2):177–220

48. Cramp LJ et al (2014) Neolithic dairy farming at the extreme of agriculture in northern Europe. Proc

R Soc Lond B Biol Sci 281(1791):20140819

49. Cramp LJ et al (2014) Immediate replacement of fishing with dairying by the earliest farmers of the

northeast Atlantic archipelagos. Proc R Soc Lond B Biol Sci 281(1780):20132372

50. Salque M et al (2013) Earliest evidence for cheese making in the sixth millennium BC in northern

Europe. Nature 493(7433):522–525

51. Outram AK et al (2012) Patterns of pastoralism in later Bronze Age Kazakhstan: new evidence from

faunal and lipid residue analyses. J Archaeol Sci 39(7):2424–2435

52. Dunne J et al (2012) First dairying in green Saharan Africa in the fifth millennium BC. Nature

486(7403):390–394

53. Grieco D, Piepoli G (1964) Composizione degli acidi grassi contenuti nei lipidi estratti da semi e

frutti oleosi. Rivista Italiana delle Sostanze Grasse, pp 283–287

54. O’Donoghue K et al (1996) Remarkable preservation of biomolecules in ancient radish seeds. Proc

R Soc Lond B Biol Sci 263(1370):541–547

55. Sandy DB (1989) The production and use of vegetable-oils in Ptolemaic Egypt. Scholars Press, GA,

Atlanta

56. McGovern PE et al (2013) Beginning of viniculture in France. Proc Natl Acad Sci

110(25):10147–10152

57. McGovern PE et al (2004) Fermented beverages of pre-and proto-historic China. Proc Natl Acad

Sci USA 101(51):17593–17598

58. Correa-Ascencio M et al (2014) Pulque production from fermented agave sap as a dietary sup-

plement in Prehispanic Mesoamerica. Proc Natl Acad Sci 111(39):14223–14228
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Arnold Böcklin’s painting Villa am Meer II (1865). e-Preserv Sci 2014(11):29–46

209. Mustalish R (2004) Modern materials: plastics. In: Heilbrunn timeline of art history. The

Metropolitan Museum of Art, New York, 2000. http://www.metmuseum.org/toah/hd/mome/hd_

mome.htm

210. Altshuler B (2007) Collecting the new: museums and contemporary art. Princeton University Press,

Princeton
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Abstract During the last three decades, DNA analysis on degraded samples

revealed itself as an important research tool in anthropology, archaeozoology,

molecular evolution, and population genetics. Application on topics such as

determination of species origin of prehistoric and historic objects, individual

identification of famous personalities, characterization of particular samples

important for historical, archeological, or evolutionary reconstructions, confers to

the paleogenetics an important role also for the enhancement of cultural heritage. A

really fast improvement in methodologies in recent years led to a revolution that

permitted recovering even complete genomes from highly degraded samples with

the possibility to go back in time 400,000 years for samples from temperate regions

and 700,000 years for permafrozen remains and to analyze even more recent

material that has been subjected to hard biochemical treatments. Here we propose a

review on the different methodological approaches used so far for the molecular

analysis of degraded samples and their application on some case studies.
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1 Ancient DNA: An Overview

About 30 years ago, the first results of recovery of genetic material from old samples

were published [1, 2]. Since that time, a revolutionary development in methods, as

well as an improvement in the knowledge of degraded DNA characteristics led to

clear affirmation of ancient DNA (aDNA) as an investigation tool in several scientific,

archaeological, and historical fields. Anthropology, archaeozoology, molecular

evolution, conservation and population genetics, forensic, archaeology, and history

are the disciplines that benefit from aDNA analysis. Targets of these analyses can be

different and have several applications. Genetic comparison between different human

groups in space and time, kinship analysis between individuals in necropolises, and

genetic signature of pathogens can help to discern biological or cultural links between

communities, understanding social patterns, and reconstructing the health status in

past populations. On faunal or flora remains, the analysis of past genetic variability

can have an important role in present day approaches for conservation and for the

reconstruction of domestication processes. The evolutionary history of species can be

reconstructed with more accuracy using past specimens together with modern ones,

and also evolution of genes can be followed searching for their variation between

different living and extinct forms. The identification of important personalities by

comparison of the genetic profile with that obtained from descendants is another

target for which the genetic analysis is indispensable. aDNA analysis can also permit

the species identification of undetermined organic tools or objects.

Despite its name, ancient DNA actually does not refer to a particular time frame.

The oldest samples analysed so far are represented by a hominin bone specimen

dated around 400,000 years old from a cave in Spain [3] to a 700,000-year-old

equid bone specimen preserved in permafrost [4]. But also specimens that are really

close in time can present a high degree of DNA degradation due to treatments for

transformation of the material and can need the same methodological approach of

the most ancient ones.

Research on aDNA suffers of some issues due to degradation of the genetic material

because of biochemical processes that occurred over time or treatments specimenswere

subjected to. Factors such as temperature, pH, and processes such as hydrolysis and

oxidation, led the DNA to fragmentation into short strands, mainly by depurination [5],

and to a decline of the amount of endogenous genetic material as final consequence [6].

In themeantime, the sample is enriched in exogenousDNAcoming fromenvironmental

microorganisms or from people who manipulate the sample, entailing that the total

geneticmaterial recovered is due to amixture of different biological sources fromwhich

researchers have to separate the endogenous original component [7]. Also, oxidative

lesions [8] and intermolecular crosslinks can make the DNA molecules no more

available for analytical steps [6]. Furthermore, the nitrous bases that constitute theDNA

molecule can be affected by hydrolytic loss of amino groups, and this modification may

produce misincorporations [6]. The deamination products of cytosine (uracil) and

guanine (xanthine) cause incorrect base insertions (T instead of C, and A instead of G)

when new DNA strands are synthesized by a DNA polymerase [8–10]. These

misincorporations occurs with higher frequencies at the end of the DNA strands [7],

since the overhanging single strands at fragment termini are characterizedbya faster rate
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of deamination [5, 7]. A correlation between the percentage of DNA molecules with

misincorporations and the age of the sample has been observed (except for samples

subjected to extreme environmental conditions) [11] and this pattern can be used to

recognize the ancient degraded molecules from the modern contaminant ones when

analyzing sequence data [12, 13].

In order to obtain reliable results, despite the degradation and the possible

contamination of the samples, the genetic analysis must be performed following

stringent criteria proposed for ancient DNA studies [14].

Methods for the analysis depend on the starting material and on the aim of the

research: different kind of biological tissues or traces need different experimental

approaches for DNA extraction, and the genetic target determine which method-

ology can be the more appropriate between the so called first generation or the new

generation sequencing (NGS) ones that will be explained in the next paragraphs.

2 DNA Extraction

One of most used extraction methods is the phenol–chloroform-based protocol [15].

This method separates mixtures of molecules based on their differential solubility,

leading proteins to isolation in an organic phase separated from an aqueous solution

containing DNA.

Over time, different extraction protocols were developed in order to optimize the

DNA recovery from particular degraded material. The last studies demonstrated that

the sole use of EDTA and proteinase K for digestion and the binding of DNA to

silica via guanidine thiocyanate or hydrochloride for purification represents the best

strategy in order to recover the genetic material in term of quantity and quality [16,

17]. Especially for degraded samples where DNA is highly fragmented, this

protocol is associated with the use of commercial silica columns in order to recover

also really short DNA fragments that could represent the majority of the endogenous

material [18, 19]. Those methods were tested especially on bone samples, since this

is the most available material from which aDNA is usually recovered. For other

starting materials, such as soft tissues, blood traces, hair, and vegetable materials,

the same protocols as well as commercial extraction kits are available, but custom

approaches with different settings for digestion are advantageous in order to

optimize the cellular lysis and the release of DNA (see [20] for example, [21] for

extraction from hair, [22] from plants, [23] from mummified tissues).

After DNA has been extracted, several approaches are possible in order to select

the genomic regions of interest and obtain their sequence.

Since degraded DNA is often present in low copy number, an amplification of the

target region represents the best strategy to be followed. Until 2005 the

amplification of target regions was performed by polymerase chain reaction

(PCR), then the obtained products were usually cloned and sequenced by Sanger’s

sequencing method. This represent the so called classical approach in the aDNA

field, and it is yet the best one if the aim is to study defined DNA fragments with a

minimum length of about 60 bp. Instead, if the target is represented by a large

number of DNA fragments to be studied in parallel, or whole genomes, the best
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strategy is to use the so-called next-generation sequencing methods, affirmed in the

last 10 years in aDNA research, together with target enrichment by hybridization.

See Fig. 1 for a schematic view of the experimental steps.

Fig. 1 Laboratory workflow for aDNA analysis. The first experimental step is represented by DNA
extraction. In a degraded sample the DNA solution obtained can consist of molecules from different
biological origin: so-called endogenous DNA from the sample, usually degraded, possible contaminant
molecules from people who handled the sample, and microbial environmental DNA. Two different
methodological approaches are possible: 1 ‘‘classical approach’’ based on polymerase chain reaction (PCR)
and on first-generation sequencing methods (Sanger sequencing) and 2 next-generation sequencing (NGS)
approach. In the first case, 1a target DNA is selected and amplified by PCR, where the template DNA is
denatured into two strands, and primers (in orange) permit the DNA polymerase to synthesize new
complementary strands. After automated repeated thermal cycles, an exponential growth of the number of
copies of the template make it available for next experimental steps. 1bCloning consists in the isolation of a
single molecule from a PCR product into a plasmid vector that is inserted into a bacterial cell and replicated
with it. 1c Sequencing of different clones obtained from a PCR product permits comparison of different
original molecules from the sample and understanding of the molecular composition, highlighting possible
misincorporations due to DNA damage and possible contamination. Following the NGS approach, 2a a
library is prepared by ligation of adapters (oligonucleotides with a universal sequence) to the original DNA
molecules. 2b possible enrichment of particular regions can be performed in order to increase the target
amount and make it more available for sequencing. Target enrichment in solution by use of biotynilated
DNA probes and streptavidine coated beads is shown as example [39]. 2cNGS sequencing consist in a first
step called bridge PCR, where molecules from the library are annealed to the flow cell and amplified by
PCR using universal primers complementary to adapters during the so-called cluster generation. The clonal
clusters obtained represent the substratum for sequencing when at each sequencing cycle a new nucleotide
position is determined by reading the fluorescent signal of each fluorescently labelled dNTP
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3 Classical Approach

The classical approach based on target selection and amplification by polymerase

chain reaction (PCR), still useful for some applications, was the only one available

10 years ago. Since aDNA research presents technical difficulties because of the

possible minute amounts and degraded nature of surviving DNA and the risk of

contamination, particular criteria need to be followed in order to authenticate the

results. Standards for the analysis with classical approach were summarized by

Cooper and Poinar [24]: physically isolated work area, control amplifications,

appropriate molecular behavior, reproducibility, cloning, independent replication,

biochemical preservation, quantitation, associated remains (Table 1).

3.1 DNA Amplification by Polymerase Chain Reaction

Polymerase chain reaction (PCR) was discovered in 1983 and represented a

revolution in molecular biology [25]. This method permits a replication in vitro of

Table 1 Standard criteria for aDNA analysis required with classical approach

Criteria for aDNA analysis according to Cooper and Poinar [24]

Criteria Explanation

Physically isolated

work area

aDNA laboratory needs to be exclusively dedicated to degraded samples

analysis, and the pre-amplification and post-amplification areas need to be

physically separated in order to avoid possible contamination of the samples

with modern DNA or amplified DNA

Control amplifications Negative controls are needed in each experimental step in order to verify the

absence of contamination in reagents and work environment

Appropriate molecular

behavior

Amplification of long DNA fragments is not expected from degraded samples

and if occurred it is probably due to contamination. The obtained sequence

should have phylogenetic sense

Reproducibility The result should be obtained from different extracts of the specimen

Cloning Since a degraded sample can be represented by a mixture of DNA from

different sources, direct sequencing of the PCR product can produce

disturbed sequences because of overlapping of different signals or sequence

of the most represented biological source that could not represent the

endogenous component of the sample. Cloning the amplification products

into bacterial vector permits to analyze the molecular complexity of the

sample, checking for possible contamination and sequence

misincorporations due to DNA damage

Independent replication Results need to be obtained independently at least twice in different

laboratories

Biochemical

preservation

Other analysis (such as aminoacid racemization) can confirm the possibility of

DNA preservation in the sample

Quantitation Quantitation of the DNA in the sample can be performed by competitive or

quantitative PCR (RT-PCR) in order to confirm the presence of genetic

material

Associated remains Analysis of faunal remains, for example, associated with the sample can

confirm the possibility of DNA preservation and can represent a way to

check for possible modern human contamination
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DNA fragments, simulating the one that happens in vivo in the cell and amplifying

exponentially the target during automated repeated thermal cycles. It needs a

couple of primers, oligonucleotides with a sequence complementary to the

beginning and the end of the fragment of interest, from which the amplification

starts with the extension of a new DNA strand complementary to the original one

thanks to the activity of DNA polymerase enzyme. The amplified DNA can then

be visualized by electrophoresis and can be available for sequencing.

3.2 Cloning

The DNA obtained from an ancient sample can be represented by a mixture of

molecules with different origins: endogenous and contaminant DNA from the

environment or people who handled the sample. For this reason, cloning of

PCR products is needed in order to analyse the composition of the sample.

Cloning consists in inserting single molecules obtained by PCR into a plasmid

vector that will be taken over by a bacterial cell and replicated with it. Thus,

single molecules from a PCR product can be isolated and independently

sequenced, permitting comparison amongst each other and verifying if they

come from different biological sources and/or carry signal of molecular

damages (Fig. 2).

3.3 Sanger Sequencing

The sequencing method developed by Sanger in 1977 was the only one used for

30 years, and it is now considered a ‘‘first generation’’ technology. It is based on

the synthesis of a complementary DNA template by using chain-terminating

inhibitors. The sequence reaction involves DNA polymerase and both natural

2-deoxynucleotides (dNTPs) and 2,3-dideoxynucleotides (ddNTPs), the latter

representing the chain-terminating inhibitors. Fluorescently labeled nested frag-

ments, terminating at different points of the original DNA molecule, are generated

[26]. After sequencing reaction, a capillary electrophoresis is needed for

separating the nested fragments by size, and a laser beam causes the dyes on

the fragments to fluoresce. The sequence of fluorescence signals is registered by

an optical detection device producing a four-color plot since each nitrous base

emits a different color. A software converts the fluorescence signal to digital data:

a chromatogram that can be translated in a sequence of nitrous bases. For degraded

samples, after cloning of PCR products, several clones (each deriving from a

single molecule of the PCR product) need to be sequenced. From the comparison

of different clones it is possible to highlight the nucleotide differences, that can be

due to misincorporation or the presence of different biological sources [27]. A

consensus sequence representing the original endogenous one can then be

constructed from the selected clone sequences taking into account possible

misincorporation and contamination from known researchers who handled the

sample [28].
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4 Next-Generation Sequencing

Since 2005, next-generation sequencing (NGS) methods are used in aDNA research

[29–31], sequencing the nuclear genome of a mammoth and of a Neanderthal. NGS

represented a revolution compared to the classical method based on PCR for several

reasons. First of all, the high-throughput sequencing platforms used in NGS

generate data from billions of DNA fragments per sequencing run, with a substantial

cost reduction in front automated Sanger method [32]. Then, sample preparation for

NGS permits observation of the original characteristics of the DNA molecules, such

as their length and possible degradation, transforming something that represented an

issue in the classical method into an advantage. In fact, shorter DNA molecules are

not detectable by PCR because the method needs the whole sequence of primers

(that are usually about 20 bp each) to be present before and after the target region,

determining that only molecules with a minimum length of 50 bp are available to be

selected. But in a degraded samples, most of the endogenous material could be

represented by very short DNA molecules. Even the damage pattern can be

recognizable by NGS, because the original ends of the molecules are not modified

Fig. 2 Example of alignment of clones from different PCR products. Sequences of clones from two
different PCRs are aligned between each other and against the reference sequence. The two PCRs are
designed for amplifying two partially overlapping fragments. Sixteen clones for each PCR product are
sequenced. From the top, numbers 16024 to 16281 represent the nucleotide positions of a fragment of the
mitochondrial Hypervariable Region I (HVRI); the nucleotide sequence below the positions is the
reference sequence used for comparing and describing the sample’s sequence; clone sequences, where the
nucleotides identical to the reference sequence are indicated by dots; sequences of primers used for the
PCRs are indicated for the first clone. In the enlarger box typical C to T misincorporations are highlighted
in red, while a nucleotide mutation confirmed in all the clones and in different PCR products is
highlighted in green
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during the sample preparation. The analysis of damage pattern can be used to assess

the ancient status of the sequences, permitting the separation of them from possible

modern contaminants.

Different sequencing platforms, with different procedures for template prepara-

tion, sequencing and imaging are available [33], but the one most used in the aDNA

field is the Illumina/Solexa technology mainly because of its capacity to sequence

shorter fragments.

4.1 Library Preparation

DNA samples need to be converted in a library before being sequenced with NGS.

A library consists of a collection of DNA fragments prepared by adapter ligation

and tagmentation. Adapters are represented by oligonucleotides with a known

nucleotide sequence that permit immortalizing and amplifying all the molecules

present in the library with universal primers. Tagmentation consists of adding a

known short sequence univocally assigned to each sample (barcode or index), that

permits recognizing it even if sequenced together with other samples [34]. There are

commercial ready-to-use kits for library preparation, but for highly degraded

samples a custom protocol was developed in order to optimize the results and have

the possibility to adjust each step of the preparation according to the quality of the

single sample. The first custom protocol was published by Meyer and Kircher [35]

for preparation of double-stranded libraries for Illumina platforms, and consisted in

separated steps of blunt-end repair of the ends of molecules, adapter ligation, and an

indexing PCR for adding barcodes to each sample. In 2013 a new protocol for

single-stranded library preparation demonstrated higher capacity to recover shorter

endogenous sequences and to obtain a higher ration of endogenous to environmental

DNA [36]. It consists of a library preparation performed by ligating a biotinylated

adapter oligonucleotide to the 30 ends of heat-denatured DNA and the immobiliza-

tion on streptavidin-coated beads of the resulting strands that are then copied with a

polymerase before attaching a second adapter by blunt-end ligation [37].

Libraries can be also built using the enzymes uracil–DNA–glycosylase (UDG),

which cleaves deaminated cytosines (uracils), and Endo VIII, which cuts at the

resulting abasic sites, driving down the rate of ancient DNA errors [38]. This

approach can be useful for avoiding errors of interpretation during sequence

analysis due to misincorporations. But misincorporations also represent a way to

differentiate ancient molecules from modern contaminant ones. For this reason a

recent protocol was developed where the library is partially UDG-treated [39], with

the resulting molecules presenting no more damaged nucleotides except at the

terminal bases that remain available for estimation of authenticity of the DNA.

Libraries can be directly sequenced with a so-called shotgun approach consisting

of sequencing the whole library representing all the molecular components of the

sample. But usually the high microbial DNA content makes shotgun sequencing of

ancient samples uneconomical. For this reason methods for target enrichment were

developed in order to enlarge the endogenous target fraction available for

sequencing compared to the exogenous one.
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4.2 Target Enrichment

Methods for target enrichment are available and can be used both during library

preparation and after it for selecting particular fragments of interest. The first

strategy consists in preferentially incorporation of molecules characterized by

damage typical of ancient DNA during library preparation [40]. The second one

consists in using a set of probes, complementary to the target, in order to capture the

molecules of interest by hybridization in solution [41] or on microarray [42]. Target

could be the whole mitochondrial genome (see [3, 18, 43] for example), pathogenic

bacterial genomes [44–46], nuclear SNPs [47], exomes [42, 48], chromosomes [49],

or whole nuclear genome [50–52].

4.3 Sequencing

Sequencing on Illumina platforms consist of a first step, called cluster generation. A

pool of libraries is loaded into a flow cell where the DNA fragments are captured by

oligonucleotides complementary to the library adapter. Then a bridge amplification

produces clonal clusters originating from a single original DNA molecule. Clusters

are needed to amplify the signal emitted by the nucleotides during sequencing, in

order to make it detectable. During sequencing, reversible terminator-bound dNTPs

complementary to the template are incorporated at each sequencing cycle. A single

fluorescently labeled nucleotide is added at each cycle, the flow cell is imaged and

the emission of each cluster is recorded. Having each base a particular wavelength

emission, fluorescent signals can be translated in a base sequence.

4.4 PCR and NGS

PCR is still the most efficient procedure to selectively select a target DNA region. In

fact, between the methods for enrichment on libraries, none has an efficiency of

100 % for recovering the target. For this reason, PCR should still represent the best

strategy when the target is a well-defined fragment or set of fragments. PCR

products can be converted in libraries and sequenced by NGS approach in order to

obtain a high number of sequences and a higher resolution that may help finding

even a really low amount of endogenous DNA.

5 Data Analysis

Sequence data obtained with the Sanger method are represented by chromatograms

and several software applications are available to visualize and explore them.

Sequences converted in a text-based format (fasta) can be used for alignment with

reference sequences in order to highlight possible nucleotide differences and

describe the sequence motif of the sample. In aDNA, since each PCR product is

usually cloned, a first alignment and comparison between clones is needed in order

to produce the final consensus sequence of the sample. Alignment is the basic step

for each analysis, both for comparing samples to each other or to a database and to
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create phylogenetic trees or networks and to perform functional, evolutionary, or

population genetic analysis. Software applications for sequence alignment are, for

example, Blast [53] (for pairwise aligment), Clustal [54], Muscle [55], and Mafft

[56] (for multiple alignment).

For NGS data on aDNA, some specific pipelines were developed. Tools for a

primary data analysis were proposed by Kircher in 2012 [57] considering that

NGS data for ancient DNA samples may include sequencing error and artefacts,

damage, chimeric sequences, and ambiguities during alignment due to the short

length of the molecules. For mapping against reference genomes, Mapping

Iterative Assembler (MIA) [43] was developed taking into account the accumu-

lation of misincorporations at the ends of the sequences and optimizing mapping

for short reads and low quality data. After mapping, an authentication check of the

sequences is needed in order to verify that they originated from the endogenous

component of the sample and are not from contaminants. The typical misincor-

poration pattern represents one of the tools for checking authenticity of the result,

even if particular diagenetic conditions can produce variable levels of damage in

samples of the same age [58]. MapDamage [59] and pmdtools [13] are software

applications that estimate and describe the misincorporation pattern (Fig. 3), the

latter permitting the filtering out of sequences with damage signals too. Tools to

estimate contamination levels in a sample are based on comparison between the

sequences’ profiles and the known variation across the populations or species [60–

62] and are developed so far for mitochondrial data. For nuclear data the

contamination could not reflect the same situation observed for the mitochondrion

[63], and analysis of the hererozygosity levels on sexual chromosomes can

represent an informative source [63, 64].

The Paleomix package proposed in 2014 [65] integrates in a unique pipeline

adapter removal [66], mapping against reference genomes by Burrows–Wheeler

Aligner (BWA) [67] or Bowtie [68], PCR duplicate removal [69], characterization

of and compensation for postmortem damage by MapDamage [59], SNP calling and

Fig. 3 Example of misincorporation pattern plot obtained with MapDamage software. Frequency
percentage of sequences with nucleotide substitutions in the first 25 positions of the sequence in a
Medieval human sample. The red line represent the C to T substitutions and their frequency increases
towards the end of the molecule, in a typical pattern for aDNA
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maximum-likelihood phylogenomic inference, and it profiles the metagenomic

contents of the samples too.

Schmutzi is a software application that analyses contamination, deamination

frequency, and length distribution of the molecules and infers the endogenous

genome sequence even in the presence of high contamination [70]. Table 2 provides

an overview of the bioinformatic tools commonly used for analyzing aDNA data.

6 Applications

The previously described methods are open to a wide range of applications in the

cultural heritage field because of the variability of materials and possible topics.

Materials can belong to a time range of a few years to as far back as prehistoric

times. Bones are the most studied specimens since they are abundant in

archeological sites and sometimes the ones with the best preservation of the

genetic component, but studies on other types of materials were successfully

published too. Some case studies are described in the next paragraphs.

6.1 Species Origin of Unknown Material

One of the questions aDNA analysis techniques can help to address is about which

organism (animal or plant) an artefact, a tool, or a material derives from. Such

determination can be defined at different taxonomic levels and sometimes also at an

individual level, depending on the genetic variability (and its knowledge) of the

species, being able to understand the place of origin of the individual in cases where

a defined phylogeographic structure is present for the analysed genetic marker.

As summarized in Burger et al. [71] there are three important groups of starting

materials: collagenous, contents of pots, vessels, and other containers, binder, glues,

and oils.

DNA was successfully recovered from Egyptian papyri [72], Hellenic manu-

scripts [73], from modern and medieval leather samples [74], as well as a leather

sample from the covering of the hammer head of a piano created in 1802 similar to

that Beethoven used [75]. Genetic data were obtained from Neolithic leather legging

[76], sheep wool [77], and residues on stone tools [78]. With the classical approach,

genetic markers amplifiable by PCR commonly used for species identification are

cytochrome b, 12 s, and 16 ribosomal RNA genes of the mitochondrion, possibly

followed by determination of the D-loop mitochondrial region for analyzing intra-

specific variability and individual assignment. Pangallo et al. [79] proposed a PCR-

based strategy for identification of animal skin used in the manufacture of historical

parchments, even if the complexity of the genetic profile of this type of sample was

contemporary attested by ink and animal glues possibly used during the parchment

manufacture, introducing multiple biological sources from different species and/or

individuals [80]. A recent study based on the NGS approach focused on the same

type of sample of seventeenth and eighteenth century northern English provenance,

demonstrating that this material is a highly suitable substrate for large-scale aDNA

analyses permitting the identification of the species origin and use of these data to
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Table 2 Overview on the most commonly used bionformatic tools available for aDNA analysis

Analytical step Software Description

Primary data

analysis

FastQprocessing [55] The package provides tools for demultiplexing of

sequence reads according to their index/indexes after

parallel sequencing of a pool of samples, removal of

library artifacts, adapter trimming, merging of R1 and

R2 reads for paired-end sequencing, and filtering for

length, quality filter to avoid possible sequence errors,

identification of endogenous component from

environmental background, contamination estimation,

removal of clonal products

Mapping Mapping Iterative

Assembler (MIA)

[43]

The package provides alignment of DNA sequencing

fragments to a reference then calls a consensus. The

consensus is used as new reference and the process is

repeated until convergence. It supports a position

specific substitution matrix, which improves both

alignment and consensus calling on chemically damaged

aDNA

Mapping Burrows–Wheler

Alignment [67]

The package is designed for sequences against reference

genomes, even large such as the human genome

Misincorporation

pattern

MapDamage [59] The software tracks and quantifies DNA damage patterns

Misincorporation

pattern

PMDtools [13] PMDtools allow the identification of degraded DNA

sequences that are unlikely to originate from modern

contamination and their separation in order to reduce the

contamination fractions to negligible levels

Contamination

check

Contamination

Checker [43]

The program determines if an assembled mitochondrion is

free from contamination. It looks for positions where the

consensus sequence differs from a panel of known

human mitochondria, then classifies each read as either

belonging to the sample or a putative contaminant

Contamination

check

ContamMix [62] The method estimates the level of human DNA

contamination in mitochondrial sequences, comparing

the affinities of the reads to the consensus sequence,

relative to their affinity to a dataset of potential

contaminants represented by 311 mitogenomes from

worldwide populations

Different

analyses

PALEOMIX [65] The package largely automates the analyses related to

NGS data, performing a series of analyses, including

read trimming, collapsing of overlapping mate-pairs,

read mapping, PCR duplicate removal, SNP calling,

metagenomic profiling, and quantification of post-

mortem damages, misincorporation and fragmentation

patterns. It provides reconstruction of maximum

likelihood phylogenomic trees and evolutionary

phylogenetic relationships among taxa

Different

analyses

SCHMUTZI [70] The software estimates contamination and

misincorporation pattern and reconstructs endogenous

mitochondrial genomes even for samples with a

contamination over 50 %
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obtain information about historical livestock thanks to the high resolution of NGS

methodology [81]. DNA was recovered also from paintings, determining the origin

of animal glues through mitochondrial DNA analysis [82].

Few published works are also available on materials preserved in different types

of containers: Aztec vessels were shown to contain DNA from a vine with a

pharmacological agent still used by Native Americans [71]. Also, traces of foodstuff

were determined in a Celtic container made of animal skin [71]. From the residue

inside one of the earliest wine jars from ancient Egypt, dating to 3000 BC, the oldest

evidence of Saccharomyces cerevisiae associated with human activities for wine

fermentation was found [83].

6.2 Personal Identification

DNA analysis permitted personal identification of famous individuals’ remains by

comparing their genetic profile to putative descendants.

In 2012, a skeleton was found at the presumed resting place of King Richard III.

NGS analyses, based on array hybridization capture and PCRs of the skeletal

remains permitted obtaining a complete mitochondrial genome that showed a

perfect match with the profile of one living relative and a single-base substitution

compared with a second relative. Y-chromosome SNPs were determined and

differed from male-line relatives probably because of a false-paternity event in any

intervening generation. Phenotypic SNPs obtained by HIrisPlex system [84]

predicted hair and eye color consistent with the King’s appearance in an early

portrait with the statistical conclusion that the evidence for the remains being those

of Richard III was overwhelming [85].

Another case of remains attributed to a king is represented by a handkerchief

dipped into the putative blood of the French king Louis XVI. The complete genome

was sequenced with the NGS approach and the obtained profile seemed not

compatible with the king’s known ancestry nor with the description of the king for

some phenotypic traits [86].

Even if descendants are not available for a comparison, aDNA can reveal useful

information for characterization of remains. An example is that of the Italian poet

Petrarca: aDNA analysis on his putative remains revealed that the skull and the

postcranial skeleton belonged to different individuals, confirming the hypothesis of

profanation of the grave [87]. The body attributed to the Evangelist Luke was also

analysed. According to the historical written sources, the Evangelist was born in

Syria, but a possible replacement of his relics could be occurred in Costantinople.

The comparison between the mitochondrial data obtained from the relics with those

of modern populations indicated that a Syrian origin of individual was the most

likely, even if a Turkish one cannot be ruled out [88].

6.3 Study and Enhancement of Particular Samples

Some particular samples, important for the exceptionality of their preservation, their

completeness, and their informative power, were in the limelight of studies designed

to their enhancement and the reconstruction of details of the past history.
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The Tyrolean Iceman (Ötzi) lived during the Neolithic–Copper Age transition

and his mummified body was recovered in 1991, representing an exceptional

finding. Several molecular studies were conducted in order to obtain as much

information as possible about his life and about the environment he was living in.

Analyses were carried out for the characterization of his mitochondrial [89, 90] and

nuclear genomes determining some phenotypic characteristic and pathogen

presence [91]; samples of the intestinal content were analysed for determining the

last meals and pollen residues in order to recover information about the paleo diet

and environment of 5000 years ago [92].

Another extraordinary specimen is one of the most complete hominin skeletons

ever found discovered in the karst caves of Lamalunga, near Altamura (Italy). The

skeleton is partly incorporated into calcite concretions and is covered by coralloid

formations, then an accurate morphological study has never been possible. Ancient

DNA analysis on a bone fragment permitted to define the sample as Homo

neandertalensis [93] and the total absence of contamination due to its position in the

cave and the precautions during its recovering makes this sample a special candidate

to explore genetic characteristics of Neanderthals.

The Paleo–Eskimo human remains discovered in an early Greenlandic Saqqaq

settlement and dated to 3400–4500 years ago represented a precious informative

source for understanding migration dynamics to the New World and for an

individual reconstruction thanks to the extraordinary good preservation of the DNA

in permafrost. Using mitochondrial [94] and nuclear genome [95] data it was

possible to identify an early migration from Siberia into the New World some

5500 years ago and not directly related to Native Americans or the later Neo-

Eskimos that replaced them. Nuclear functional SNP were also used to determine

phenotypic characteristics of the individual.

6.4 Ancient Populations

DNA analyses of ancient samples gave a big contribution also for understanding the

past history of human populations.

Since the beginning of aDNA research, Neanderthals and their relationship with

modern humans represented a main topic of interest. Thanks to several works, based

both on classical methodology and NGS, focused on both mitochondrial and nuclear

genomes, a lot of information is now available on this species, on its population

features and dynamics, its evolutionary role in the phylogeny of the genus Homo,

and its phenotypic and functional genetic traits [96].

A recent analysis on 101 ancient humans from Eurasia confirmed that the Bronze

Age was a period of big cultural changes. Thanks to genomic data it was determined

that large-scale population migrations and replacements occurred, and that probably

they are responsible for the major parts of present-day demographic structure in

both Europe and Asia. These migrations could also be consistent with the

hypothesized and long-debated spread of Indo-European languages during the Early

Bronze Age [97].

Other analyses can be conducted in order to identify the place of origin of

archeologically defined populations, as well as their genealogical relationships with
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the modern populations. These types of analyses are based on simulations in which

ancient and modern data are put together into different possible demographic

scenarios that can take into account also historical and archaeological information.

Thanks to this approach, genetic continuity was found between Etruscans and some

modern populations from Tuscany [98], as well as between Longobards and a

modern population in Northwest Italy [99].

7 Final Remarks

Even if this chapter offers only some examples of published works in which aDNA

analysis contributed to the wide world of cultural heritage, it is evident from

bibliographic research that some possible application fields are still not extensively

exploited. Particularly, aDNA analysis for determination of species origin of

materials is not yet a routine procedure, even if it could represent an important and

highly reliable test for supporting the study and enhancement of prehistoric and

historic artifacts.
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Abstract Although most historians and art historians consider the radiocarbon

dating technique not to be very precise by their criteria, the method has gained much

importance over the last decades. Radiocarbon dating is increasingly used in the

field of textile research and old polychrome statues, but also objects made of ivory,

stucco, paper, and parchment are dated with the technique. Especially after the

introduction of the AMS technique, a boom of this type of research has been

noticed.

Keywords Radiocarbon dating � AMS � Textiles � Polychrome statues � Stucco �
IQR

1 Introduction

Chronology is the backbone of history. Without chronology, the past would be pure

chaos. It is no wonder that since the dawn of civilization people have tried to order

their past. This has resulted in mythological stories about the creation of the world

as well as of the origin of societies and rulers. The lists of Egyptian pharaohs on the

other hand were already much more exact and less mythological than most

chronologies and were of great help in building the chronology of the Egyptian

dynasties. Nevertheless, it was not before the 19th century that real scientific dating

methods appeared. The first dating methods remained however relative dating

methods. This implies that objects and facts are dated by means of a relationship

between the items, for instance an event happening before or after the eruption of a

volcano, testified by an ash layer that can be detected over large parts of a continent.

So if one discovers an object under the ash layer in Italy, and another object above
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the same ash layer in France, it can be deduced that the Italian object is older than

the French one. Objects can also be classified regarding their style or technological

properties. Investigators often assume that simple and less developed artefacts are

older than high-quality and technical advanced ones. This is often true, but not

always the case. This can be explained very simply by a modern example.

Tableware in the 19th century was precious, well made, and lasted a lifetime.

Nowadays, one can buy nice-looking very cheap tableware, but it doesn’t last long

because the quality is low and it will be much more often replaced by a new set than

in the 19th century. Also, in a further away past we can notice that common wear is

often of low quality in prosperous times because it is considered as a consumable

good. Furthermore, relative dating methods have the disadvantage that they depend

a lot on the perception of the investigator. Two investigators belonging to a different

school of thought might date the same artefact in a different period depending on

their own beliefs.

Finally, in the 20th century, independent scientific dating methods began to be

developed. Absolute dating techniques like dendrochronology have the advantage

that all criteria for the analysis are in the method itself. In short: dendrochronology

counts the number of tree rings in a wooden sample, measures the width of these

rings, and compares this (unique) pattern of small and large rings width with a

master curve made of an uninterrupted series of counted (dated) tree rings. The

section in the master curve that matches with the pattern on the sample gives the age

of that sample. The advantage of such a method is clear: the method is independent

of the artefact in question, the presumptions of the investigator, and is only based on

the properties of the material itself. Slightly different from these absolute dating

methods are the correlation dating techniques. Just like the absolute dating

methods, they use material properties from the object, but instead of giving the real

age, these methods provide a result that only after correlation (or calibration) with

an absolute chronology gives a calendar date. As will be explained later,

radiocarbon dating is such a dating technique.

2 The Basic Principles of Radiocarbon Dating

2.1 The Origin of Radiocarbon

In nature, there are three isotopes of carbon 12C (98.89 %), 13C (1.11 %), and 14C

(10-10 %). The two first are stable, and the last one is radioactive. Due to b-decay,
radiocarbon is transformed into nitrogen (formula 1). The half-life of 14C or

radiocarbon is very short compared to the age of the earth. It is only 5730 ± 40 years.

This means that after 5730 years due to the radioactive decay, only half of the original

amount of the isotope remains, and after two half-lives only 1/4th, etc. (Fig. 1).

14
6C ! 14

7Nþ e� þ �te ð1Þ

After about ten half-lives, there is almost no detectable amount of radiocarbon

left. This implies that radiocarbon cannot be part of the original composition of the
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earth; it must be produced in a continuous way, otherwise 14C could no longer be

present on earth.

Researchers found that radiocarbon is produced in the atmosphere due to a

nuclear reaction between nitrogen and thermal neutrons (formula 2). These neutrons

are produced by cosmic rays entering the atmosphere.

14
7Nþ n ! 14

6Cþ p ð2Þ

By this reaction, about 7.5 kg/year of 14C or 2.2 atoms/cm2 and per second are

produced. Since radiocarbon is produced indirectly by cosmic rays, 14C is called a

cosmogenic nuclide. The radiocarbon isotope is not produced uniformly over the

atmosphere. Most (ca. 60 %) is produced at about 12 km above the earth’s surface

because at that level the neutron density is the highest [1]. The 14C production is

also latitude-dependent. The earth’s magnetic field is much stronger around the

equator than near the poles, resulting in a lower cosmic ray flux and a lower 14C

production around the equator than at higher latitudes. Fortunately, the mixing is

rather fast compared to the half-life of radiocarbon, so it can be stated that the 14C

concentration in the terrestrial biosphere is uniform [2, 3]. There is only a small

difference between the northern and southern hemispheres, but this is adjusted for in

the calibration programs (see below).

2.2 Radiocarbon and the Carbon Cycle

Radiocarbon in the atmosphere reacts with oxygen and forms 14CO2. This

radioactive carbon dioxide is mixed with the stable CO2 of the atmosphere and due

Fig. 1 Decay curve of radiocarbon: the radiocarbon activity (ordinate) in function of the conventional
radiocarbon age in BP (abscissa)
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to photosynthesis, it is incorporated directly or indirectly, through the food chain, in

all living material. Not only living material but also some inorganic materials like

slaked lime can take up carbon dioxide (and 14CO2) from the atmosphere.

Due to exchange mechanisms, carbon dioxide is also present in oceans, lakes,

and rivers. Accordingly, living organisms in the sea will also pick up the

radiocarbon signal. However, due to the fact that the mechanisms of carbon dioxide

absorption are different between the terrestrial and marine biosphere, the

radiocarbon content of both reservoirs is different. Furthermore, although the

radiocarbon content of the terrestrial biosphere is all the same over one hemisphere,

this is not so for the marine biosphere. In some parts of the ocean, there is an

upwelling of ‘old’ water, resulting in a lower radiocarbon content of the surface

waters (Fig. 2). This marine reservoir effect is very important and must be taken

into consideration if one is dating for instance an object made of whale ivory instead

of elephant ivory.

2.3 Radiocarbon Dating

Since the turn-over time of carbon in most living organisms is very fast compared to

the half-life of radiocarbon, it can be assumed that all living organisms are in

equilibrium with the 14C concentration of the atmosphere. When an organism dies,

all metabolic processes stop and there is no longer any renewal of the carbon in the

organism and the radioactive decay will be the cause of a continuous decrease of the
14C content in the remains of the organism. More generally, one can say that the

radiocarbon clock starts to tick when the organism dies or has left the carbon cycle.

It has to be noted here that the definition of a living organism is somewhat tricky. If

Fig. 2 Carbon cycle (after [21])
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we look at a tree for instance, only the youngest growth ring can be considered as a

living organism. This implies that only the last tree ring is in equilibrium with the

atmosphere at the time of growth and that all rings from previous growth seasons

reflect the 14C content of the year of their growth. This effect can be very important

in long-living trees and is called the ‘‘old-wood effect’’.

Essentially, the radiocarbon dating technique will compare the remaining 14C

content of an organic object with the atmospheric 14C content and by means of the

decay curve (Fig. 1) calculate the time that has passed since the material left the

carbon cycle (formula 3).

A ¼ A0 � e�kt ð3Þ

A activity of the sample, A0 activity of the modern atmosphere, t time, 1/k = T/ln 2

(T = half-life).

2.4 Assumptions and Corrections

2.4.1 The Libby Half-Life

When James and Libby1 [6] published their first list of dates, they assumed that the

half-life of radiocarbon was 5568 ± 30 years. Later scientists discovered that this

value was 3 % off, so all measurements were wrong by 3 %. By the time that the

real half-life was discovered, there were already so many dates published that a

change from one half-life to another would have been very confusing. So it was

decided to continue to use the wrong Libby half-life.

2.4.2 Before Present (BP)

In the 1950s, Hans Suess discovered that due to the emission of fossil-fuel (coal and

petroleum) derived CO2, the
14C content of the atmosphere was lower than expected

[7, 8]. As a result of this, an artificial modern radiocarbon standard was made based

on the pre-industrial radiocarbon content of the atmosphere. By convention, the year

1950 was chosen as the zero year for the method. So, for example, 1900 BP (Before

Present) was supposed to be 50 AD.

2.4.3 Isotopic Fractionation

Almost every chemical reaction results in isotopic fractionation. This means that the
13C 12C ratio (13C/12C) changes due to chemical reactions. For instance, the 13C/12C

in the carbon dioxide of the atmosphere is different from the 13C/12C in the carbon

of the cellulose made by photosynthesis (Fig. 2). The same is true for the 14C/12C.

This means that the 14C content of the plant cellulose has changed in comparison to

the atmosphere although there is no difference in age, so it is necessary to correct for

1 Libby developed [4, 5] the radiocarbon dating method and received for this the Nobel Prize in

Chemistry in 1960.
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this change in concentration. Fortunately, the correction is rather easy to make

(formula 4).

Dt ¼ d13C þ 25
� �

� 16 year d13C : the measured isotopic fractionation in permil
� �

ð4Þ

Table 1 represents the most common d 13C values for different materials.

2.4.4 The Conventional Radiocarbon Date

Although these corrections were known for quite some time, it took the radiocarbon

community a long time before finally defining a conventional radiocarbon date [9].

By definition, a conventional radiocarbon age is a radiometric age wherein the

radiocarbon content of a sample is compared to that of the NBS oxalic acid

standard, both normalized for isotopic fractionation. The Libby half-life is used in

the age calculation and the result is expressed in BP ± 1 standard deviation (r).

t ¼ 8033: ln
Aon

An

ðBPÞ ð5Þ

ln: logarithm, Aon: the normalized activity of the modern standard, An: the nor-

malized activity of the sample.

In the next paragraph, it will be shown that the conventional radiocarbon date is

not a date at all. In fact, it was a historical mistake to call a radiocarbon

measurement a date.

2.4.5 Calibration

One of the initial assumptions of the method was that the rate of production of

radiocarbon has been constant over time. This assumption was incorrect, meaning

that radiocarbon years are not equivalent to calendar years. Long-term variations in

the rate of production seem to correspond to fluctuations in the strength of the

earth’s magnetic field. Short-term variations or ‘‘wiggles’’, are known as the de

Table 1 Average d 13C values for the most commonly dated materials

Material d 13C (%)

Wood (C3-type plants like leaf trees) -25

Plants from arid environments (C4-type plants) -13 to -10

Charcoal -25 to -30

Peat -30

Bone collagen -19 (depending on the type of diet)

Freshwater plants -16

Marine plants -12

Atmospheric CO2 -8

Marine carbonate (shells) 0
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Vries effect (after Hessel de Vries [10]) and may be related to variations in sunspot

activity.

These temporal fluctuations in 14C concentration of the atmosphere necessitate

the calibration of radiocarbon results. At first, and this for approximately the last

10,000 years of the time scale, dendrochronology was used to calibrate radiocarbon

results. Primarily US bristlecone pine and German and Irish oak were used to

establish a calibration curve. More recently, and this for older periods until

50,000 years ago, varves (laminated lake deposits) and corals are used to construct a

radiocarbon calibration curve. The most recent curve was published in 2013 [11] by

an international group directed by Paula Reimer. Figure 3c depicts the calibration of

the 14C date from a Coptic textile represented in Fig. 3a, b. On top of the graph, the

lab code (KIA-28757), the sample code (KN-1475), and the conventional date

(1570 ± 25 BP) are mentioned. The radiocarbon measurement, being a Gaussian

distribution represented by the mean and the standard deviation (in this case 1570

Fig. 3 a Polychrome tapestry, dyed with real purple (KN-1475). �Katoen Natie, photo Hugo Maertens.
b Detail of the sample. Samples are looked at under the microscope to reveal the presence of
contaminants, mainly dust and consolidation products. If there is any doubt about the quality of the
material, then a FT-IR analysis is performed �KIK-IRPA. c Calibrated radiocarbon result
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and 25), is represented by the curve on the vertical axis. The zigzag line represents

the calibration curve. This curve gives the relationship between the radiocarbon age

(vertical axis) and the calendar age (horizontal axis). The probability distribution on

the horizontal axis represents the probability distribution of the calibrated age. In the

upper right corner of the graph, this probability is noted in real years. So in this case,

there is 95.4 % probability that the real age is between 420 and 550 cal AD. AD

stands for Anno Domini, while the prefix ‘cal’ refers to the fact that the result is

obtained by calibration of a radiocarbon date. Here the calibration was done by one

of the most popular calibration programs OxCal,2 but other programs do exist.

Unfortunately, due to a plateau in the calibration curve caused by changes in the

solar activity [12], commonly called the Maunder minimum,3 followed by the

emission of 14C free fossil CO2 during the Industrial Revolution (Suess effect),

radiocarbon is unsuitable for dating objects from ca. 1630 AD until the beginning of

the second half of the 20th century.

3 Measuring 14C

Until the late 1970s, 14C could only be measured by the b-counting technique. This

is a technique whereby the decay product, in this case electrons, is measured.

Because of the very low content of 14C in natural materials, the amount of sample

needed for the measurement and the measuring time were very important. Scientists

realized, however, that it would be much more efficient to count the different

radiocarbon isotopes in the sample (12C, 13C, 14C) instead of measuring the b-
emission. This became possible for the first time in 1977 using the so-called

accelerated mass spectrometry (AMS) technique. The first AMS measurements

were conducted by teams at Rochester/Toronto and the General Ionex Corporation

and soon after at the Universities of Simon Fraser and McMaster [13]. It would,

however, take more than 20 years before AMS became the standard measuring

technique. Not that AMS provides a priori better results than the old b-counting
machines, but the counting time shrunk from ca. 2 days to 50 min, and routinely

only 1 mg of carbon is needed instead of 1 g or more. AMS would really cause a

revolution in the dating of precious art objects (Fig. 4).

4 Radiocarbon Dating of Cultural Objects

4.1 Dating an Object

In the ‘Notre-Dame d’el Vaux’ church in the Belgian town of Thuin, a wooden

Sedes Sapientiae (Seat of Wisdom) called Notre Dame du Val is kept (Fig. 5a, b).

Not only was the polychromy from 1891 but also important modification were

made. The original chair was replaced by an impressive throne and the missing arms

2 https://c14.arch.ox.ac.uk/embed.php?File=oxcal.html.
3 https://en.wikipedia.org/wiki/Little_Ice_Age and https://en.wikipedia.org/wiki/Maunder_Minimum.
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of the Virgin and the Child were replaced. The position of the hand of the Virgin

does not correspond to its original position, proven by the fact that the end of the

original fingers from the left hand holding the Child around its waist are still visible.

This and other multiple changes made people wonder if there was still a lot left of

the original sculpture. To investigate this, a sample was taken from the main

wooden trunk the statue was made of. To avoid extra damage, the sample was taken

from a crack in the 19th-century polychrome painting. Before dating, the sample

was scanned for consolidation products by FT-IR. The most used consolidants in

restoration are animal glue, Paraloid (thermoplastic resin), PEG (polyethyleengly-

col) and PVA (poly vinyl acetate), but any ‘home-made’ mixture of consolidants

can be found on sculptures. If one or more of these products are detected, then a

special pre-treatment procedure is applied. After pre-treatment, the sample is tested

again and only dated if the results are satisfactory.

The 14C-results (RICH-21902: 937 ± 27 BP) gave a period between 1020 and

1160 cal AD (95.4 % probability). This is of course the age of the wood. One could

argue that in the 19th century, old wood was used to create the statue. In theory, this

is possible, but old wood is very difficult to work and a skilled restorer will notice

the difference in almost any case. Furthermore, because the wood of the statue doe

not show any sapwood rings, we don’t know exactly how many rings were cut away

by the artist. In fact, the age of the tree ring that was sampled was measured and not

the felling date of the tree. This difference is not negligible, but in most cases only a

few decades. So it was concluded that the statue, although heavily restored in the

19th century and probably already before, remains one of the rare Romanesque

Sedes Sapientiae that survived in Belgium.

4.2 Dating a Period

It is of course very interesting to be able to date an object, but it is more interesting

to be able to define a period during which a certain type of objects was in use. These

Fig. 4 MICADAS: AMS machine made by Ionplus AG and installed at the Royal Institute for Cultural
Heritage, Brussels. �KIK-IRPA
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kinds of studies have been done to a great extent on textiles from the Nile Valley,

roughly from the first millennium AD. This period is often called the Roman,

Coptic, and Early Islamic Period. From a theoretical point of view, textiles are ideal

for radiocarbon dating. Wool and silk, but also cotton, linen, and other plant fibers,

are the result of only one growth season. So the radiocarbon content of the raw

material reflects a very short period of assimilation of CO2 from the atmosphere (by

the food chain or by photo synthesis). Furthermore, the raw material is never stored

for very long time before it is used to make a fabric. So we can state that there is a

good relationship between the human event of interest (making of the fabric) and

the radiocarbon event (assimilation of 14C from the atmosphere) [14]. Sometimes

parts of garments, like clavi, embroideries, etc., are re-used on new tunics. Even

Fig. 5 a Sedes Sapientiae from Thuin (Belgium), �KIK-IRPA. b X-ray picture of the Sedes Sapientiae
from Thuin (Belgium). One can detect the nails by which new parts were added,�KIK-IRPA. c Sampling
point. �KIK-IRPA
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then the date of a textile fiber from the decoration will give us the age of that fabric

and not of the new garment.

The radiocarbon dates are in fact the only secure dating technique because

contextual as well as stylistic dating are unsecure. Often, Coptic textiles have no

context. Most museum collections are derived from either old grave robberies or

from 19th-century excavations. Even the context of the latter is unconfident. Late-

19th century and early 20th-century excavators sold their finds to obtain funding for

new excavations. When they exhibited their finds for the auction, the objects were

staged. This was very well demonstrated by the study of the Coptic mummy of

Euphemia, the embroideress (Fig. 6), kept in the Brussels museum of Art and

History [15, 16]. The mummy was excavated by the French archaeologist Albert

Gayet. More than 30 radiocarbon dates were spent on the mummy. The age of the

person was obtained by dating her hair and a sample of the skin of the sole of her

foot [95.4 % probability that the real age is between 440 and 490 AD (10.4 %) or

between ad 530 and 610 AD (85.1 %)]. The dating of the textiles showed that the

clothes she was ‘really’ wearing, in other words the ones on her body, had

statistically the same age as the samples from her body, but all of the textiles draped

around the mummy were from another period. Very typical of this staging was for

instance the compensation of a missing mantle. Originally a mantle must have been

attached to a ‘bourrelet’ (kind of headdress). This missing mantle was replaced by

two other fabrics. On the right shoulder, the ‘bourrelet’ was attached by means of a

thread, 14C dated as modern, to a fragmentary fabric decorated with flowers and

birds in a tapestry weave. It is part of a larger piece, probably a curtain, of which 18

other fragments are preserved. On the left, a fabric was sewn that was originally a

pillow case. Both fragments were Coptic but were dated older than the mummy!

The traditional art-historical dates, based on typology, are not helping us either. It

has been shown that those traditional dates are often wrong. Figure 7a represents the

radiocarbon dates and the typological dating of 11 monochrome purple textiles from

the Louvre collection (Fig. 7b). The group contains monochromatic tapestries,

decorations for tunics or shawls, woven on linen tabbies,4 which sometimes present

looped wefts. The color is obtained by dying the woolen wefts with a mixture of

Fig. 6 The Coptic mummy of Euphemia, the embroideress. �KIK-IRPA

4 For technical terms such as bourrelet, tapestry, weft…, see Fabrics: a vocabulary of technical terms,

English, French, Italian, Spanish, Centre international d’Etude des textiles anciens, 34, rue de la Charité,

Lyon, France.
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Fig. 7 a Radiocarbon (black curves) and stylistic (red curves) dating of monochrome purple dyed
textiles. b Monochrome purple textile E26126 (Louvre)
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madder and indigo, providing various shades of purple, violet, dark blue, etc. This

‘‘purple’’ color contrasts with the white natural linen. Tiny details are designed with

a flying shuttle of undyed linen thread. It is obvious from Fig. 7a that there is not a

good agreement between the radiocarbon and art-historical dating. Furthermore, the

radiocarbon analyses show very well that there are two distinct groups, one older

and one younger than 400 AD, information that is not to be retrieved from the

stylistic dating.

In order to obtain information about the period in which a certain fabric was used

a set of objects all having the same characteristics (type of dyestuff, weaving

technique, stylistic characteristics, etc.) are dated and the probability distributions

are added up to obtain a sum-probability. Of course the sample selection must be

unbiased and therefore samples should be selected at random. Unfortunately, the

number of textiles that survived are limited and therefore as many samples as

possible should be dated, supposing that the survival of the fabrics over time was a

random process. As an example, the dating series of 11 late Roman socks is

represented. Samples came from the Katoen Natie (Antwerp), Royal Museums of

Art and History (Brussels), Musée du Louvre (Paris), The British Museum

(London), Victoria & Albert Museum (London), Petrie Museum (London).

Figure 8a depicts a pair of children’s socks from the collection. The individual

dates are depicted in Fig. 8b, the sum-probability in Fig. 8c. The shape of the sum-

probability curve is highly influenced by the shape of the calibration curve in that

particular period and therefore not much attention should be given to this curve.

Much more interesting is to define the ‘floruit’ or interquartile range (IQR) and the

90 % probability range [17]. The IQR is defined by the range between the 75th

percentile and the 25th percentile of the probability curve. It is a very robust

indicator and represents the ‘blooming period’ or ‘floruit’. It is preceded by an

‘initial period’ and followed by a ‘decline’. In the case study represented here, the

floruit is between 231 and 375 AD.

4.3 Detecting Forgeries

Sometimes it is possible to detect forgeries by means of radiocarbon. Often, recent

forgeries can be detected by means of the so-called ‘bomb peak’ [18]. In the 1950s

and 1960s, nuclear weapon tests were performed in the atmosphere. Consequently,

the 14C content of the atmosphere rose to about 100 % above normal in 1964. After

the treaties between the nuclear powers in the second half of the 1960s, the 14C

content of the atmosphere started to decrease. Organic material that was formed in

that period has a radiocarbon content that is above natural levels. This method was

used to identify the fabrication date of a wooden statue supposed to be from the

Tang dynasty (AD 618–690 and 705–907), called the ‘fat lady’. Traditionally, this

type of statue is made of glazed or unglazed ceramics, but this was a wooden statue

and a wooden statue of this kind seemed unlikely.

Figure 9 depicts the calibrated date of the analysis. Instead of OxCal, Calibomb5

was used to calibrate the date. The vertical axis now gives the probability

5 http://calib.qub.ac.uk/CALIBomb/.
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distribution of the 14C concentration and not the BP date anymore. The result [UtC-

2608: 1.500 ± 0.009 F (fraction modern carbon)] indicates that the radiocarbon

content of the sample is 50 % above normal. The curve in the middle represents

once again the relationship between the radiocarbon concentration and the calendar

Fig. 8 a Late Roman children’s socks.�Katoen Natie, photo Hugo Maertens. b Probability distributions
of 11 radiocarbon dates from late Roman socks. c Sum-probability and integrated probability distribution
(dotted line). The interquartile range and the 90 % probability range is depicted. �KIK-IRPA
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years. Note the very sharp rise in the period 1960 to 1964 due to the nuclear weapon

tests and the slow decrease of the 14C concentration in later periods.

The analysis shows that the wood from the statue is either from 1963 cal AD or

from 1968 to 1973 cal AD, so definitely not from the Tang dynasty.

4.4 Dating Exotic Materials

Traditionally, radiocarbon dating is used to date organic material, but in fact, the

method can date any material that has taken up 14C from the atmosphere. So

radiocarbon will also be found in shells and speleothems, but also in anthropogenic

carbonates like lime mortar, plasters, and stucco. The process is more or less the

same for of all these materials. Rock carbonate is heated at a high enough

temperature to decompose (formula 6). The formed quicklime will react with water

to form slacked lime (formula 7). Finally, the slacked lime will harden by the

absorption of carbon dioxide and forms calcium carbonate (formula 8).

Burning of rock carbonate: CaCO3 �!
heat

CaOþ CO2 ð6Þ

Slaking of quick lime: CaO�!water CaðOHÞ2 ð7Þ

Hardening: Ca(OH)2 þ CO2ðatm:Þ ! CaCO3 ð8Þ

Fig. 9 Calibrated result of a wooden statue; UtC-2608: 1.500 ± 0.009 F
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Unfortunately, in most cases the reaction in formula 6 is not complete due to

insufficient heating in the lime kiln, so the carbon in the lime is a mixture of infinite

old rock carbonate and carbonate from the time the lime was made. It has, however,

been proven [15, 16, 19, 20] that the softer anthropogenic lime tends to react faster

with acid (formula 9) than the harder rock carbonate. So by performing a sequential

or titration reaction with HCl, both carbonates can (sometimes) be separated.

CaCO3ðsÞ þ 2HClðlÞ ! CO2ðgÞ þ H2OðlÞ þ CaCl2ðsÞ ð9Þ

Fig. 10 a A supposed Italian stucco from ca. 1400 AD,�KIK-IRPA. b The radiocarbon concentration of
seven fractions obtained by the titration method. Left first fraction = more anthropogenic, right last
fraction = less anthropogenic and more fossil rock carbonate. �KIK-IRPA
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This method was performed in the analysis of a stucco from Italy. Stucco or

render is a material made of an aggregate, a binder and water just like a mortar.

Stucco is applied wet and hardens to a very dense solid. It is used as a decorative

coating for walls and ceilings and as a sculptural and artistic material in

architecture. Traditional stucco is made of lime, sand, and water. Modern stucco

is made of Portland cement, sand and water. Evidence of the use of stucco as a

decoration material goes back to the Minoan palace of Knossos (around 1600 BC) in

Crete and to Egypt during the XVIII dynasty (1543–1292 BC), but it is during the

Baroque and Rococo periods that it has his maximum diffusion.

A stucco supposed to be from ca. 1400 AD was investigated. Figure 10a depicts

the dated object. The sample contained only 0.32 % of carbon. This was already

very suspect because traditional stucco contains much more lime, up to 30 %. It

seemed already that the sample was made of cement instead of lime. Figure 10b

depicts the results of the different fractions obtained by the titration method. The

first fraction is left on the graph, the last fraction is right on the graph. The graph

shows very well that the sample is a mixture of old and young carbonate. The two

first fractions have statistically the same age; this is a strong indication that they are

free of fossil carbonate. In the other fractions, one can notice an increasing content

(from left to right) of fossil carbonate (older apparent age). The youngest fractions

have an F value of 0.988 ± 0.004 (or 98.8 ± 0.4 % modern carbon). After

calibration, this gives a calendar date between 1680 and 1940 cal AD. Conse-

quently, the stucco cannot be made around 1400 AD.

5 Conclusions

Although radiocarbon dating is not the most obvious technique to use in the study of

cultural objects, the method remains relatively un-precise and cannot be used in all

periods, in many cases it can help in dating objects, establishing periods, as well as

in detecting forgeries. The above-mentioned objects are only an anthology of a large

variety of objects dated at the Royal Institute of Cultural Heritage in Brussels. The

assemblage of dated objects also contains Japanese suits of armor (lac), wooden

chests, crucifixes, oil paintings on wood and canvas, Thorahs and Korans made of

parchment and paper, ink, ivory statues and medallions, etc., and they encompass a

very large period from pre-historic art to the Russian Avant Garde. One must,

however, always keep in mind that the method dates the material the object is made

of and not the manufacturing of the object.
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