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With the rapid scientific and technological changes that occur every day, a new kind of necessity, for real-time, rapid, and
accurate detection methods, preferably also non- or minimally invasive and non-destructive, has emerged. One such
method is laser-induced fluorescence spectroscopy (LIF), applied in various fields of activity, ranging from industry and
biochemistry to medicine and even heritage sciences. Fluorescence-based spectroscopic methods have all of the above-
mentioned characteristics, and their functionality has been proven in many studies.
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| 1. Laser-Induced Fluorescence Spectroscopy (LIF) in Heritage Sciences

Most organic materials observed in art and archaeology and some inorganic ones have fluorescence properties, making
them suitable for LIF studies. A search was conducted throughout several multidisciplinary databases (Clarivate WoS,
Elsevier, Springer, and Wiley) using combinations of the following key-words: “laser-induced fluorescence spectroscopy”
and “art”, “archaeology”, “paintings”, “organic binders”, “pigments”, “ceramics”, “graffiti”, “consolidants”, “adhesives”,
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“glue”, “bacteria”, “fungi”, “icons”, “mortar”,
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bricks”, “marble”, “mural painting”, “secco”, and “fresco”, all of them related to
materials identifiable through fluorescence spectroscopy or to the major object types. The returned results from the
Elsevier, Springer, and Wiley databases showed that most LIF studies focus on the study of bacteria (~18%), followed by
organic binders (~15%), adhesives (~13%), and pigments (~10.5%). WoS database results were related to studies on
pigments (>25%) and art, in general (~18%), followed by bacteria (~14%). In both cases, less attention had been given to
graffiti (<0.2%), secco (<0.35%), consolidants (<0.6%), marble (<1.20%), bricks (<1.35%), mural painting (<1.55%), and
fresco (<1.70%).

Pigments are amongst the most encountered materials in the studied literature, along with polymers, waxes, resins,
adhesives, organic binders, oils, and stones in the form of either laboratory mock-ups or real objects 128, Some of the
LIF studies were also focused on the analysis of natural and synthetic pigments, and towards identifying mural painting
pigments BB followed by an increase in studies oriented and contemporary artworks [& and materials (<.

LIDAR applications, which allow the remote characterization of surfaces, were also an important part of LIF studies at the
beginning of 2000, for the characterization of stone monuments and building facades, and the biological attack on such
objects 20, LIDAR studies were performed for the differentiation between green alga and cyanobacteria, based on the
potential of LIF to highlight the presence phycobilin, a component found in cyanobacteria L2314l Angther study was
focused on the use of essential oils to remove cyanobacteria from walls, and proved that lavender and thyme essential
oils were the most efficient in destroying phototrophic biofilms, without inducing alterations on the painted surface 121,

LIF capabilities were tested for determining specific spectral fingerprints of various rock types QAL for aiding the

restoration processes. Enhanced results were obtained when LIF data were processed using multivariate techniques 20
[13]

The investigation of organic media in paintings, including casein, egg yolk, and egg white, and animal tissues adhesives,

along with the degradations associated with their natural or artificial aging was investigated through LIF-based studies (i8]
[19](20](21][22]

Other types of materials, including consolidants 29, polymers 23! and textiles 24 were also studied, but to a lesser extent.
Few articles have have been found in the scientific literature regarding these materials. Colao et al. 29 investigated vinylic
or acrylic resins with multiple wavelengths for LIF, of with the best differentiation between the analyzed consolidants was
obtained using a 266 nm wavelength. Di Lazzaro et al. 24! also used a 266 nm-laser to investigate stains and inscriptions



on a famous copy of the Shroud of Turin, the Arquata shroud, indicating the high influence of cellulose on all the analyzed
areas, along with degradation patterns of the cellulose fibers. By comparing the LIF spectra of the shroud with those
collected from a sample of 400-years old naturally aged cellulose.

The majority of experiments involved the use of lasers emitting in the UV region, predominantly the 266 and 355 nm
wavelengths, followed by the 248 nm wavelength, and, to a lesser degree, lasers in the visible-domain (442, 532 nm).

| 2. From Single to Hybrid Techniques

The recent technological advances have allowed the miniaturization of optics and electronics, thus promoting the design
and creation of hybrid systems, by merging 2 or more techniques into a single equipment. For example, the combination
of LIF with LIBS was tested using a nanosecond pulsed Nd:YAG laser (2211281 \ith pulse energies ranging from 2 to 20 mJ.
Such systems were applied for the study of pigments, archaeological objects, or metal 2728 Another combination was
that of LIF with Raman spectroscopy, tested for applications in the automotive and aeronautical industries, specifically
flame combustion modeling 2289 put there is no mentioning of such systems being used in heritage sciences. Starting
from the proficient combination of Raman with LIBS BLI32]33134]35] extended versions have been created, involving LIBS,

Raman and LIF. Such types of hybrid systems have already been reported in severalstudies [38I371[38][39]40][41]{42]

| 3. Enhancing LIF Analytical Capacity

One of the drawbacks in LIF is that compound identification is not always straightforward, many fluorophores have
overlapping emission domains, which makes it difficult to identify them. Therefore, in cases when fluorophores
identification is not a simple process, several authors have tried to find new ways to improve this process in the
fluorescence spectra and resolve the overlapping broadband emission coming from different fluorophores.

A possible approach is to use time-resolved measurements. Time-resolved laser-induced fluorescence (TR-LIF) differs
from conventional fluorescence intensity measurements by the fact that the emission detection occurs after the excitation
has occurred, while for the fluorescence intensity measurements, excitation and emission occur at the same time. TR-LIF
has been chosen by multiple authors, because it offers information beyond the possibilities of standard fluorescence
intensity measurements, that is it can give information about the excited state dynamics and of fluorophores, and can
overcome the shortcomings of conventional fluorescence intensity measurements [El43l Although not all investigated
materials showed a usable signal, by selecting proper TR-LIF delay times and gate windows, Marinelli and
collaborators B3l have been able to obtain the specific signal of several natural and synthetic binders and some
commercial paints.

LIF results can be post-processed by applying chemometric methods, which help find hidden patterns within mixt signals.
Many LIF studies involved principal component analysis (PCA), an unsupervised classification method which reduces the
dimensionality of a large dataset and computes a new coordinate system, based on the entry data, in which the
coordinates are known as principal components (PCs). PCA has proven useful for creating thematic maps, to point out
vulnerable areas on the surface of the cathedral and baptistry of Parma, in Italy, to to analyze the different spectral shape
and identify the separate contributions of bacterial and fungal strains, pigment classification, or to enhance the differential
determination of individual fluorophores in mixtures of organic pigments in binders. Multivariate analysis has proven useful
for the classification of different classes of binders, and also for differentiation between fresh and aged binding media.

| 4. Future

Given that LIF efficiency is greatly enhanced when coupled with multivariate data analysis methods and that hybrid
techniques which incorporate LIF are continuously being developed and tested in both laboratory studies and field
experiments, thus proving an ongoing interest for non-invasive, real-time investigation methods and set-ups, LIF appears
to remain useful in the field of cultural heritage in the future. Possible areas that need to be further developed include
historical documents and textiles, new ways of biocleaning, and even traceability of rocks, pigments or archaeological
findings.
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