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Synchrotron DUV luminescence micro-imaging to idenfy and map

historical organic coatings on wood
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Deep ultraviolet (DUV) photoluminescence (PL) mianaging is an emerging approach to characterise
materials from historical artefactddere we further assess the potentials of the rdetthaccess a deeper
understanding of multi-layered varnishes coatingdem violins and lutes. Cross-section micro samples
10 from important 18- to 18"-century instruments were investigated using systcon PL microimaging
and microspectroscopy. Excitation was performethénDUV and the near ultraviolet (NUV), and
emission recorded from the DUV to the visible, aubmicrometric spatial resolution. Intercomparisbn
microspectroscopy and microimaging was made pasbipradiometrically correcting PL spectra both in
excitation and emission. Based on an optimised seteof emission and excitation bands, the specific
15 PL features of the organic binding materials alldwsevastly enhanced discrimination between collagen
based sizing layers and oil/resin-based layers eo@apto epiluminescence microscopy. PL therefore
appears as a very promising analytical tool to jpi@wew insights into the diversity of surface aogt
techniques used by instrument-makers. More gegerlf results demonstrate the potential of
synchrotron PL for studying complex heterogeneoaternals beyond the core application of the

20 technique to Life Sciences.

Introduction

In the context of studies of historical materiatgl dechniques
used by artists and artisans, one of the main iquisshas been
to recognise and determine the spatial distributbrorganic

25 materials used as binding media, and their reagtimducts.
This is especially applicable in studies of finiglitechniques
(for furniture and musical instruments) and of paip
techniques (for easel paintings and polychrome gjork
In particular, the presence of a protein-basedngizgent

30 applied onto wood of musical instruments or furréfubefore
coating a hydrophobic material to protect the wooak been
discussed™* For bowed stringed instruments, such as violins,
the term “varnish” often names the multi-layeredyaoric
coating applied onto the wooden surface of therums¢nt to

35 finish it, independently of the chemical naturetbé layers.
Observation of the surface of the instrument unddf
illumination has been used to assess the extem¢roining
original “varnish" and of retouches on violifi5.Most organic
analyses of musical instruments surface coatingse we

40 performed on micro scrapings (mostly gas chromajainy and
IR spectroscopy), however never taking into accdhatfact
that the coatings might be multi-layered systems that the
analysed matter might come from several laffers.
The development of analytical strategies for micro-

4s characterisation of musical instruments surfacdicgsa meets
the effort made for a range of heritage materialgarticular,
for historical easel paintings, there is a simifapblem in
determining the nature and spatial distributionttef binding
medium in which pigments are admixed in each lafethe

so stratigraphy, since it may inform on the artisehnique as
well as on the material history of the artwork (age chemical

alteration, past restorations, etc.). Understandamgmical
pathways of binding media is crucial both for camagor
restoration purposes. Modelling from data colleciacpainti a
s5 Cross-sections is challenging because the pignwergentration
is often so elevated that it may be difficult orpiossible «©
collect chemical signatures of the sole binding ion@dwithou
the contribution of any surrounding pigment paeti_. .
addition, interactions of pigments with the bindingediu’
eo may hamper collection of chemical signatures of retu
binding media, naturally aged over centuries. Thesties
coating the wood of historical musical instrumerasd n
particular those of the violin and lute familiearaly contai.
fillers or pigments (and if they do, in small contratior .
6s Organic compounds used to coat musical instrunmébetefor .
provide interesting systems to study the origimainpositic
and century ageing of rather pure historical organils, resi. -
and glues. Until the 19century at least, these multi-layers-'
systems were mostly made of natural organic filn" «a
materials. Cross sections of musical instrumentdstes
present for each layer a homogenous and continsorface
over several square micrometres or more. They nm =« t
represent most interesting systems to collect eawes
signatures of binding media, similar in nature aagk .C
historical paintings cross-sections, but withow thfluence ui
pigments.
Several analytical approaches have provided inp _s
characterise and image the distribution of aged.. __,
compounds in historical cross-sections. Rather khaking fr
g0 ‘the’ ideal single-method approach, a combinatiormetho 's
is usually implemented in order to provide mipim~!
modification of the sample, high specificity, higasolutic 1,
and good imaging characteristics. Surface methaded un
secondary ion mass spectrometry were shown efficf-
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characterise organic ritual matters on African usties and
organic binding media in cross-sections of earlyhdandish
easel painting$!* New photonic approaches were developed
to overcome limitations in the characterisation afjanic
materials. Micro-FT-IR spectroscopy and full-fielchaging
using benchtop or synchrotron sources in variotspsehave
undergone numerous developmeRt® ATR p-FT-IR allows
attaining micrometric resolutions at b&&t? Multi-technique
approaches, for instance combination of FT-IR
microspectroscopy, at its limits in terms of spat&solution,
with chromatography on scraping samples (a few téngg)
allowed identifying chemical signatures of orgasitstances
in cross-sections correlated to their spatial itistion?°?2 The
3D spatial distribution of two binding materials €allagen-
based glue and a sandarac varnish— has been inmagedodel
multilayer coating using the contrast in their esve 2-
photon fluorescence emission in two wide spectages™
Photoluminescence (PL) has been used for decadea
phenomenon that enhances contrast in optical nuoms
However, quantitative PL spectroscopy and imagiey se
have only been scarcely employed to study histbhoalers,
in particular at microscafé:® It recently has been used in
combined to surface-enhanced Raman scattering (SERS)
the simultaneous identification of organic colosand binding
media in historic oil painting®.

The scarce use of PL spectroscopy is due notaklyetdighly
complex nature of the response of organic luminoghn the
visible under classic excitation ranges (UVfA).This
limitation can be overcome by specific fluorescéatielling
(tagging) of organic compounds. Tag-based PL pesvigigh-
specificity, selectivity and good contrd&&® Important recent
approaches involve the tagging of specific protéemsross-
section samples using immunofluorescent microsddipii),
ELISA methods and surface- or tip enhanced Ramatesicg
(SERS, TERS) nanotags complexed to secondary ane&idi

33 In the case of historical samples, two main lintas will
apply: (1) tagging implies exposing the surfaceaafample to
irreversible changes, (2) most commercial tags emithe
visible and scattering from semi-transparent medftéen
impairs microscale localisation of the luminescantas. In
addition, SERS requires the application of very highal
irradiation doses.

An alternative approach is to collect the autofismence
contribution from amino acids, photo-oxidation pwots and
protein cross-links, as used in several fields ofelL
sciences**® A few microspectrofluorimetry studies have been
undertaken on cross-sections using near-UV exaitathowing

a great potential for the method despite the comple
fluorescence response of natural binding media nad®=’
Indeed, synchronous scan fluorescence spectrosusupyjaser-
induced fluorescence (LIF) have been reported tadyst
protein-based materials, suggesting a promisingh plar
advanced characterisation of such materials iroljects®®4°
The discrimination of protein-based materials in sical
instruments cross-sections using autofluorescemealsl to
specific difficulties. Animal glues, egg white agdlk are the
protein-based film-making materials most frequently
encountered. Previous works have shown that both animal

as

glues and egg white have excitation maxima at at@80 and
60360 nm** The latter excitation is available on commercial
instruments through the 365 nm line of mercury lajrgnd is
therefore the most commonly used. However, asstiat
luminescence spectra in the visible region haveen
limitations for accurate discrimination of composnda) they
s are comparable to emissions obtained from non-jordiien-
forming materials encountered in musical instrureeurface
coatings, such as drying oils and natural resinge(missions
are broad and unstructured, (c) emissions in thidlei will be
subject to scattering effects. These limitations hkely to
70 hamper discrimination between oil-/resin-based nteanc
protein-based materiafs.
Within this work, we exploit synchrotron radiaticilo use
excitation in the deep and the near ultraviolet YDUbelow
320 nm, and NUV) and collect emission from the DU} to
sthe visible range. We show that synchrotron D "~
luminescence microimaging can profitably be ingkrie a
sequence of methods to allow (i) mapping, discration ana
characterisation of organic species in multilayeating cross-
and thin-sections; (i) with minimal damage to teample
s0 including without the addition of any extraneousnpmund nor
tagging that would modify or contaminate the samf
subsequent analyses; (iii) at the micrometre orrsidiometre
scale, which are the typical known scales of hegiemneity
such samples: layers thicknesses of a few micr@sneaiverage
ss distance between two neighbouring pigment partiofesn le~~
than a micrometre; (iv) with an extended spatiahatyics®
here imaging areas of 100x100 fimith micrometric spatial
resolution.
The application of this method to four coating eyss of 18-
s to 18"-century musical instruments is presented to addi.
potential contribution of the method to the undamding of
historical materials and techniques for coating ioal.
instruments.

Methods and materials

95 Synchrotron luminescence microspectroscopy
The white beam of the DISCO beamline at the SOLEiL
synchrotron is monochromatised using an iHR ,20
monochromator (Jobin-Yvon Horiba, Longjumeau, Fegnc
before coupling to the entrance of the Polyphendstation

100 Emission spectra were collected using monochr. »at
excitation wavelengths in the 250-300 nm range &itdVB
beamsplitter (BTQ-250-320-2503M-UV, CVI Melles Gridff
Spectra were collected using a -70°C Peltier coided CC™
(Andor) of 1024x256 pixels with a 26x26n° pixel size. All

10s data from Polypheme (Fig. 1) were despiked by apgha
running median for pixels whose intensity exceedatediar
absolute deviation (MAD) criterion.

Absolute calibration of microspectroscopy data
1o Spectra were corrected for the source intensity #me
beamsplitter reflectance on the excitation pathterc®
determination of the variation of the source intgnas a
function of the excitation wavelength using an AXL.'V
photodiode positioned between the monochromator thed
us entrance port of the microscofre.

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



Page 5 of 12

©CoO~NOUTA,WNPE

o
[Ny

U OO AR DMBEMDIAMDIMBAEDIEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOUUOPARWNRPOOONOODURARWNRPOOO~NOOODMWN

Analyst

Spectra were also corrected on the detection chiimspectral
response of the Polypheme microscope was calibagatst
the Fluorolog calibrated spectrofluorimeter at HariEurope
Research Center (Palaiseau, France) in the UV/visdiige.
Spectra from the latter are corrected from the amsse of the
optical chain of the instrument, the variation aduaction
of time of the source flux, and the detector responA
homemade luminescent standard was used; polystyreags
(Sigma Aldrich, ref. 430102) were ground to a pomwded
pressed to form a 0.8-mm thick pellet. The calibratcurve
was produced from the ratio between the signalctiedeon the
Polypheme microscope under the experimental camditused
on the samples (excitations at 275 and 340 nm,ctjective,
UVB beamsplitter) and a reference spectrum recoatedhe
calibrated spectrofluorimetet each wavelength.

A running median was further applied to the calilora curve
(window: 11 abscissa points, i.e. 5.8 nm) to smdlotttuations
from noise. Spectral calibration was performed fi28@ nm to
531 nm. Above 531 nm, the luminescent signal of the
polystyrene standard is too weak to extract a Bagmit
response. Spectra were processed and rendered smiiig
written procedures within the R statistical compgtin
environmerf and the SpectroMicro package.
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25 Synchrotron multiband micro-imaging
Here the monochromatised beam was reflected towlaed
entrance of a modified Zeiss Axio Observer Z1 nscape
(Carl Zeiss, Germany), on the Telemos endstafidmages
acquired were collected using excitation wavelesgibf

30275 nm and 340 nm. Sharp short-wave reflecting rdich

beamsplitters (Omega Optical, Brattleboro, USA) -

respectively at 300 nm or 400 nm depending on Ko&adion

wavelength — reflect the incident monochromatititigpward

through a Zeiss Ultrafluar 40x objective (N.A. 0.6)he

emitted light was filtered through emission bandpéiters

(Omega Optical, Brattleboro, USA). Two full-field téetors

were used to record the images of the multibandegsub

presented in this study. Rather than ‘multispectrifie term

‘multiband’ here denotes images collected in at@hinumber

40 of 15-30 nm spectral bands. A Hamamatsu C9100-02 EM-
CCD camera was used in 2x2 binning mode resulting in
500x500 pixels images, with 50 (Buchstetter, Fig. @100
(Stradivari, Fig. 2b) accumulations of 10 s acdigss. The
projected pixel size in this configuration was 38i. Saturated

45 pixels, due to heterogeneity of dark current resparf isolated
pixels within the Hamamatsu sensor, were removeéaguhe
"remove outliers" tools in imageJ. A Princeton P3XI
1024B/BUV camera (1024x1024 pixels) was used for the
Aman and Maler samples (Figs 3 and 4), with actjoistimes

so optimised to the camera dynamic. The projected| @ize was
then 313 nm. Each image collected at Telemos we®ated
for dark field. Dark field images were collectedr feach
acquisition duration. Artefactual periodical paterdue to
readout noise at very low light levels were comdcbn very

ss low-luminescence images using Fourier-transformeriihg
(Fig. 3c). Images of each multiband cube were tegd
(translation/rotation) using the ImageJ Template tddimg
plug-in and cropped. When necessary, the datadedowith
the PIXIS camera (Fig. 3 and 4e-h) were correctedttie

3

@

o deviation of the detector linearity as a functidnirdegration
time. Stretching procedures were used to rescade pikel
intensity values to allow intercomparisons (2-988tcpntile in
Figs 2, 3b and 3c), or to allow optimum enhancenoénisual
contrasts (equalization in Fig. 3a; Gaussian stratcFig.

es h).

Epiluminescence microscopy
Epiluminescence microscopy was performed using &scc
Axio Scope.Al microscope. The incident light progdidy t ~
7o mercury lamp was filtered using a bandpass fil@&85(nr,
12 nm FWHM). A sharp dichroic beamsplitter (39. nm
reflected radiation downward through a Zeiss LDpgm 20x
objective (N.A. 0.40). The emitted light was fikerthrough a
emission longpass filter (cut-on 397 nm). ImageseveEquireu
75 using a Leica DFC 320 camera.

Coatings of historical musical instruments
Our aim was to investigate the benefits of syncbrebas 2d
DUV luminescence and to optimise its use for thedgtu:
g0 historical micro-samples. We therefore selectedarsamp’ ..
from four instruments whose coating systems haa. L
investigated previously using other methods, aravsht
of very distinct stratigraphic compositions. Spieailly, twu
have protein-based lower strata, while the otherewho -~
ss have oil-based lower strata (deglow).
The four samples comprise a diversity of mater{alsture.
concentration, layer thickness, alteration produetsounte’ =d
in the stratigraphic structure of coatings on hist
instruments.
90
(a) a 16th-century Bolognese lute by Laux Maler
One of the earliest surviving ltalian lutes, magelhux Maler
before 1552 in Bologna (Musée de la musique, Piarsnu. 1.
E.2005.3.1) was included in this stufyEarlier work us...y
os light microscopy and Py-GC/MS showed that the c¢ . il
comprises two strata of distinct compositions aplbnto & *
wood (raxinussp.), the lower layer is drying-oil based ar ' tt »
upper one contains both a drying oil and a diteiqpBinace e
resin? The sample was embedded in methacrylate-ha~ed
100 Technovit 2000LC resin (Heraeus Kulzer) and itsatefw s
prepared using an ultramicrotome.

(b) two 18th-century German lutes
Two instruments were studied, both from the lutaifgx a
10s theorbo made by Georg Aman in Augsburg in 1739 and
mandora made by Gabriel Davit Buchstetter in Regat.
1746 (Musée de la musique, Paris, respectively mwr .
E.2346 and D.AD.40382§ Both coating systems are ma ' ¢
two layers applied onto maple woodcgr). Proteinace '<
10 cOmpounds have been previously identified as thgom-
components of the lower layer of both instrumersisg SR-11-
FT-IR spectroscopy, and GC-MS amino acids analvsis
confirmed a collagen-based medium in the case # t
Buchstetter sample. Molecular markers of a dryinigaod a
us Pinaceaeresin have been identified in the upper strathg .
coating systems using Py-GC-M%.
Micro samples from each instrument were preparedgus
microtome without any prior embedding, thereby p@ - a

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3
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rougher surface, but with the distinct advantage not
introducing any extraneous material that would aombate the
samples.

(c) a 18th-century violin by Antonio Stradivari

A violin made by Antonio Stradivari in Cremona in167was
included (the 'Provigny' violin, Musée de la musiquraris,
inv. num. E.1730). Its two-layer coating system wesviously
characterised using a range of analytical metfbde lower
10 Stratum is based on a drying oil, whereas the upperis a
mixture of a drying oil and #inaceaeresin, to which red
aluminium-containing lake pigments (probably Mexica
cochineal) were incorporated. The unembedded es$on
sample was sectioned to a thickness of 2pum using
ultramicrotomy and then deposited onto a silverteddow-
emissivity microscope slide (MirrIR, Kevley Techngles).

&

1

a

Results and discussion

Specificity of the response from protein-based riase

Aged animal glues and egg white have an excitdiaond in the
20 DUV with a maximum between 270 and 290 nm leading t
emission over 300-500 nifas also observed in fresh protein-
based materia¥. The DUV excitation available at the
synchrotron source resulted being far more effecthan the
conventional 365 nm of laboratory mercury lamp to
discriminate among organic compounds encountereduin
historical cross-sections.. The excitation avaéadt DISCO is
continuously tunable between 200 and 600*hfhEmission
spectra were collected for a 275 nm excitation ¢ t
Buchstetter and the Stradivari cross-sections inasare
considered homogeneous at the scale of a few métres) in
order to compare the luminescence of both coatysgems
measured in identical experimental conditions (Eigleft
panel).

2!

a

3

=}

— G. D. Buchstetter
— A Stradivari

lexc=275nm l'exc = 340 nm (! 0.42)

Corrected intensity (a.u)

¢ |
I N

300 350 400 450 500 350 400 450 500 550
Emission wavelength (nm)

35 Fig. 1 Corrected emission spectra obtained on 4x2 areas from the
wood substrate (W), the lower stratum (LS) andupger stratum (US)
of the cross sections from the Buchstetter (blacik) Stradivari (red)
instruments on the Polypheme synchrotron setupri2ickenm (left)
and 340 nm (right) excitation. Spectra were coldainder identical
40 conditions (acquisition time: 300 s, spot size:Icpm). Samples differ
primarily by the photoluminescence of their loweata (see text for
explanation). The blue, green and red segmentsdtelthe bandpasses
of the filters used for full-field acquisitions (fzi2). Asterisks (*)
denote spikes that could not be eliminated thraugtfiltering process,
45 due to the acquisition times. See text for an exqtlan of A and B.

Emission spectra were also collected using 340 raitation

8

9

in otherwise identical conditions, at the exact sdotations on
the samples (Fig. 1, right).

The composition of the upper strata of both inseots is
so known to be made dPinaceaeresin admixed with drying oil.
The luminescence spectra collected from upperaswato.”
samples are thus very similar, exhibiting broad riapping

bands with maxima at around 430 nm and possiblyrat.
360-380 nm. The band at around 430 nm is the méshse.
ss These features are unchanged when these mategatxciteo
with a longer wavelength, typically 340 nm, showthgt these
emissions do not result from an excitation spedificDUV
light (Fig. 1). These emission features are astatiavith the
luminescence spectra of aged®bénd resin filmg?5?

eo The lower stratum of the Stradivari coating, presiy
characterised as a drying oil, has a luminescepestiaim
similar to those of the two upper strata. In costirahe
spectrum from the lower stratum of the Buchstettame
differs markedly in shape and in intensity. The sSian

es maximum at 409 nm (marked ‘B’ on Fig. 1) dominatés *
response of this collagen-based layer. Fibril-forgnéollagens
from various tissues including skin and bovineitzge exhibit
a strong emission in this wavelength domain, aitgd to
emissions from collagen cross-links? In particular,

7o mature trivalent collagen cross-links residues llysnd
hydroxylysyl pyridinoline are known to luminesce
emission maxima reported between 395 and 408*nmyvivo
variations in cross-linking chemistry appear tonbare rela*~-
to type of tissue than type of collag&nThe “B” feature cal

75 therefore be considered as diagnostic for the poesef aged
collagen. The fluorescence properties of such dinks are
strongly dependant of the environment. A furthevedepment
of this study could thus aim at gaining information loc
chemical environment of collagen.

g0 An emission band between 300 and 330 nm occurrine 0

irradiating at 275 nm, appears only in the Buchsteltbwer
stratum (marked ‘A’ on Fig. 1). Although this weagsidua'
contribution centred at 312 nm is comparativelys l@gense
than that of the band in the visible range, it 8taout as a cle?
discriminating factor between protein-based and-patein-
based strata. Contributions around 305 nm and at3Dnm
are common in proteinaceous materials and aréaitdd to the
amino acids tyrosine (Tyr) and tryptophan (Trp)pextively>®
Collagen molecules do not contain Trp moieties &irttripl-

@

9 helical domainsand Tyr accounts only for 1.0 % of pui.

collagen®® The intensity of the Tyr and Trp contributions to
the emission spectrum may have been further weakénc
quenching of their luminescence by surrounding jpepfioe
chains and various functional moietlsin our spectre
contributions from Tyr and Trp therefore appear enimtense
than would be expected from pure collagen. Thegrats may
be a signature of trace amounts of proteinaceongpaoands ir
addition to collagen. These could easily derivemfral -
manufacturing processes used in th& 16 18" century that

@

100 Were not aimed at producing highly purified collagéndeed

hide and bone glues were obtained by hot wateaetidn of
cattle skins and bones respectiv&ly.

Our full spectral correction allows a quantitato@mparison o,
spectra collected usinde,. = 275 andAe = 340 nm. The

4 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]
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significantly more intense signal at 340 nm (takimg account
the ratio in flux at the sample position: 0.42k@mparable to
published data on parchment giife.

Using excitation at both 275 nm and 340 nm allowedery
neat differentiation between the protein and dlfrebased
strata (Fig. 1). Under the 275 nm excitation wangtk, more
diagnostic fluorophores are observed, in partictdaprotein-
based materials below 360 nm. In addition, seveisiinct
emission bands above 450 nm are measurable andbmay
associated to the alteration and ageing of thesfifm

In addition, more subtle features that stand out thoé
experimental noise are detected in a region ofStradivari
sample where the wood has not been impregnateadifigce
coating (Fig.1, W). The wood substrate emits a kwea
15 luminescence, mainly at wavelengths > 400 nm, \aitteast
two distinct contributions, one centred around 480-nm and
the other in the 500-nm region. In modern wood dasp
emission of the para-coumaric and ferulic acids tgpécally
centred at c. 400 and 415 nm, while lignin leadsatbroad
contribution beyond 380 nm that reaches a maximuooral
480 nm and slowly decreases at longer wavelerfgffisin
comparison, the luminescence spectrum obtained framod
fibores from the Buchstetter could indicate that thase
impregnated with collagen-based glue.

&

1

o

20

o

25
Mapping and quantitative assessment of collagerdtbas
material

The significant contrast of the features in thectijge even after
centuries long ageing of the materials, allowed arcle
discrimination between surface coating layers usimdtiband
imaging. We produced images from the most charatiter
spectral features. The distribution of the proteased material
in the cross-sections is straightforwardly imagsthg 275-nm
excitation and by selecting regions of the speusiag filters
3s centred at 330, 450, and 550 nm to produce falkric&RGB
images with a contrast more specific to proteinedasaterials
(Fig. 2).
Fig. 2 shows that the contrast observed with paimalysis
(c. 4x4 pm) is consistent over the whole stratigraphy and
40 individual strata, i.e. thousands of square micio@se On an
ontological aspect, the spatial distribution of theponse from
the three emission bands validates the notiontodtiem’ with
relative internal emission consistency and welivof
boundaries. In particular, the response from theemaceous
4s material is concentrated in the Buchstetter lovrtism.

3

=}

(a) Buchstetter

(b) Stradivari

Fig. 2 Visible epiluminescence microscopy (top) and cositedRGB
images constructed from the synchrotron full-figlditiband ime ..
so (bottom) of the cross sections of the Buchstettpatd Stradivari (v
instruments under 275 nm excitation. Colour degignan a an
blue 330 nm, 60 nm FWHM, green 500 nm, 20 nm FWira,
425 nm, 30 nm FWHM. To allow intercomparison, ickeahannel, the
lowest value of the"d percentile and the highest value of th™ ~~
s5 percentile of the intensity distribution for bothages were used a° end
points for an intensity stretch. Scale bar 30 pran@b collected at ...
same magnification). The white crosses indicatésspbere spectre
Figure 1 were collected. The white square in (d)dates an are.
previously analysed using SEM-EDX.

s Relative luminescence intensities between micro-ingagn
microspectroscopy were quantitatively compared. d?a if
specific band intensities are listed in Table 1.e Thppe:
stratum of the Buchstetter and the two strata of3tradive .,
all oil/resin-based, have similar emission intgngiatios .

65 microspectroscopy. The emission ratios obtainech froicr.
imaging on these same strata are also very sinfilaugge. *=
that calculation of emission ratios gives comparatdsults,
whether they are obtained from micro-imaging (fig. 1
imaging) or from micro-spectroscopy (spot analyses)

70 Furthermore, these ratios are all in the range 1.2
contrast, the ratio in intensity between bandsreenat 425 ..
and 500 nm calculated for the collagen-based Istratum of
the Buchstetter sample is significantly greater @erane
2.5x) than those calculated for the three othatastising e .ci

75 Setup.

Our results therefore indicate that the first amatthe wooa
the lute made by G.D. Buchstetter was made of a distinc
collagen-based, material, very probably animal gl0é&~
German instrument-maker applied this size in a slight"

80 > 30 um thick at the sampling spot location. Theuts of the
imaging established that collagen-based bindingianean je
discriminated from oil/resin-based ones by processof
appropriate bands from multiband data and confirrtk a
guantitative data intercomparison can be succégsittain_

ss despite all setup-related biases.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



P OO~NOUILAWNPE

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Analyst

Table 1 Emission intensity ratios in the 425 nm band (BOFAVHM)
to that in the 500 nm band (20 nm FWHM) from symd¢ton
microspectroscopy and microimaging data.

Microspectroscopy Micro-imaging

lower stratum 3.82 3.99
Buchstetter upper stratum 1.67 1.39
Stradivari lower stratum 1.42 1.86

upper stratum 1.44 1.44*

For microspectroscopy data, corrected spectra mesén Fig. 1 were

5 convoluted with the transmittance function of ttaadipass filters and
the spectral response of the detector, then irtexdjta obtain corrected
intensities. For micro-imaging data, 15x15 pixea including the
analysed area in microspectroscopy measuremengssgkcted to
generate an area similar to the beam size in nsigestroscopy. The

10 intensity of these pixels was averaged. The mioraging setup is not
intensity-calibrated in detection but the respoofstne camera is flat in
the 425-500 nm range. A linear correction factos wsed to bring the
value for the upper stratum of the Stradivari imstent (denoted by *)
to the calibrated microspectroscopy value.

15
Imaging of diagnostic protein-based contributions

(a) RGB

(b) 340 nm (c) 308 nm

Fig. 3 Synchrotron full-field images of the cross-sectifthe Aman
20 theorbo under 275 nm excitation. Scale bar 20 pprotein-based
sizing fills the wood pores. Only fragments of tigper stratum
remained attached to the sample during the sugawihich was done
without embedding the cross-section. (a) Spatraliystered false-
colour RGB image of the emission from the samplé eolour
25 designation: blue 425 nm, 30 nm FWHM, green 50020mm
FWHM, red 340 nm, 15 nm FWHM. P14 are typical wpodes that
appear filled with a protein-based compound. Imatgnsity levels in
each channel were adjusted using an equalizatiettist(b,c) Images
of the location of emission of characteristic baofisyptophan (a;
30 340 nm, 15 nm FWHM, 1800 s), and tyrosine (b; 368 H0 nm, 9000
s). Image intensity levels in each channel werastdfl using a 2-98%
percentile stretch.

The capabilities of the approach described heree viietther
tested on other samples. In the Aman theorbo, tiprbased
3s compound fills the wood pores, just under coatiygtem

(Fig. 3a, P1-4). It is clearly differentiated fratre wood cell
walls (dark). The blue colour observed in Fig. 8aresponds
to the remnants of a top resin-based coating aliveevood
surface and the protein-based compound.

40 Specific chemical imaging can be performed furtimto tt.
DUV region using narrow-band interference filters the
domains of the weaker bands of the tryptophan srakine
amino acids (Fig. 3b and c respectively collecte®40 and
308 nm). Heterogeneities in the signals attributedollagen

45 cross-links and to Trp in particular can be obsgrewing to
the high signal dynamics of the imaging system. dbserved
heterogeneity, in a layer usually regarded as hemegus &
this length scale, could be due to the segregatidn
characteristic luminophores of the coating layengrirdy

so manufacturing and/or alteration over time. Fhisuteshows
that specific protein-based materials are potdntidlectively
imaged and characterised using this straightforyantbcol by
exploiting tyrosine and tryptophan signatures. Inche
experimental conditions, noise from the camera eosimic

s5 Spikes become significant and it is crucial thaeythare
minimised by using an optimal setup configuraticaljbration
and data post-treatment.

Practical comparison with conventional epilumineszn
60 Microscopy

Mercury lamps providing a 365-nm line are commamded as

near-UV illuminant to examine works of arts andsssections

with benchtop fluorescence microscopes using an RGB .CL

camera to collect images (typical detection channeéd

6s 610 nm, green 530 nm, blue 460 nm; 90 nm FWHM). . 2

capabilities of synchrotron DUV photoluminescen@n de

further illustrated by comparison with conventin

epiluminescence microscopy (Fig. 4).

Taking as an example a cross-section sample frensuiface
nof a lute by Laux Maler (Fig.4a), several film4fang
materials can be evidenced with the mercury lafomihation.
Conventional examination would conclude that a nmlte
appearing lighter in colour, fills most of the wopdres. A film
that has a slightly yellower emission can be viseal in the
upper part of the wood material, and slightly cawgrit. It is
not straightforward to determine whether there igligtinct
boundary between this yellowish material and the tat has
a whiter emission and which fills the wood poresgdments ~*
the cracked upper stratum, which appear of a vark tbd huc
go under visible illumination, have almost no lumineisce under

the mercury lamp.

High-resolution synchrotron DUV photoluminescenceimle.

to multiband detectioded to significantly more informativ

images (Fig. 4e-h). The multiplicity of bands coted provide:
ss more capabilities to discriminate materials, based their

luminescence properties. It increases the numbposgible 3-

band combinations for visualisation using false onnl

rendering. The signal of the embedding medium (&, Be)
strongly contrasts with that from the sample, imtipalar the
9 coat of varnish€.g.B).

The visualisation of the distribution of emissiopestre

allowed us to discern the extent of penetration toé

embedding medium in the sample. This is a challeage
often not possible, using conventional epilumina <

7

al
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conditions (Fig. 4d). The issue of impregnation and
contamination from embedding media is always iry glaring
the interpretation of analyses (for instance PFT-I®)
historical organic materials in cross sections. @ethodology
s simplifies such discrimination, as seen in the cabavood
pores impregnated by the embedding mediemm. C).
Using DUV luminescence imaging provides further
information on more localised features. Contrastmfro
10 compositional variations is enhanced between stoditahe
11 10 coating film that appeared homogenous using theerdional
12 epiluminescence microscope (D,E; Fig. 4f and a).
13 The secondary walls (F; Fig.4g and b), appear more
14 luminescent than the compound middle lamella (8@refore
15 improving the description of the microstructure tbé wood
16 15 cell walls®+%2 This luminescence from the secondary walls is
17 compatible with that of lignin compounds, with aitqubroad
18 emission band, peaking around 340-400when excited in
19 the 240-320 nm rang@%® Contrast can also be observed
20 between wood cell walls that exhibit distinctly fdient
21 20 luminescence behaviours (H,l; Fig 4h). These reghkerefore
22 suggest a new path for characterizing and studyiitgoscopic
23 features of organic materials in historical crasstions.

©CoO~NOUTA,WNPE

60 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7



©CoO~NOUTA,WNPE

Analyst

Fig. 4 Comparison between standard epiluminescence awthtron full-field multiband imaging on a crogson sample of the Laux Maler surface
coating, one of the earliest surviving ltalian &itéa, b, c) Detailed areas, corresponding to thrmbeated by the white rectangles in visible
epiluminescence light microscopy (d). (d) Visibpgleminescence light microscopy collected with 368-mercury excitation. (e) Spatially-registered

&

false-colour RGB 600x600 pixels image constructethfthe synchrotron full-field multiband imagingder 275 nm excitation with colour designatior.

blue 500 nm, 20 nm FWHM, green 465 nm, 30 nm FWird, 380 nm, 15 nm FWHM. Image intensity levelsaetechannel were adjusted using
equalisation stretch. Scale bar 40 um. (f, g, Hailel areas, corresponding to those indicatedHifewectangles in (d). Scale bar 20 pm. Imagensitg
levels in each channel were adjusted using a Gaussietch. See text for explanation. Local aressgdated by letters A—I are described in the text.

On the Stradivari sample, no fluorescence is ethiftem a
rectangular area in the sample (marked by a whateib Fig
2b). This dark rectangle corresponds to the area @lemental
map previously collected with SEM-EDX. The electimmobe
has modified the sample namely through degradatiothe
organic fraction and/or surface carbon deposititrereby
preventing later observation of its luminescencehisT
illustrates the importance of planning the sequari@nalytical
techniques performed on each sample, from the keashe
most damagin§*
High-resolution DUV micro-imaging provides a diregay to
20 identify areas previously altered under an electbeam and
possibly other sorts of irradiation such as intelageor X-ray
beam.

1

o

1!

a

Conclusion and perspectives

The results presented here demonstrate the stresgfsaof
synchrotron DUV luminescence analysis over conwoerai
methods in terms of excitation tunability, spatiakolution,
multiband imaging:

Tunability. The tunability of the synchrotron beam wavelength
allowed, for the first time, the discrimination angporganic-

30 based film-forming materials within historical csesection in

2!

a

3

4

41

5

5

S

5

=}

the DUV*"'%. Monochromatic excitation could be adjusted tor
each system under investigation from the visiblthioDUV to
optimize the contrast, at the expense of the fttediating the
sample, which anyhow needed to be kept at modemdtres
to prevent any radiation-induced effects. No radiminducea
effect was noticed under the conditions used hHHne. use of
tunable excitation conditions is expected to previdn
additional powerful contrasting and analytical imygments in
characterization of materials.

Resolution. In this work we imaged the distribution or .
collagen-based material with 20x the spatial rasmiuof pi-
FT-IR imaging at the diffraction limi>* DUV excitation
combined to a high numerical objective allowed ttaia high
spatial resolution compare to conventional micopscor FT-
IR microspectroscopy while allowing the analyses ofariety
of types of samples. The diversity of samples swidn this
work, prepared in many different ways (thin sectienoss-
section, unembedded ultramicrotomy), demonstraieswi '
applicability of the approach for the cultural hage field. The
quality of the surface of the sample is less aitifor date
quality than for p-FT-IR spectroscopy in ATR or refence
mode® Moreover, our approach does not require cri. cal
alignment nor contact, which might lead to damageire
evanescent-wave measurements or near-field spegpyps

This journal is © The Royal Society of Chemistry [year]
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Sub-micrometric spatial resolution combined withecpal
selectivity suggest that even heterogeneity withinrometric
layers could be imaged in historical organic matsrithus
providing key information on preparation, alteratior ageing
processes.

Multiband imaging.We have shown that chemical contrast is
increased by selecting appropriate bands from th#iband
data cubes, here 15 to 30 nm FWHM, centred on the
wavelengths of major interest, instead of using éBRGlour
camera optimised for real-to-life visualisation. \dkeveloped a
procedure to obtain quantitative data from the dathes,
which are in good agreement with results obtainesthgu
microspectroscopy, while colour images provided by
conventional UV-induced luminescence microscopyingis
RGB cameras can be misleading for identification afemials.

Our approach provided key information about thefemar
coatings materials and techniques of "™4B8"century
instrument makers, when it was applied to a sefesrganic
coatings on historical musical instruments: Here shewed
that two German I8century instruments were first coated
with a glue size on the wood, before applying dfrasin coat
of varnish. The only other known example is a Fred8th-
century instrumertt Interestingly, these three instruments
were made ‘north of the Alps’. In contrast, Antoi8tradivari,
celebrated as the finest South-of-the-Alps makesedu a
different coating technique: no collagen-based cump was
detected using PL spectroscopy and imaging, coirfgm
previous results obtained by IR spectroscopy and
chromatographic analys&s.

This method could also lead to novel developmentsé finer
characterization of binding media in easel pairgirithe film-
making materials used for musical instruments aadele
paintings were similar, or even identical untilleast the early
19th century. Taking benefit of the high spatiadalation of
the technique, further development could (a) exple strong
influence of pH on the excitation maxima of collageross-
links to gain information on local chemical envirsent of
collagen, which is known to evolve with (ageingmd,
(b) describe the microscale heterogeneity of celtagased
materials to refine identification of the raw maiés.
Synchrotron DUV/visible photoluminescence analys#y also
allow the detection and imaging of colorants, sashgums,
resins, dyes and lakes with are otherwise bareigctible in
cross-sections otherwise, and often require miestrdctive
chromatographic analysésHowever, specific issues need to
be addressed in the case of easel painting mateHadtorical
varnishes of musical instruments contain mostly anig
materials, with very little pigments or mineralshely allow
characterising properly the organic matter, whengamting
layers usually contain high concentrations of phes, in
particular pigments. The chemical nature of theaetiges
impacts the drying and ageing of paint film andstlaffects its
luminescence properties. Optical properties of faticles
(absorption, scattering) also directly affect theasurement of
the binding media luminescence, and thus need to be
corrected®®®®

s0 Synchrotron DUV/visible photoluminescence couldréere
be inserted as an early step in the sequence dioeeused to
study a range of historical cross-sections. Bugmework have
also the asset of the technique for the study why’
materials in a diversity of research areas suclkeopstros’

es Studies by discriminating osteocytes versus theebomati x
from amino acid compositioff, and the study of microscale
heterogeneities in metal oxid€s?Here we show that comniex
organic-based structures, recognised as diffiauliatkle, ¢ -
be analysed and imaged with vastly improved centres

70 compared to conventional methods. In a wider sensagii
the chemical speciation at the submicrometre sdale
understand very fine organic structures and mi # ig
distribution opens up new perspectives for fieldehs as
biomedicine, xylology, forensics and polymer sc&nc
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