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Abstract: With the rapid scientific and technological changes that occur every day, a new kind of
necessity, 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 in recent decades, 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. Yet, they
have not known great success as other molecular techniques. This paper is a short synthesis of the role
of the laser-induced fluorescence spectroscopy technique in heritage sciences, the main applications
in this field, along with its advantages and limitations. The article focuses on the most common
types of lasers used, the merging of two or more methods into hybrid techniques, the enhancement
of the analytical capabilities of LIF and post-processing methods, and also explores some future
development possibilities of LIF.

Keywords: laser-induced fluorescence spectroscopy; hybrid techniques; heritage sciences; non-
destructive; statistical analysis

1. Introduction

Generally speaking, fluorescence is the process of light emission by certain molecules
or atoms as a consequence of them being stimulated through either physical (light ab-
sorbance), mechanical (friction), or chemical means. Of the broad domain of fluorescence
spectroscopies, laser-induced fluorescence (LIF) spectroscopy is defined as the spontaneous
emissions from atoms or molecules that have been excited by laser radiation. Simply put,
when laser radiation interacts with matter, particles may absorb photons and pass onto
an excited energy state, from which they must de-excite and return to the ground state,
through various mechanisms, one of which is spontaneous fluorescence emission [1]. These
processes can be illustrated and easily understood through the Jablonski diagram [2]. The
fluorescence emission is a very rapid process, as the time between the excitation and return
to the ground state, called lifetime, is about a few nanoseconds [3].

Unlike broadband sources, lasers have the advantage of being highly coherent and
directional, bright, almost monochromatic light sources, which allow the very selective
excitation of fluorophores [4]. Moreover, these properties reflect in good spectral, temporal,
and spatial resolutions [5]. Since its beginnings in the 1970s, this technique has developed into
a versatile method of analysis for a wide range of applications, such as industry, biochemistry,
biophysics, medicine, environmental protection, and even cultural heritage [6–12].

LIF offers the user the advantage of being a non-contact and non-invasive analysis
technique, which, when operated using the right parameters, does not cause alterations
to the target’s surface, thus making it suitable for the heritage sciences field [13,14]. This
real-time technique does not require sampling and can be performed in almost any location,
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due to the technological advances, especially in the spectral instrumentation, which have
allowed the miniaturization and portability of LIF systems [15,16].

The LIF technique has been employed in heritage studies for several decades. How-
ever, despite its great potential, it has not reached the same level of applicability as other
molecular spectroscopy techniques, such as Fourier transform infrared spectroscopy (FTIR).
This is probably related to one of the drawbacks of LIF, which is that the emission bands are
relatively broad. Moreover, numerous times the fluorescence bands cannot be attributed
unambiguously, as the acquired spectrum can be affected by the overlapping of multiple
fluorophores’ signals emitting in the same region. Moreover, for a more complex characteri-
zation of the investigated samples, several wavelengths could be required, which implies a
high cost. All things considered, for specific applications and in well-defined experimental
boundaries, LIF has shown its utility in the heritage science field.

2. Aim

In the past decade, there have been several LIF reviews aimed at describing the state
of the art in using LIF spectroscopy in various fields of activity, mostly focused on bio-
chemistry, medicine, and environmental applications. In a 2012 review, Zare talked about
LIF’s advantages and some personal experiences in working with LIF for the detection
of gas and liquid molecules [17]. Moving forward about a decade, in the past two years,
multiple papers have been published, reviewing the applications of fluorescence. Taylor
and Lai [18] recently reviewed the application of LIF for designing biochemical sensors,
with the potential to be used in numerous fields, including environmental protection and
medical imaging and diagnosis. In a similar approach, Dinesan and Kumar [19] conducted
a review of LIF applications for gas-phase ion detection, covering how to adapt measure-
ment schemes from condensed- to gas-phase experiments and building quadrupole ion
traps and improving the signal-to-noise ratio in such experiments. Zacharioudaki and
co-workers [20] talked about various types of LIF, light sources, detector and fluorescence
recordings, fluorescent compounds, fluorescence quenching and interferences in fluores-
cence measurements, and LIF applications in environmental samples, including water, soils,
and sediments. Kwaśny and Bombalska [21] have written about the five decades of LIF-use
in the medical field, with applications including the detection of endogenous fluorophores
and biological tissues, with the aim of improving medical diagnosis for skin diseases, caries,
atherosclerosis, cancers, and the guiding of medical procedures, such as photodynamic
therapy. In the field of cultural heritage, LIF has been less used as compared to other areas
of application. Related to heritage science applications, there is a review of Nevin and
partners [22], which was aimed at spectroscopic methods using laser sources for art and ar-
chaeology, and discussed the elemental characterization of materials through laser-induced
breakdown spectroscopy (LIBS) and laser ablation inductively coupled plasma mass spec-
trometry (LA–ICP–MS), molecular characterization through LIF, LIDAR (light detection
and ranging) LIF, laser desorption ionization mass spectrometry (LDI-MS), matrix-assisted
(MA) LDI–MS, atmospheric pressure (AP) MALDI, and hybrid systems, including at least
two spectroscopic techniques, such as LIF-Raman, LIF-LIBS, LIBS-Raman, and Raman-XRF,
LIBS-MS.

Seeing how the scientific literature already contains references about LIF theory, the
design of LIF set-ups, optical geometries, detection systems, and light sources used, ranging
from arc lamps to multiphoton microscopy, designing of molecular probes for detection of
non-fluorescence molecules, and that some of them even tackled the commercial availability, or,
rather, lack of LIF systems, the objective of the present paper is not to reiterate already known
information, but rather to present an up-to-date image of the current state of the art in the
application of laser-induced fluorescence spectroscopy in the field of heritage sciences.

3. LIF Applications in Heritage Sciences

As noted by Anglos et al. [23], most organic materials observed in art and archaeology
and some inorganic ones (mostly minerals) have fluorescence properties, making them
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suitable for LIF studies. In order to attain a picture of the interest of using LIF in heritage-
related studies, a search was conducted throughout several multidisciplinary databases
following a combination of key-words: “laser-induced fluorescence spectroscopy” and
“art”, “archaeology”, “paintings”, “organic binders”, “pigments”, “ceramics”, “graffiti”,
“consolidants”, “adhesives”, “glue”, “bacteria”, “fungi”, “icons”, “mortar”, “bricks”, “mar-
ble”, “mural painting”, “secco”, and “fresco”, all pertaining to the major classes of materials
identifiable through fluorescence spectroscopy or to the major object types. The search was
conducted in parallel in the Clarivate WoS database, which indexes high-quality scholarly
literature from all over the world, and in the combined libraries of three of the main sci-
entific literature providers: Elsevier, Springer, and Wiley. Of the results returned by the
search in the Elsevier, Springer, and Wiley databases (Figure 1a), it can be observed that
most LIF studies focus on the study of bacteria (~18%), followed by organic binders (~15%),
adhesives (~13%), and pigments (~10.5%). On the other hand, for the search conducted in
the WoS database (Figure 1b), most returned results were related to studies of pigments (>25%)
and art, in general (~18%), followed by bacteria (~14%). For both search groups, the lowest
percentages were returned for graffiti (<0.2%), secco (<0.35%), consolidants (<0.6%), marble
(<1.20%), bricks (<1.35%), mural painting (<1.55%), and fresco (<1.70%). While some of the
categories appear correlated for both search groups, there is a considerable discrepancy between
the percentages returned for other search terms, such as adhesives (from 13 to <1%), paintings
(varying between 14 and <3 %), and organic binders (from 15 to <1%).
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What can be speculated here is that while some subjects have been extensively stud-
ied, others have not. Clearly, there has been a greater focus oriented towards the study
of organic materials, such as bacteria, since there have already been lots of experiments
conducted on this subject coming from the medical field, which had experienced a greater
expansion. On the other hand, one of the earliest preoccupations of the heritage scientists
was the identification of pigments. This is also evident from the literature cited in the Sup-
plementary Material [11,24–90], which lists the main types of lasers used in heritage studies
since the early 1990s, along with their characteristics and the type of material(s) studied.
On the other hand, new types of materials and art are lacking the thorough investigation
that traditional art materials have received. Thus, graffiti and other contemporary painting
materials could be a niche that is worth studying.
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As previously mentioned, pigments, both organic and inorganic, 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, as can be observed in Table 1, which summarizes some of the fluorophores ac-
counted for in scientific studies and their corresponding excitation/emission wavelengths.

Table 1. Synthesis of excitation and emission wavelengths of the main fluorophores encountered in
the literature.

No. Material Class Excitation [nm] Emission [nm] Reference

1. Amber Resins 337 475 [24]

2. Arenaria Pliocenica di
Siena tuff Rocks

250, 280, 300, 330 440, 410 (shoulder), 470
(shoulder) [32]

399

440, 410 (shoulder), 470
(shoulder), 640

(impurities, such as
transition metals or rare

earths)

[32]

3. Aureobasidium
pullulans Fungi 308 450 [43]

4. Azurite Pigments 266 480 [85]

5. Bacillus sp. Bacteria 308 450 [43]

6. Brazil wood Pigments 366 615 [65]

7. Cadmium red, Cd(S,Se) Pigments
337 600 [24]

355
568 [26]
600 [91]

8. Cadmium yellow Pigments 355
483 [26]
480 [91]

9. Calaton soluble nylon Resins
266 435 [58]
355 484 [58]

10. Calcite, CaCO3 Minerals/Pigments 266
460 [87]

448, 510 [11]

11. Carbon black Pigments Broad band at 500 nm [28]

12. Carmine lake
(cochineal)

Pigments
266 635 [85]
337 640 [24]
366 620–630 [65]

13. Casein Binders

248 340, 415, 435 [91]
266 343 [58]
280 348 [40]
355 450 [58]

14. Chlorophyll a Vegetation - 685 [49]
405 685, 740 [79]

15. Cinnabar, HgS Pigments 266 650 [85]
366 580, 610 [65]

16. Chroococcidiopsis
kashayi Cyanobacteria 355

400–450
460–470
650–670

[29]

17. Chroococcus sp. Cyanobacteria 488 570 (phycocyanin)
660 (phycoerythrin) [27]

18. Colophony Resins
337 420–530 [92]
355 435 [26]

19. Copal Resins
337 405–430 [92]
355 456 [26]

20. Dammar Resins
318 378 [52]
337 430 [92]
355 437 [26]

21. Edible oils Oils
270–310 300–350 (tocopherol)

(fresh) [93]
350 450 (aged)

22. Egg yolk Binders

248 490, 440 [42]
266 340 [58]
337 425 [42]

355
420, 470 [42]

540 [58]
405 470 [42]
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Table 1. Cont.

No. Material Class Excitation [nm] Emission [nm] Reference

23. Egg white Binders

248
340 (tryptophan) [40]

330 [42]
340, 415, 435 [91]

266
343 [58]

~330 [48]
337 415 [42]

355 420 (tyrosine
derivatives) [40,42]

520 [58]
435 (tryptophan

oxidation products
N-formylkynurenine

(NFK) and kynurenine)

[40]

405 470 [42]

24. Egyptian blue,
CaCuSi4O10

Pigments 266 835 [87]

25. Elemi Resins 337 410–480 [92]

26. Eosin lake Pigments 530 550 [46]

27. Fungi Fungi 266 340 [39]

28. Glass Amorphous solid 266

300–500 (oxygen
deficiency centers)

520 (Ca2+)
360 (Fe3+/Fe2+)

475 (Cu2+)
500 (Fe3+)
540 (Mn2+)

580 (Cu particles)
610 (Mn3+)

325 (Pb2+/Sn2+)

[88,90]

29.
Green algae

Coccomyxa minor—cell
membranes

Algae 355 400–500 [29]

30.
Green algae
Coccomyxa

minor—chlorophyll a
Algae 355 680–690

730–740 [29]

31. Green algae
Pleurococcus sp. Algae 488

670–690
740

(shoulder–chlorophyll)
[27]

32. Grey tuff Rocks 355 445 [30]

33. Gum arabic Binders 366 440 [65]

34. Gypsum Minerals 266 455, 505 [11]

35. Hematite Pigments 355 440 [26]

36. Kynurenine
Amino

acids/degradation
products

290 435 [45]

37. Lead white,
2PbCO3·Pb(OH)2

Pigments Broad band at 500 nm [28]
355 547 [26]

38. Linen Cellulose
(polysaccharide) 266 380, 440, 465 [94]

39. Linseed oil Binders/oils 355 520 [58]

40. Luminescent green,
ZnS:Cu Pigments 365 440, 530 [54]

41. Madder lake (alizarin) Pigments 266 600–615 [85]
490 578 [46]

42. Maillard reaction
products

Amino
acids/degradation

products
345–350 400–450 [45]

43. Malachite,
Cu2CO3(OH)2

Minerals/pigments 355 520 [26]

44. Mastic Resins

330 456 [52]
337 430–440 [92]

363.8 450 [95]
366 442 [52]
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Table 1. Cont.

No. Material Class Excitation [nm] Emission [nm] Reference

45. Montagnola Senese
marble Rocks 250, 280, 300, 330 370, 440, 470 [32]

46. Mowilith 50 Resins
266 330 [58]
355 474 [58]

47. n-acetyl tyrosine ethyl
ester

Amino acids/degradation
products 260 301 [40]

48. n-acetyl tryptophan Amino acids/degradation
products

280 355 [40]
260 310 [40]

49. N-formyl kynurenine Amino acids/degradation
products 360 435 [45]

50. Naples yellow,
Pb2Sb2O7

Pigments 355 538 [26]

51. Olive oil Oils 405 670 (chlorophyll) [93]

52. Orange tuff Rocks 266 395, 435 [30]

53. Orpiment, As2S3 Pigments Broad band at 500 nm [28]

54. Ox glue Binders

248 410, 490 (oxidation
products) [42]

337 415 [42]
355 420, 470 [42]
405 470 [42]

55. Palm oil Oils 270–310 673 (carotenoids) [93]

56. Paper Cellulose (polysaccharide) 266 440 [11]

57. Paraloid B72 Resins 266
330, 510 [96]

360 [85]
355 485 [58]

58. Parchment glue Binders
260 310 (tyrosine) [40]

335 385 (age-related
cross-linkages) [40]

355 415 (age-related
cross-linkages) [40]

59. Pentosidine Amino acids/degradation
products 280 380 [45]

60. Phthalocyanine
paint—cobalt blue hue Pigments 266 400, 440 [84]

61.
Phthalocyanine

paint—permanent light
blue

Pigments 266 400 [84]

62.
Phthalocyanine

paint—permanent light
green

Pigments 266 500 (460–570) [84]

63. Phthalocyanine
paint—phthalo blue Pigments 266 400 [84]

64. Phthalocyanine
paint—phthalo green Pigments 266 380–500 [84]

65.
Phthalocyanine

paint—primary blue
cyan

Pigments 266 400, 440 [84]

66. Plaster Painting materials 266 450–500 [85]

67. Primal AC33 Resins
266 315 [58]
355 477 [58]

68. Pseudomonas sp. Bacteria 308 440 [43]

69. Purpurin Pigments 490 582 [46]

70. Rabbit skin glue Binders

248 415, 435, 490 [91]

266
310 [58]

310, 330, 450 [48]
290 300 [40]

330 385 (pentosidine,
pyridinoline) [40]

355 520 [58]
366 440 [65]
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Table 1. Cont.

No. Material Class Excitation [nm] Emission [nm] Reference

71. Rhodorsil RC80 Resins 266 330, 510 [55,96]

72. Red lake Pigments 337 630 [24]

73. Red lead, Pb3O4 Pigments
248

Broad band at 500 nm
Asymmetrical band

with a shoulder at 620
nm

[28]

355 586–600 [26]
366 580 [65]

74. Rosso Veronese Rocks
250, 280, 300, 330 450 [32]

399 480 [32]

75. Sandarac Resins
337 410–460 [92]
337 480 [24]

76. Shellac Resins

337 430–580
600–640 [92]

337 580, 630 [24]
457.9 606, 632, 680 [95]
465 635 [92]

77. Shellac, purified Resins 307 387 [92]

78. Silica Binders 355 520 [58]

79. Smalt Pigments 266 390 [85]

80. Titanium white Pigments
266 385 [11]
337 381 [24]
355 473 [26]

81. Turpentine Resins
337 410–480 [92]
355 450 [26]

82. Tryptophan Amino acids/degradation
products 290 338 [45]

83. Tyrosine Amino acids/degradation
products

230 300 [45]
280 305 [45]

84. Ultramarine ash Pigments 355 625 [26]

85. Vermilion Pigments 248

Broad band at 500 nm
Asymmetrical band

with a shoulder at 620
nm

[28]

337 600 [24]

86. Verticillium sp. Fungi 308 450 [43]

87. Vinavil Resins 266 340 [58]

88. Vinylic Alkenyl functional groups 340, 352 [11]

89. White Carrara marble Rocks
355 450 [30]

250, 280, 300, 330 370, 440, 470 [32]
399 370, 440, 470, 640 [32]

90. White Naxos marble Rocks 355 440 [30]

91. White Paros I marble Rocks 355 445 [30]

92. White Paros II marble Rocks 355 447 [30]

93. White Proconneso
marble Rocks 355 450 [30]

94. Yellow tuff Rocks
266 395, 435 [30]355 455

95. Zinc white Pigments

266 380 [83]
337 385 [26]
355 380–385 [91]
355 385 [24]
365 370–390, 420–430 [54]

First, LIF studies in heritage sciences (HSs) focused on the identification of paintings
materials—pigments, varnishes, and binders. Myioshi [24] and Borgia [26] both focused
on obtaining the characteristic spectra of pigments and resins for oil paintings. Miyoshi
employed a nitrogen laser and obtained the characteristic spectra for dammar, mastic, copal,
colophony, sandarac, amber, and shellac, while Borgia and Castillejo [28] used KrF lasers to
study varnishes and pigments, including hematite, malachite, lead white, titanium white,
zinc white, ultramarine ash, cadmium yellow, Naples yellow, orpiment, cadmium red, red
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lead, vermilion, and carbon. The concern for LIF analysis of natural and synthetic pigments
was encountered in the following years, also [97], followed by an increase in studies
oriented towards identifying mural painting pigments [68,69,76,77] and contemporary
artworks [72] and materials [71]. Moreover, in the case of multiple-layer systems, such is
the case of paintings, one must take into account that the registered fluorescence emission
might come not just from the top layer, but also from an underlayer. This was demonstrated
by Elias et al. [98], who studied fresh and aged model samples and proved that the color of
the underlying paint layer influences the emission spectra of varnishes. Although the recent
years did not present many LIF studies, of the few that can be observed in the scientific
literature, most still focused on the investigation of pigments [85,87]. However, despite the
majority of studies focusing on pigment identification, there is no database available online
to facilitate the search for specific spectral fingerprints. Such databases can be obtained for
FTIR, Raman, XRF, and XRD data [99–102], but not for LIF data.

The LIDAR applications were also an important part of LIF studies at the beginning of
2000, for the characterization of stone monuments and building façades, and the biological
attack on such objects [103]. LIDAR applications have the additional advantage that they
can be used regardless of ambient light, from a considerably longer distance away, and
can scan larger surfaces. Green alga (Coccomyxa minor and Pleurococcus sp.) and cyanobac-
terium (Chroococcus sp.), which are typical biodeteriogens of stone monuments, have been
characterized with LIDAR, prior to and after the application of biocides on calcareous
and dolomitic marble samples and on real historical buildings ([27,29,49,104]), providing
functional and taxonomic information for biodeteriogens films [16]. Such microorganisms
can contribute to the degradation of stone monuments by inducing physical and chemical
alterations, due to the excretion of enzymes, acids, and the formation of secondary sub-
stances [27]. Lognoli and collaborators [29] tried to differentiate between cyanobacteria and
green alga, based on the potential of remote LIF to highlight the presence phycobilin. The
authors based their study on the fact that, even though both green algae and cyanobacteria
have a high chlorophyll content, they differ through their phycobilin content. This fluores-
cent pigment, especially in the form of phycoerythrin and phycocyanin, can be observed in
cyanobacteria, but not in green algae. Starting from this, they showed how fluorescence can
be useful to differentiate between the two lithophilous photoautotrophic microorganisms,
with the final aim of searching for the proper biocide to remove such unwanted biode-
teriogens from the surface of stone monuments. Thus, besides the chlorophyll response,
with a main emission peak at 670–690 nm, and a second one, as a shoulder, at 730–740 nm,
the cyanobacteria also showed two emission maxima at approximately 570 and 660 nm,
corresponding to phycocyanin and phycoerythrin, respectively [27].

Different types of natural rocks (Carrara marble, lithotypes of Rosso Veronese, Scaglia,
mortars, travertine, and sandstones) were analyzed with LIF lidar so as to determine their
specific fingerprints ([32,55,104]) and to aid in future restoration processes. The obtained
results were significantly improved through the use of multivariate techniques, which
allow for a good classification of not only the biodeteriorated areas, but also the surface
soiling patterns [49,103]. A further step was taken by Bruno and colleagues [82], who used
LIF scanning to evaluate the efficiency of essential oils applied for the decontamination of
cyanobacteria obtained from the Roman catacombs of SS. Marcelino and Pietro in Rome.
They reported that lavender and thyme essential oils proved the most efficient, even at low
concentrations, for destroying phototrophic biofilms, without inducing alterations on the
painted surface.

Another important part of LIF studies concentrated on the determination of the
fluorescence fingerprints of organic media in paintings, including casein, egg yolk, and egg
white, and animal tissues adhesives ([34,40,58,63,91]). In fact, the fluorescence of organic
media has been studied by Nevin and his collaborators for several years, extending the
use of LIF towards total emissions ([44,54,61,105]) and time-resolved imaging fluorescence
spectroscopy ([42,73,92]), including the effect of light exposure on the binding media [45].
These studies evidenced that the fluorescence response of various binding media comes
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from the intrinsic fluorophores, mostly proteins, such as collagen, casein, albumin, and
other animal skin, milk, and egg proteins, respectively. Their response is dependent on the
excitation wavelength and can be used to differentiate between general classes of proteins in
art works, especially when it is coupled with the multivariate statistical analysis. Moreover,
fluorescence spectroscopy can be useful even for monitoring the molecular changes in
protein composition following exposure to intense light [45].

Fluorescence spectroscopy has also been widely used to assess various degradation
products for the understanding of changes that appear in materials over time, or those
induced by external stress factors, with the goal of preventive conservation, in either natural
or artificial aging experiments. Such an example is the case of amino acids and their degra-
dation products, which have been the object of several studies focused on protein-based
binding media used in paintings, including proteins found in milk (casein), eggs (ovalbu-
min, lysozyme), and animal connective tissues (collagen). The fluorescence emissions of
these products are mainly related to the presence of the amino acids tryptophan, tyrosine,
and phenylalanine. In addition to having different excitation and emission wavelengths
(280/348 nm, 274/303 nm, and, respectively, 257/282 nm), these amino acids are also
characterized by different quantum yields and lifetimes. Of them, tryptophan has the
highest quantum yield (0.20), similar to tyrosine (0.14) and much higher than phenylala-
nine (0.04), which often leads to tryptophan emission covering that of phenylalanine and,
partially, that of tyrosine [40]. In these studies, a wide range of excitation wavelengths were
used, between 230 and 360 nm. For this broad excitation interval, emission bands were
detected between 300 and 450 nm, mainly corresponding to tryptophan and tyrosine degra-
dation products, including kynurenine (290/435 nm), N-formyl kynurenine (360/435 nm),
n-acetyl tyrosine ethyl ester (260/301 nm), n-acetyl tryptophan (260/310 nm, 280/355 nm),
pentosidine (280/380 nm), and Maillard reaction products (345–350/400–450 nm).

Consolidants used in restoration interventions in the past 50 years, such as vinylic or
acrylic resins, were studied by Colao et al. [58], who used two UV wavelengths, 266 and
355 nm, to characterize these materials. The authors included five materials: acrylic resins
(Paraloid B 72, Primal AC33), vinylic and polyvinyl resins (Vinavil and Mowilith 50), and
soluble nylon (Calaton). The results show that while the 355 nm excitation wavelength did
not produce significantly different spectra for the five resins, with only a broad fluorescence
emission band centered at 475–485 nm, the 266 nm wavelength was able to obtain different
spectral signatures. While the band obtained for the 355 nm excitation was specific for
resins, in general, it did not allow for the discrimination of different types of resins. On the
other hand, the 266 nm wavelength generated a small variation in the fluorescent response
of the resins, with a central peak at 435 nm for soluble nylon, 315 nm for the Primal AC 33,
330 nm for Mowilith 50, 335 nm for Paraloid 72, and 340 nm for Vinyl.

Some challenging materials, such as polymers, were also examined with the aid of
laser-induced fluorescence spectroscopy. Their versatile properties in conjunction with
various enhancers, such as plasticizers, stabilizers, and colorants, led to them being used
either alone or in mixtures, for numerous modern art objects. However, their properties are
also what makes them prone to degradation [53]. Since polymers have not been used in
the creation of art for a very long time, compared to historical materials, there is a lack of
understanding regarding their time-degradation characteristic. Toja and co-workers [53]
tried to fill in this gap by studying lamps composed of polymer materials, naturally aged
for approximately 50 years. The investigation highlighted ongoing molecular deterioration
patterns, mainly the active deacetylation and butadiene oxidation of the polyvinyl acetate
and acrylonitrile–butadiene–styrene polymers, but not for the cellulose acetate.

Given that laser-cleaning technology has evolved in recent decades, and that its use
in restoration works has increased, the need for precise and rapid analytical protocols
for monitoring the cleaning process has emerged. Moreover, the possibility of the online
monitoring and control of restoration interventions can optimize the results of the cleaning
process [106]. In order to ensure that no damage is inflicted upon the surface, non-invasive
techniques, such as LIF or OCT (optical coherence tomography), have been employed
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for examining cleaned surfaces. One such case was that of Simileanu and colleagues,
who used the 266 harmonics of a Nd:YAG laser to evaluate the stress induced by the
laser operated at 1064 nm in the process of cleaning a parchment [107]. They concluded
that, operated at the proper parameters, the 1064 nm wavelength did not induce harm
to the collagenous substrates. The LIF technique was also used in a study from 2009,
for the monitoring of the outcome of laser cleaning [47]. The authors employed a KrF
excimer laser emitting at 248 nm, to evaluate the effect of laser cleaning on doped PMMA
(polymethylmethacrylate) and Paraloid B72 samples overpainted, in order to assess laser
cleaning efficiency on overpainting and its safety for original paintings, and observed this
approach to be successful. Moretti et al. [80] used the same 248 nm KrF excimer laser for
both cleaning and LIF, but at considerably lower fluences for the latter: for laser cleaning,
the fluence was varied between 0.1 and 1.1 J/cm2, while for the LIF evaluation the fluence
was 0.005 J/cm2. The authors concluded that LIF was useful for both assessing the cleaned
surfaces and to monitor the cleaning process, and that the use of a single laser for both
cleaning and evaluating the outcome was a clear benefit.

Materials, such as textiles, have been studied to a lesser extent using LIF methods.
For instance, Di Lazzaro et al. [94] conducted a study on the Arquata shroud, one of the
few surviving copies of the Shroud of Turin. The authors used strictly non-destructive
techniques, namely, imaging topological radar, absolute diffused reflectance, absorption
spectroscopy, and laser-induced fluorescence, with the aim of aiding future conservation
treatments. They used a 266 nm laser and analyzed 15 5 mm × 5 mm areas on the entire
shroud, including stains and inscriptions. Their results indicated that the LIF spectra of all
analyzed areas were dominated by the presence of cellulose, and even indicated the areas
inside the body impression, areas with an advanced degradation of cellulose fibers. An
interesting finding was that the authors were able to timeframe the Arquata shroud. They
did this by highlighting the similarity between the LIF spectra of the shroud and 400-year-
old naturally aged cellulose. LIF showed the limitations with regard to the identification of
the blood-like stains on the shroud, which were compared against the spectra of the most
common Renaissance-age red pigments, but did not match. However, along with the other
techniques, the authors implied that the author could have mixed the pigment with blood.

Another area that has been less studied in the cultural heritage (CH) sector is that of
microorganism, such as fungi or viruses, even though there are a few studies that indicate
the usefulness of LIF in this field. For instance, Bengtsson et al. [108] used 337 nm radiation
coupled with statistical analysis methods to identify eight types of fungi grown on silicone
rubber, while Owoicho et al. [109] demonstrated promising results for the application of
LIF for virus detection.

4. Laser Types

Although simple in theory, the process of surface stimulation by laser radiation re-
quires a thorough knowledge of the processes that may occur during the interaction of
radiation with matter, especially when considering cultural heritage items, for which
non-destructivity is very important.

The typical set-up of an LIF experiment involves several key components, as illustrated
in Figure 2: the excitation part, including the laser and, potentially, some focusing lens; the
collection part, with the spectrograph and maybe some other optical components, such
as mirrors; and the processing part, the computer with the necessary software programs.
Of these, the choice of the laser source is very important, as it must take into account the
features of the investigated samples, such as the chemical nature and thermal sensitiv-
ity [22], in order to ensure that the experimental procedure does not induce damage to the
investigated object.
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Most studies encountered in the specific literature involve the use of lasers emitting in
the UV region (see Figure 3). In only 4% of the studies were visible-domain lasers (442, 532 nm)
used. The majority used the 266 and 355 nm wavelengths, followed by the 248 nm wavelength.
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Figure 3. Graphical representation of the predominance of excitation wavelengths encountered in
the scientific literature.

One of the drawbacks when researching LIF scientific literature is that there is a con-
siderable lack of uniformity in reporting important parameters, such as pulse duration,
spot size, and repetition rate of laser fluence. This can be observed in the Supplementary
Materials, which shows a synthesis of the main laser types and parameters. The supple-
mentary file contains references of LIF, but also broadband emission fluorescence. Figure 4
shows a distribution of the types of excitation light used in fluorescence studies, based on
the studied literature presented in the supplementary file. As can be observed, the most
common type of laser used in LIF studies is the Nd:YAG laser, which is very versatile, and
can be configured so that the user can benefit not only from its fundamental wavelength,
but also its harmonics at 532, 355, and 266 nm, and, in some cases, even 213 nm. This
broad range of available wavelengths, from UV to NIR, along with the tunability of the
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laser energy, from hundreds of mJ down to only a few tenths of mJ, make this type of laser
suitable not only for LIF, but also for Raman and LIBS applications [110,111]. Within this
wide range of energies, the typical energies per pulse revolve a few mJ, so as to avoid the
destruction of fragile heritage layers, with fluences below 1 mJ/cm2.
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5. From Single to Hybrid Techniques

When performing heritage science investigations, there is often the need to examine
an object or material from different perspectives, in order to obtain a more comprehensive
understanding of that object. Hence, most studies include at least one other characteri-
zation method in addition to LIF. In time, technological advances that have allowed the
miniaturization of optics and electronics have also sustained the design and creation of
hybrid systems. The combination of two or more spectroscopic techniques can yield a better,
more complex analysis of the studied material or object, as complementary information
can be obtained. The main key for the components of these combined systems is to be
partially compatible, that is, to have some common parts. Since the early 2000s, heritage
scientists have sensed the usefulness of hybrid techniques, and multiple prototypes have
been created by various research groups. Some of the main advantages of hybrid systems,
in addition to, of course, multiple analytical abilities, are the fact that they help reduce the
time needed for analysis and sample manipulation, and that they can offer greater accuracy
by analyzing the same spot on the object’s surface.

A LIBS-LIF system was tested in the beginning of the 2000s, which made use of
fundamental, second and third harmonic frequencies (1064, 532, 355 nm) of a nanosecond
pulsed Nd:YAG laser [23,112], with pulse energies ranging from 2 to 20 mJ. However, that
system has had limited use, only for pigment analysis, with potential applications in art
and archaeology. Other studies from the same period, with the potential to be applied in
the heritage sciences, focused on applying LIBS-LIF systems for the detection of metal,
obtaining their specific spectral signals [113,114]. However, despite their versatility and
simplicity, LIBS-LIF (or LA-LIF, when LIF measurements are performed in the plasma
generated by laser ablation [115]), such hybrid systems have not been further developed.

Another possible combination is that of LIF with Raman spectroscopy. In itself, any
Raman device can be observed as hybrid, as it can also yield fluorescence [22], along with
the Raman signal, although most times this is considered an unwanted effect [116]. Given
that the Raman technique employs lasers in the Vis-IR region, and that LIF works best
with UV lasers, their combination would yield a complex, complete characterization of the
investigated materials. LIF–Raman combinations are possible and there have been some
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attempts to merge those two techniques in the mid-90s [117,118] for applications in the
automotive and aeronautical industries, specifically flame combustion modeling. However,
similarly to the LIBS–LIF hybrid, these systems have not known much success and the use
of such combined techniques has not been reported in the field of heritage sciences to date.

By far, though, one of the most proficient combinations was that of LIBS with Raman,
both of which allow for rapid, online, in situ analysis, without sample preparation [119].
This kind of set-up is the most predominant in the heritage literature, and, as such, there
are even reviews on this topic [120]. The combination of these two techniques has even
yielded miniaturized set-ups suitable for in situ applications [121]. The two techniques
share similar instrumental configurations, but require different specifications in terms of
resolution, efficiency, and spectral range [122]. The ease of combining these two techniques
comes from the fact that operators can easily switch from LIBS to Raman, just by reducing
the laser pulse energy to avoid thermal damage and/or ablation. Although, at first, their
potential started to be explored in the frames of planetary missions [123], for the analysis
of minerals and rock samples, their operating principle makes them easily adjustable for
heritage studies. In fact, mineral and pigment samples are amongst the most studied with
the use of hybrid LIBS–Raman systems [119,122,124–126]. Numerous studies have focused
on demonstrating the potential of this hybrid technique, while some have tried to make a
step towards material discrimination and classification.

Giakoumaki and associates [116] used a Nd:YAG laser emitting at 532 nm, whose
energy was varied between 0.01–0.1 mJ/pulse, corresponding to a fluence below the
ablation threshold of 0.03–0.3 J/cm2 for the Raman experiment and 2–4 mJ, corresponding
to a fluence between 6 and 12 J/cm2 for the LIBS experiment, in the attempt to characterize
powder pigments. Similar parameters were used for the study of three types of samples:
fresco, terracotta, and bronze (nanosecond Q-switched Nd:YAG laser emitting at 532 nm,
8 ns pulse duration, variable pulse energy between 0.005 and 115 mJ, 220 Hz repetition
rate) in a study by Osticioli and co-workers [127]. They observed that LIBS and Raman
spectroscopy had a high correlation in terms of identifying fresco components, and that this
combination could yield important information in regard to the manufacturing technique
used for the terracotta samples. However, they also highlighted the limitations of this
combination, given that no clear Raman signal could be obtained for the metal sample,
due to the formation of degradation products. Overall, they concluded that LIBS–Raman
hybrid set-ups are highly versatile in terms of the real-time identification of the chemical
composition of different materials, with clear spectral responses.

Han and partners [128] tried to highlight the features of calcium minerals, calcite,
aragonite, gypsum, and anhydrite by using a hybrid LIBS–Raman set-up consisting of
a nanosecond Nd:YAG laser operating at 532 nm, different optical paths, and detector
systems for collecting the Raman and LIBS signals. Sharma and colleagues also focused
on minerals, including carbonates, sulphates, and silicates, in their study [129]. However,
even this type of combination is not suitable for all purposes. For instance, in addition to
the limitations indicated in [127], Nevin and Osticioli were not been able to differentiate
between natural and synthetic ultramarine by simply using the LIBS–Raman technique.
However, they obtained satisfactory results when they combined the data obtained from
the LIBS–Raman technique with principal component analysis [126].

In the last 10 years, researchers have extended this combination of LIBS and Raman by
also adding LIF. The combination of these three techniques can provide lots of advantages: LIBS
can produce real-time, accurate, qualitative, and quantitative information about the elemental
composition of solid, liquid, and even gas samples, and it has a low detection limit. Thus,
hybrid LIBS–LIF–Raman systems have been reported in several studies [78,129–134]. Although
the scheme of a triple combination of instruments into one might seem complicated, the
similarity between these three techniques actually allows it to be simplified. A typical
LIBS–LIF–Raman set-up can contain just one laser, such as a common Nd:YAG laser, which
is capable of generating up to five harmonics (1064, 532, 355, 266, 213), with variable pulse
energies from around a hundred mJ for the LIBS experiments, down to a few mJ for the LIF
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experiments and few hundreds of µJ for Raman. The necessary optics would only involve
some mirrors and lenses, a polarizer, high-density and notch filters, a beam-splitting crystal,
plus an acquisition system, which comprises a monochromator with different diffraction
gratings, a detector, and a computer. These three techniques can be merged into a single,
small set-up [48], which could be useful not only for laboratory experiments, but also for
field campaigns, as such sealed lasers are water- and dust-resistant.

6. Enhancing LIF Analytical Capacity

For some of the molecular characterization techniques applied in heritage science
studies, such as Fourier-transform infrared spectroscopy or Raman spectroscopy, there is
a plethora of freely available, high-quality information useful for the identification of a
diverse range of specific compounds, including minerals, but not limited to, pigments or
additives [135–139]. The same, however, cannot be said about laser-induced fluorescence
spectra, as such types of resources are not available. This may be, at least partially, due
to the fact that compound identification is not always straightforward in LIF; numerous
fluorophores have overlapping emission domains, which makes it difficult to identify com-
pounds. Therefore, in cases when fluorophores identification is not a simple process, several
authors have tried to obtain new ways to improve this process in the fluorescence spectra
and resolve the overlapping broadband emissions coming from different fluorophores.

As mentioned by Dooley et al. [140], collecting both fluorescence and reflectance
spectra on the same spot and applying a Kubelka–Munk correction function can enhance
the fluorescence results by mitigating the quenching effect that may sometimes occur.

Another possible approach to enhancing the analytical capabilities of LIF 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 provide information about the excited state dynamics and
fluorophores, and can overcome the shortcomings of conventional fluorescence intensity
measurements [72,73]. Although not all investigated materials showed a usable signal, by
selecting proper TR-LIF delay times and gate windows, Marinelli and collaborators [72,73]
were able to obtain the specific signals of several natural and synthetic binders and some
commercial paints.

7. Data Post-Processing

Another way to improve LIF results is to apply post-processing chemometric methods,
which help reduce the dimensionality of big datasets and obtain hidden patterns within
mixed signals. Chemometric methods are being routinely employed at present in the post-
processing of spectroscopic data, such as XRF, Raman, and FTIR, enhancing the usefulness
of these methods [141,142]. Some of the chemometrics encountered in LIF studies are
principal component analysis (PCA) and cluster analysis (CA). The theory behind PCA
and CA has been detailed in many studies [143–151]. Briefly, PCA is an unsupervised
classification method and one of the most-used chemometric approaches in the heritage
sciences. Its main purpose is dimension reduction and to compute a new coordinate system,
based on the entry data, in which the coordinates are known as principal components
(PCs). PCA aims to explain as much as possible of the dataset’s variability with as few
PCs as possible [152]. Although the principal components do not have a direct physical
correspondence, they reflect the variable inputs, consisting of the main fluorescence bands,
as identified in the spectra. Cluster analysis is also an unsupervised classification method.
It aims to arrange the dataset into clusters based on similarity, although the created clusters
may not necessarily have the same size and shape. Several approaches to CA have been
proposed in the literature, such as partitioning methods, hierarchical methods, fuzzy
clustering methods, or model-based clustering [152]. At present, there are several software
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options available on the market, which allow the user to easily apply such statistical
methods, without having the need to create complicated mathematical models.

In an early experiment performed by Lognoli and associates [29], in which PCA was
applied on lidar fluorescence data, the authors did not observe any significant improvement
in applying this statistical method, for the discrimination of green algae and cyanobacteria,
nor for the evaluation of biocide action on biodeteriogens. The study showed similar
minimal-detection values by direct examination and after PCA processing. In a successive
study by the same author and his colleagues [31], PCA was applied on lidar fluorescence
data to create thematic maps, highlighting vulnerable areas on the surface of the cathedral
and baptistry of Parma, in Italy. PCA was also applied by Raimondi and colleagues [43]
in order to analyze the different spectral shapes and to identify the separate contributions
of bacterial (Bacillus sp.1, Bacillus sp.2, Pseudomonas sp.1, Pseudomonas sp.2) and fungal
(Aureobasidium pullulans, Verticillium sp.) strains. The authors also used hierarchical cluster
analysis (HCA) and compared the results with those from the PCA, noticing that both
PCA and CA results were consistent with each other, and were able to distinguish between
bacteria and fungi, separating the contribution of the culture medium from that of the
fungal or bacterial strain. Moreover, they managed to differentiate not only between genera,
but even between strains, thus opening new perspectives for the accurate detection and
differentiation of heterotrophic biodeteriogens.

Given the interference of binders on the analytical determination of organic pigments,
together with the already complicated process of identifying overlapping fluorescence
signals, Romani and co-workers tried to enhance the differential determination of indi-
vidual fluorophores in mixtures of organic pigments in binders. To this aim, they applied
several multivariate analysis methods to the fluorescence spectra: PCA, MCR (multi-curve
resolution), and SAM (spectral angle mapper) [67]. PCA was used to identify the dominant
spectral features in the fluorescence spectra of different concentrations of phthalocyanine
and azo pigments, the MCR method was used to determine and apply constraints in order
to reduce and eliminate the ambiguity associated with a dataset, that is, to retrieve real
contributions from different spectral components in a mixture, and the SAM projection
algorithm was applied on the fluorescence images acquired, in order to characterize the
surface of the samples. The results showed that PCA was useful in discriminating the
phthalocyanines’ fluorescence, with characteristic bands at 420 and 650 nm, and also that
of azo compounds, which showed a specific emission rate at 520 nm. At the same time, the
authors noticed that the addition of acrylic binders resulted in a bathochromic shift of these
bands, for which PCA and MRA have helped isolate individual components. The space
distribution of the organic pigments in color strips was assessed with the SAM algorithm.
When moving forward, from laboratory samples to real, contemporary artwork, the authors
observed that MCR was best suited to identify pure compounds.

CA and PCA were applied to lidar fluorescence data, so as to classify the biological
patina and soiling patterns on limestone and marble surfaces from the façade of the
Coliseum, in Rome, Italy [49].

Multivariate analysis has proven useful for the classification of different classes of
binders, and also for the differentiation between fresh and aged binding media [62]. The
results of this study could have implications in authentication studies.

Although, especially for pigments of the same family, which are characterized by the
same spectral shape, the difference between them could be as subtle as simply a variation
in their fluorescence intensity values [83,153], several authors have reached the conclusion
that it is best to normalize the spectra used for statistical analysis, so as to reduce the
influence of intensity variations [65]. The study conducted by Mounier and colleagues
showed that PCA was able to classify the pigments used in 13–16th century illuminated
manuscripts based on their fluorescence response. Similarly, PCA, along with the spectral
angle mapper (SAM) had proven useful for discriminating between the very similar spectra
of microbial communities developed on tufa obtained from the Roman catacombs [154].



Chemosensors 2023, 11, 100 16 of 23

8. Conclusions and Perspectives

Regarding the use of laser-induced fluorescence spectroscopy in the heritage sciences,
numerous details can be retrieved from the scientific literature regarding the experimental
set-ups of the various LIF or LIF-including hybrids. Not a lot of information, however,
can be gathered about the specific parameters of the lasers included in those studies, not
even about the manufacturer. There are a few groups that have dedicated their time to
the design and development of LIF ensembles, but which have been patented and used
in-house, and have not been commercialized.

While LIF could be an alternative for (micro-)destructive techniques, it may also prove
to be a good alternative for other techniques that are considered to be non-destructive, such
as Raman spectroscopy. For instance, in cases when the Raman signal is obscured by a
high-fluorescent background, LIF could be a viable option to identify the composition of the
investigated material. However, one of the main drawbacks of LIF is the overlapping of the
specific emissions of various fluorophores, which makes it difficult to identify individual
fingerprints, especially from similar compounds of classes of materials. Therefore, a
legitimate question would be that, in addition to the experiments performed to date, is
there still a future for LIF in heritage science studies? The answer to this question would
most probably be a positive one, given that the efficiency of LIF is greatly enhanced
when coupled with multivariate data analysis methods. Moreover, hybrid techniques that
incorporate LIF are continuously being developed and tested in both laboratory studies and
field experiments, thus proving an ongoing interest in non-invasive, real-time investigation
methods and set-ups.

Of the studied references, one can observed that the domain of the analytical inves-
tigation of historical documents and textiles has not received much attention; therefore,
this might be a direction that could be extended further in the future. Moreover, the field
of biocontamination and new methods of biocleaning would probably be of interest in
the near-future, along with improved multivariate statistical methods to decompose and
analyze similar fluorescence-emission signals.

Moreover, to the best of the authors’ knowledge, there are no published studies on the
use of LIF for the traceability of rocks, pigments, or archaeological findings; therefore, this
might also be a direction worth exploring in the future.

Future prospects may also include the expansion of nonlinear optical spectroscopy
(multiphoton excitation fluorescence spectroscopy and second and third harmonics genera-
tion) domains, which may provide information on multiple levels—about the composition,
structure, and morphology of the analyzed materials, with the use of rapid-response lasers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11020100/s1, Table S1: Synthesis of the types of
lasers used in laser-induced fluorescence studies in the field of cultural heritage.
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