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Abstract

The present study focuses on the development of a fast, non-invasive methodology, appropriate for the detec-

tion and characterization of biodeterioration present on the surface of archaeological/historical stone objects and
monuments, by exploiting the characteristic fluorescence emission of biological deposits. Fluorescence spectra were
collected by use of a portable LED (Light Emitting Diode)-Induced Fluorescence (LED-IF) instrument. Three limestone
fragments and one mortar fragment, from different monuments in Greece, presenting various types of biodeteriora-
tion on their surface, have been investigated in the laboratory. First, fluorescence emission spectra were acquired with
a benchtop laboratory spectrofluorometer in order to select the optimum excitation wavelengths for the fluoro-
phores present in the biological crust. An evaluation of the portable LED-IF instrument was conducted by assessing
the performance of its optical components and different LED excitation sources, while an investigation of several
experimental parameters on the fluorescence signal was also performed. Furthermore, issues related to the efficiency
of detection and identification of biological growth have been studied, such as the effect of sample surface wetting
on the fluorescence signal. The results of the present study demonstrate that the LED-IF instrument can be used for a
fast and reliable assessment of the presence of biodeterioration on monuments.
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Introduction

Biological deterioration is one of the main decline fac-
tors of the physical, chemical and mechanical proper-
ties of materials on historical buildings as well as of the
overall aesthetic appearance of monuments. Building
walls and monument surfaces might suffer many different
types of biological deterioration, even on adjacent areas,
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depending on their specific location on the monument
and their orientation, which relate to different sun-
light exposure, temperature, rainfall profile, or wind
and humidity conditions among others. Also, surface
morphology and sculpturing details, as well as composi-
tion and microstructure of the materials may influence
both the type and growth of biodeteriogens. The differ-
ent types of microorganisms/organisms that can colonise
a historic building include cyanobacteria, algae, moss
(photoautotrophic  organisms), fungi (heterotrophic
organisms), lichens (a symbiotic partnership between
algae/cyanobacteria and fungi) and bacteria among
others [1-6].
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These microorganisms, in many cases, need to be
removed. However, as regards certain types of biodete-
riogens their removal may sometimes be not only need-
less, but can also be even more disruptive than their
mere presence on the monument [2]. Therefore, the
characterisation of biological deterioration is an essential
first step that can help conservators, heritage scientists
and archaeologists to make informed decisions on their
further actions and management of a monument.

The most common microbiological and molecular
techniques for the characterisation of microbial colonisa-
tion on stone monuments include isolation and culture
of microorganisms on artificial nutrient media, enzyme-
linked immunosorbent assay, fluorescence microscopy,
nucleic acids isolation, Polymerase Chain Reaction
(PCR), hybridization (e.g. FISH—Fluorescent In-Situ
Hybridization), classical or high throughput sequencing
[7, 8]. Various microscopies, electron- or photon-based,
are also used, such as Scanning Electron Microscopy
(SEM) and wet-mode Environmental SEM, Transmission
Electron Microscopy (TEM), confocal laser scanning
microscopy with CTC (tetrazolium salt 5-cyano-2,3-di-
tolyltetrazolium chloride) staining and epifluorescence
microscopy [7, 8]. Furthermore, methods for detect-
ing the stone pigmentation changes include chlorophyll
content determination and total colour difference [7, 8].
All these techniques require sampling, which can intro-
duce errors in terms of obtaining a representative assess-
ment of the biodeterioration. Additionally, it needs to be
decided whether the removal of a representative sample
and the damage that may be incurred as a result of this
sampling, counterbalances the information gained. Fur-
thermore, sampling includes scraping off material from
the stone surface, cutting etc., which in many cases can
be prohibitive due to the value of the monument. Finally,
sample preparation, essential in many techniques, is
generally costly and time-consuming.

Therefore, the application of an easy-to-use, non-inva-
sive analytical method with the purpose to characterise
and classify in-situ the different types of biological dete-
rioration, avoiding sampling and sample preparation
altogether, would decrease analysis time, leading faster to
a timely and efficient treatment of the biodeterioration.
Fluorescence is a technique that meets all the previously
mentioned requirements and has been successfully used
for monitoring and characterisation of photoautotrophic
biodeterioration on monuments [2].

The substances in biodeteriogens that fluoresce are
mainly pigments and other compounds such as ferulic
acids, phenyl-propanoids etc. Three main classes of pig-
ments are employed by oxygenic organisms for harvest-
ing sunlight: chlorophylls, phycobilins (phycoerythrin,
phycocyanin and allophycocyanin) and carotenoids.
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Chlorophylls and phycobilins have large absorption
cross-sections and fluoresce easily; quantum yields for
chlorophyll species are in the range of 0.1-0.25 [9], while
for allophycocyanin the quantum yield is 0.4 [10]. Carot-
enoids absorb light efficiently between 450 and 550 nm
but have very low fluorescence yields (the fluorescence
quantum yield of B-carotene has been reported to be
1x107% [11].

The main pigment that is present in all photoauto-
trophic organisms is chlorophyll a (Photosystem II-
PSII) and exhibits a typical fluorescence band at 685 nm
[12-15]. Furthermore, a fluorescence emission band at
720-740 nm appears in leaves of higher plants, which is
mainly associated with Photosystem I (PSI) but is also
related with vibronic emissions of chlorophyll species
associated with PSII [12, 14]. There exist also other types
of chlorophyll, namely chlorophyll 4 with fluorescence
emission maxima at 650-660 nm, as well as chlorophylls
cand d [12, 14, 16].

As regards phycobilins, there exist several types, such
as phycoerythrin, phycocyanin and allophycocyanin,
whose fluorescence emission profiles center at 640-
660 nm, 645-655 nm and 660-675 nm, respectively
[14, 17]. Other substances related to biodeteriogens
that could fluoresce are nicotinamide adenine dinucleo-
tide (NADH) and riboflavin with maxima at 490 nm and
525 nm respectively [18].

In Table 1, relevant optical properties, namely
absorption (\,,,) and fluorescence emission (\,,) band
maxima of chromophores that could be found in com-
mon biodeteriogens are summarised. It is noted that the
data reported in Table 1 correspond mostly to measure-
ments in solutions of the chromophores.

In situ fluorescence analysis of monument sur-
faces has been performed by use of Laser Induced
Fluorescence-Light Detection and Ranging (LIF-LIDAR)
and results have been reported in the literature. For
example, researchers from Italy have managed to record
fluorescence spectra using a LIDAR system for the anal-
ysis of the facade of the Parma cathedral and baptistery
(Italy) [30]. In addition, the same group was able to dif-
ferentiate between cyanobacteria and green algae using
a laboratory setup with the same components that can
be employed in a LIDAR system [31]. A research team
from Sweden scanned the fagade of the Parma Cathe-
dral recording the fluorescence signal with a LIDAR
setup [32]. Furthermore, a collaboration between the
Swedish and Italian teams led to successful mapping of
the facade of the Lund Cathedral (Sweden) and acquir-
ing fluorescence spectral signatures from various build-
ing materials as well as the biodeterioration colonisation
(green algae and lichens) recording primarily the band
of chlorophyll at 680 nm [33]. The same two groups
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Table 1 Typical biodeteriogens/microbial groups encountered in monuments with absorption and fluorescence emission properties
of key chromophores. A, and A, refer to wavelengths reported in the literature cited

Microbial groups Compound A,bs (NM) References Ao (NM) References

Algae/moss (photoautotroph) Chlorophyll a 405,418,670 [19, 20] 685, 720, 735 [12,13]
Chlorophyll b 413,450 [19,21] 650-660 [13,16]

Cyanobacteria* (photoautotroph) Phycocyanin 580, 625, 634-637 (7] 645-653 [14,17]
Phycoerythrin 570 580, 640-660
Allophycocyanin 650 660-675

Fungi (heterotroph) Melanin 330 [18,22] 440, 520, 540, 575 [18, 23]
Riboflavin 371,442 [24] 525-535 [18, 24]
NADH 290-295, 340 [18,23] 493, 450-475 [18,23,25]
Chitin 330 [26] 413,440, 452-458 [23, 26]
Tryptophan 240, 290, 340 271 330-340, 340-353, 363 [23,28,29]
Tyrosine 260 300-310

" In cyanobacteria, chlorophyll a and b can also be present

performed hyperspectral fluorescence imaging with two
LIDAR systems on the Colosseum (Italy) in order to visu-
alise and map past conservation interventions [34]. The
fluorescence LIDAR technique in the context of cultural
heritage applications has been reviewed in a book chap-
ter and a publication [15, 35].

In the aforementioned LIDAR systems, the excitation
source is a pulsed laser. The use of a powerful pulsed
laser for outdoors measurements entails certain limita-
tions. Generally, these lasers are costly and bulky and
in addition safety considerations must be taken into
account. Therefore, the use of a continuous light source
would be preferred for outdoors applications and indeed
in the past few years, continuous laser sources in LIDAR
setups have been reported. Fluorescence measurements
were conducted on vegetation [36], as well as oil spills on
river water [37]. In the past decade, the use of LEDs as
excitation sources is gaining ground on a wide range of
fluorescence measurements [38]. Several applications of
LED-Induced Fluorescence (LED-IF) have been reported,
including tea classification and quality assessment [39],
detection of various types of foreign matter in cotton, of
both botanical and non-botanical origin [40], monitoring
of apple freshness and quality [41], or milk freshness [42]
and determination of sulphur content in diesel/biodiesel
blends [43] among others. Recently, a portable spectro-
fluorometer (LEDpSF) using a LED source for excitation
was developed for the in-situ analysis of pigments and
binders in fragile artworks [44]. However, to the authors’
knowledge, the LED-IF technique has not been applied
so far for in-situ measurements of biodeterioration on
materials of archaeological and historic interest.

The present study has outlined a versatile
methodology for the reliable characterization and assess-
ment of biodeterioration on monuments by means of a

newly-developed portable LED-IF spectrometer. Instru-
mentation aspects, including selection of the proper
LED emission wavelength and fluorescence measure-
ment optimization, as well as methodological ones,
for example, treatment (wetting) of samples have been
investigated leading to the successful detection and char-
acterisation of different types of biodeterioration. This
portable LED-IF spectrometer can be proved a powerful
tool at the hands of conservators, archaeologists and other
scientists, who can quickly and easily evaluate the state
of biodeterioration at historical buildings or archaeo-
logical monuments and take proper actions towards their
conservation.

Experimental setup—materials and methods
Objects studied

Four objects exhibiting biological decay were investi-
gated, all collected from different archaeological sites in
Greece. Three of them are limestone fragments (objects
A, B and C) and one is a mortar fragment (object D).
Object A is a soft limestone from Peloponnese, object B
is a grey limestone from Epirus, object C is a limestone
from Peloponnese and object D is a mortar from the
island of Zakynthos (Zante). A leaf from a Hibiscus plant
was also examined, in order to obtain a reference spec-
trum for chlorophyll species, expected to be present in
some biodeteriogens.

The objects have been photographed with an SLR digi-
tal camera (EOS 760D, Canon, Lens EF-S 18-55 mm) and
the area analyzed on each one is marked by a red circle
on the corresponding image (Fig. 1, left column; in the
inset the whole object can be seen). For a more detailed
view of the analysis area, images were acquired (Fig. 1,
middle column) by means of a digital microscope (Dino-
Lite, The Netherlands—magnification: x 45-50).
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Fig. 1 Images of the archaeological objects investigated, with the area analysed on the surface of each one, indicated by a red circle (left column;
inset: the whole object is shown). The analysis area was photographed also with a magnification x 45-50 (middle column). Images of the samples
prepared for performing the classical taxonomy analysis (right column; magnification: x 460)

X

In order to verify the presence and assess the type of
biodeteriogens on the items studied, a classical identifica-
tion based on optical microscopy was undertaken by an
expert biologist. Less than 1 mg of material was scraped
off the object’s surface with a needle and transferred
onto a microscope slide. The material was mounted
with a drop of deionised water and covered with a cover
slip. The biological material was observed under a digi-
tal microscope (Dino-Lite, magnification: x 460) (Fig. 1,
right column).

All objects were wetted prior to fluorescence analysis
and the reasons that led us to adopt this approach are
explained in “The effect of wetting the samples surface
on the fluorescence signal” Section. The samples were
sprayed with distilled water each time before analysis
so as to create a thin water film on the area probed and
measurements were obtained a few minutes following
wetting. The amount of water was equivalent to about

0.2 ml (one spray shot) spread over a surface area of
about 5 x 5 cm?, thus corresponding to 8 x 107> ml/cm?
Distilled water was chosen against tap water so that no
extra minerals/impurities contained in tap water would
be added to the objects under examination.

Instrumentation

Fluorescence  emission  measurements on the
objects were carried out by use of a hybrid-portable
spectrometer (LMNTII+) [45] originally developed for
performing combined LIBS (elemental analysis) and dif-
fuse reflectance measurements. In the context of the cur-
rent study, the instrument was appropriately modified
so as to accommodate LED-IF measurements. This was
achieved by replacing the tungsten-halogen lamp (used
for the diffuse reflectance measurements) with a LED
excitation source.
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In the present series of LED-IF experiments, two LED
sources, emitting at 375 nm (M375L4, Thorlabs, USA)
and 440 nm (M455L3, Thorlabs, USA) respectively, were
evaluated. An aspheric condenser lens with a focal dis-
tance of f= 420 mm focusses the LED irradiation on the
sample down to a spot size of about 2 x 2 mm?. The max-
imum power (P) of each LED reaching the sample, with
both a band-pass filter (see “Evaluation of instrument
performance and measurement parameters” Section for
details on the filters) and the focusing lens in the LED’s
light path, was measured with a FieldMate power meter
(Coherent, USA) and was P=6 mW and P =26 mW for
the LED emitting at 375 nm and 440 nm respectively.

The emitted fluorescence was collected by use of a sim-
ple optical telescope (two convergent lenses with focal
distances of f; = +75 mm and f,= 425 mm) and intro-
duced into a 200 pm diameter optical fibre, coupled, on
its other end, to the entrance slit of the spectrometer,
an AvaSpec-ULS2048CL-EVO (Avantes, Netherlands)
operated through a laptop computer via the AvaSoft 8
software. The spectrum coverage is in the range of 200—
1100 nm and the spectral resolution is 2.5 nm (entrance
slit width=50 pm, diffraction grating: 300 lines/mm).
The emission signal integration time used for the LED-IF
measurements was 300 ms.

Additionally, a FluoroMax-P laboratory
spectrofluorometer (Horiba/Jobin Yvon) using a cw
Xenon arc lamp as excitation source, was employed for
preliminary analysis of the objects studied. Fluorescence
spectra were acquired, by placing the samples at approxi-
mately 45° with respect to the incident excitation beam,
supplied by the excitation monochromator, and emission
was collected at 90°, with respect to the incident beam,
into the emission monochromator. Typical integration
time was 0.5-1 s/nm.

Results and discussion

The first step of our study was to acquire basic biological
data regarding the taxonomic status of the main micro-
bial colonizers of the biofilms. Following preparation,
samples were examined, by one of the authors (IP), under
a digital microscope (magnification: x 460) and the main
microbial groups were identified. For objects B and C,
the biological material was sampled from the areas indi-
cated by the dark-coloured spots observed in Fig. 1 (mid-
dle column) and the presence of lichens was revealed. For
objects A and D, the biological material was scraped off
the surface of the samples (Fig. 1, middle column) and
the main colonizers were found to be algae (green areas)
and fungi (black or brown areas). This information was
essential in order to properly validate the results of our
fluorescence spectroscopic analysis.
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The next step involved the evaluation of the opera-
tional and performance characteristics of the LED-IF-
adapted portable spectrometer (LED, filters, optics,
spectrometer-detector) as well as the development of
a straightforward measurement methodology that are
essential prerequisites for the design of an instrument,
which will ensure acquisition of reproducible and reliable
results both in the laboratory and in the field. The aspects
investigated include among others: (a) evaluation of the
optical components of the instrument, (b) selection of
the proper LED source, (c¢) comparison of fluorescence
spectra acquired with the portable system against those
obtained by use of a conventional laboratory fluorometer
(d) study of the signal evolution (stability) over time, (e)
treatment of the samples. In the following sections, the
above aspects are detailed and the results of our studies
are presented and discussed.

Evaluation of instrument performance and measurement
parameters

Given that excitation is a critical experimental
parameter when performing fluorescence measurements,
we focussed our attention on the emission character-
istics of the LED sources in terms of both spectral out-
put and emission intensity. As widely known, LEDs emit
light with a considerably broader spectral bandwidth
compared to lasers and even to laboratory fluorometers,
which make use of an excitation monochromator to
select a narrow band from the output of a high intensity
Xe arc lamp. The wide emission peak of the LED could
on the one hand compromise selectivity in the excita-
tion and, on the other, mask or superimpose on possible
fluorescence features appearing in the vicinity of the LED
excitation wavelength range. Given that fluorescence
emission measurements require excitation at a rela-
tively narrow spectral bandwidth, typically 1-5 nm, we
employed narrow band-pass filters to reduce the FWHM
of the LED spectral output. To this end, a band-pass filter
at 370 nm (FB370-10, Thorlabs, USA, FWHM =10 nm)
was placed in front of the LED emitting at 375 nm and
likewise a laser line filter at 441.6 nm (FL441.6-10, Thor-
labs, USA, FWHM = 10 nm) was used for the LED emit-
ting at 440 nm. In Fig. 2, the emission spectra of the LED
sources are shown both raw and following transmission
through the band-pass filters used. In order to measure
the emission FWHM, a relatively low LED power has
been employed so that the LED intensity does not lead
the detector to saturation. It was found that, by use of the
filters, the FWHM is reduced from 15 nm down to 10 nm
for the visible LED (440 nm) and, likewise, from 11 nm
down to 6 nm for the ultraviolet LED source (375 nm).
It is noted that during fluorescence measurements, the
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Fig. 2 Emission spectra of the two LED sources emitting at A, =440 nm (a) and A, =375 nm (b), with (black) and without (red) a band-pass
interference filter in the beam path. Spectra are also shown (blue) corresponding to the maximum output power for each LED source, also acquired
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maximum available power of the LED is applied and thus
one should be aware that non-negligible excitation is sup-
plied even at the wings of the spectral profile.

Apart from narrowing down the FWHM, the use of fil-
ters resulted in shifts, in the emission maximum of the
LED spectral output mainly because of the mismatch
between the bandpass filter’s transmission maximum and
the LED emission maximum. The ultraviolet LED shifted
down to 374 nm (bandpass filter central wavelength:
370 nm), while the blue LED showed an up-shift to
440 nm (filter’s central wavelength: 441.6 nm). These fea-
tures, although not crucial for our measurements, need
to be known prior to analysis for a complete characterisa-
tion of the portable system.

Regarding the fluorescence signal acquisition, it is
of concern the fact that the increased integration time
applied (i.e. 300 ms), may lead to significant interference
from ambient light. To avoid this complexity, spectra
need to be acquired in the dark, which in many cases is
difficult if not impossible, particularly when measure-
ments are acquired outdoors. This problem is addressed
by means of spectral background correction, a feature
available by the spectrometer software. Figure 3 shows
raw background spectra (LED off, no sample) acquired
with the laboratory lights on (black line) and defined as
“dark” in the spectrometer software. Then background-
corrected spectra (red line) were acquired with the spec-
trometer operated at the “scope corrected for dark” mode
(i.e. spectrum displayed after subtracting the “dark”
spectrum), with the ambient light peaks successfully
eliminated.

To further verify the applicability of the background
subtraction feature, test measurements were conducted

eny Daylight (Dark)
—— Scope Corrected for Dark
—— Laboratory lights (Dark)
12004

800 +

Intensity (a.u.)

200 400 600 800 1000
Wavelength / nm

Fig. 3 “Dark”spectrum acquired on the LED-IF instrument with
laboratory lights on (black), in daylight (blue) and background
corrected spectrum, “scope corrected for dark” (red)

outdoors, in daylight conditions, and following acquisi-
tion of a “dark” spectrum (Fig. 3, blue line) it was con-
firmed that upon background subtraction the resulting
“scope corrected for dark” spectrum was also free of
any interference. This background subtraction feature is
indeed convenient, if long integration times need to be
used, especially when measurements are performed in-
situ (archaeological/historical sites and monuments).
Following initial observations that evidenced changes
with time of the fluorescence emission signals, collected
from the biological encrustation, we decided to investi-
gate the stability of the fluorescence emission signal over
time. For this reason, a set of 10 consecutive LED-IF
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measurements (each corresponding to integration time
of 300 ms, LED emitting at 440 nm) was carried out on
the same spot of a Hibiscus leaf sample (Fig. 4a). The two
bands at 685 and 735 nm are assigned to chlorophyll
species (Chl) (see Table 1 and Introduction for further
explanations) and it is quite evident that, with continuous
excitation by the LED beam, the overall emission inten-
sity drops, while also the relative intensity of the bands
changes. By integrating the area under the two bands,
one observes that the total fluorescence emission inten-
sity decreases abruptly, until half-way in the spectral
series and eventually approaches a rather stable regime
(Fig. 4b). This observation can be interpreted either on
the basis of chromophore photobleaching [46] or as a
result of chlorophyll fluorescence quenching. The lat-
ter has been previously observed by Kautsky [47]; upon
transferring photosynthetic material from darkness to
light an increase in the chlorophyll fluorescence occurs
over a time period of 1 s and then following this, the fluo-
rescence intensity level typically starts falling again over
a time scale of a few minutes, depending on the species
[47].

Given that comparisons among different areas bear-
ing biodeterioration are to be made, which might help
one to estimate the quantity of the biological deposit, it
is important to conduct measurements under conditions
which warrant signal stability. As observed in Fig. 4b
any measurement performed in the stabilised inten-
sity regime can be considered as acceptable and, in the
context of the present study, it was decided to keep the
spectrum from the 10th measurement and this was con-
sistently followed throughout the experiments.
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Fluorescence characteristics of biodeteriogens

In the beginning of this study, a preliminary set of fluo-
rescence measurements was conducted on the stone
objects, utilizing the Fluoromax benchtop spectrofluo-
rometer. This facilitated a better understanding of the
fluorescence emission properties of the biological depos-
its investigated and moreover indicated the excitation
wavelength range most suitable for obtaining efficient
excitation of the chromophores and thus securing opti-
mum detection of their fluorescence emission. These
measurements also provided critical input needed in
order to select the most suitable LED for the portable
instrument and, in addition, served as a reference against
which to compare the LED-IF data.

Fluorescence emission spectra were recorded upon
excitation at wavelengths varying from 400 to 600 nm in
increments of 25 nm (excitation wavelength scanning).
The two limestone objects (A and B), the mortar object
(D) and the Hibiscus leaf were studied. The archaeo-
logical samples were introduced in the sample chamber
following wetting of their surface according to the pro-
cedure described in “Experimental setup—materials and
methods” Section (see also “The effect of wetting the
samples surface on the fluorescence signal” Section). The
third limestone object, C, was not analysed because its
large size made it impossible to position it properly in the
sample chamber of the fluorometer. To ensure reproduci-
bility, the excitation wavelength scanning was carried out
three times for each sample at the same area (marked by
a red circle in the images shown in Fig. 1). The reported
spectra represent the average of the three different acqui-
sitions. In the case of the leaf, it is noted that the three

12000
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[ 2nd
////\\\ ——3rd
/ \ ——4th
8000 ,
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8x10°
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Fig. 4 aTen replicate LED-IF measurements of a leaf sample acquired on the same spot and b integrated area defined under both fluorescence
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measurements were acquired on three different leaves.
All spectra have been normalised with respect to the
emission intensity at about 640 nm.

The fluorescence emission spectra obtained from the
leaf are shown in Fig. 5 and as expected, two main bands
are visible, at 685 nm and 735 nm, both attributed to
chlorophyll species [12]. It is observed that the band at
685 nm exhibits its highest intensity for A, at 475 and
500 nm. The highest intensity for the band at 735 nm,
appears with A, . in the range of 500-575 nm. Clearly,
the two fluorescence bands behave differently upon exci-
tation of the leaf at different wavelengths and this is evi-
dent by observing the variation in the values of the ratio
of their intensities at the maxima of the emission bands,
Iegs/1735, as a function of A, (Fig. 5b).

This sort of behaviour has been reported previously and
is attributed to re-absorption of the emitted chlorophyll
fluorescence at 685 nm by the chlorophyll absorption
band at around 670 nm [48]. The green leaf pigments,
chlorophylls and carotenoids, have broad absorption
bands between 400 and 500 nm, so when the excita-
tion wavelength is at that range, light does not penetrate
deeply into the leaf tissue, thus chlorophyll fluorescence
is mainly emitted from cells close to the leaf surface,
and only little re-absorption takes place. With excitation
light between 500 and 600 nm, that is not absorbed by
carotenoids and penetrates more deeply into the green
leaf mesophyll, the chlorophyll fluorescence is also emit-
ted from the interior layers of the leaf and along its path
to the surface, it likely suffers significant re-absorption
compared to chlorophyll fluorescence induced by blue
light excitation [48]. Although there exist differences
on the biological characteristics between the leaf and
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the microorganisms investigated in the present study,
the chlorophyll fluorescence is expected to show similar
behaviour. This behaviour should be taken into account
when interpreting fluorescence spectra of this type of
samples, since factors such as the excitation wavelength,
could affect the observed bands intensity and the relative
intensity between bands. Moreover, a variability in inten-
sity and intensity ratio is observed among different leaves
or even on the same leaf if different areas are probed (the
relative standard deviation of the band intensity at its
spectral maximum for the three measurements can be
as high as 50%; data not shown here). Especially for the
intensity ratio Iggs/1,35, this varies also depending on the
content of the chlorophyll species [49], which should also
be considered, while studying the fluorescence of such
materials.

Figure 6 shows the fluorescence emission spectra col-
lected from object A (see image in Fig. 1). The main band
observed appears having its maximum at about 675 nm
and reaches its highest intensity for A, =425 nm. The
emission intensity is quite low upon excitation across
the whole range of ), ; especially for A,,.=575 nm and
Aexe =600 nm the band is hardly noticeable over the spec-
tral background (spectra omitted from the graph). Obser-
vation of the fluorescence band at 675 nm is an indication
that the biodeteriogen contains chlorophyll, confirming
the findings of the classical taxonomy. The observed shift
of the band emission maximum, compared to that of the
leaf chlorophyll, is probably due to the reduced chloro-
phyll content of the biodeteriogen, which causes a shift
of the chlorophyll fluorescence maximum to lower wave-
lengths [48, 50].
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Fig. 5 a Fluorescence emission spectra of leaf samples collected upon excitation at various wavelengths in the range 400-600 nm and b Intensity
ratio of the two main chlorophyll emission bands, lsgs/1-35, as a function of excitation wavelength. Spectra were collected on the Fluoromax-P
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Fig. 7 Fluorescence emission spectra from object B at various
excitation wavelengths in the range of 400-600 nm. Spectra were

collected on the Fluoromax-P spectrometer

In the case of Object A, the excitation wavelength that
leads to maximum fluorescence emission is A, =425 nm,
a value close to the main absorption band of chlorophyll
at 418 nm (Soret band), and this is also indicative of the
presence of chlorophyll in this type of biodeterioration
[19, 20]. The results obtained from object D are similar
to the ones acquired for object A, therefore it was not
deemed necessary to present them here.

Concerning object B, the fluorescence emission
spectra are displayed in Fig. 7 (see also image in Fig. 1).
The main emission band is observed to have its maxi-
mum at around 660 nm while the highest intensity is
obtained at A.,.=575 nm. This observation suggests
that the fluorophores in this biological crust are different
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compared to the ones on object A. Based on literature
data, a potential chromophore is allophycocyanin that
indeed fluoresces at 660 nm (see Table 1) [12]. Moreover,
the fact that, for object B, the maximum intensity of fluo-
rescence signal is observed at A, .=575-600 nm could
be correlated with the presence of cyanobacteria, which
have an absorption maximum at about 570—-650 nm (see
Table 1) and this is actually in accordance with the classi-
cal taxonomy findings.

Based on these experimental results, it is apparent
that there exist different fluorophores (biodeteriogens)
on object B and objects A and D, given that their fluo-
rescence bands appear in different wavelengths and the
maximum fluorescence emission intensity is induced by
different excitation wavelengths. These observations are
in agreement with the results from the classical taxon-
omy analysis.

The effect of wetting the samples surface
on the fluorescence signal
The surface of each sample has been wetted prior to
analysis, as mentioned in “Experimental setup—materials
and methods” Section, and two are the main reasons for
this practice. First, it was observed in some preliminary
experiments conducted in our laboratory that wetting
the surface leads to an increase of the chlorophyll fluo-
rescence intensity. This effect is not fully explained yet
but there are two phenomena that could act synergisti-
cally. On the one hand, the application of water changes
the optical properties of the sample surface, effectively
the refractive index, reducing scattering and permitting
incident light (here the LED light) to penetrate more
efficiently in the rough biological surface thus result-
ing in higher fluorescence emission. On the other hand,
photoautotroph microorganisms such as cyanobacte-
ria are known to be able to resume their photosynthetic
activity rapidly upon rehydration (called activation),
which entails a ‘greening’ of the surface, obvious in our
experiments soon after surface wetting, and a subsequent
increase in fluorescence signal even within minutes [49].
It should be noted though that not all biodeteriogens are
affected similarly by the presence of water. For example,
fungi can survive in extreme environmental conditions,
so the addition of water is not expected to affect their
behaviour and subsequently their fluorescence signal.
In order to further investigate this phenomenon, digital
microscope images were acquired for the dry and wet
surface of objects B and D (Fig. 8); a clear difference is
noticed between the two surfaces, with the wet surface
appearing greener.

The second reason for wetting the samples relates to
an attempt to simulate a real case scenario. Meteorologi-
cal phenomena, such as rainfall, snowfall, ice formation,
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Object B

Fig. 8 Digital microscope images of objects B and D with their surface dry (left column) and wet (right column)
morning dew etc. affect the exterior of buildings and
monuments as well as sculpture displayed outdoors by 1200 glgjec:g\sugs:ra:e
increasing the humidity on their surface. In order to bet- Ob}:Et C iﬂbitﬁiti
ter study the effect of humidity and water on the fluores- Object D substrate
cence signal of the biological materials investigated in —~ 8004
this work, the samples were analysed both in their origi- o
nal state, i.e. dry, as well as wet following the procedure E
described in “Experimental setup—materials and meth- % el
ods” Section. =

In this section, the effect of wetting of the biofilms on
their fluorescence emissions is detailed. As a control, it
was deemed necessary to acquire first the fluorescence 0
signal from the substrate of each archaeological object, 500 600 700 800
namely an area on its surface, where no sign of biologi- Wavelength / nm
cal growth is detected under visual observation with a " o

. X . Fig. 9 Fluorescence emission spectra collected from the substrates
microscope. The Ob)eCts were analysed on their back of all four objects investigated (object A—blue, B—red, C—black and
side, where the bulk material was observed, and LED-IF D—pink line), collected with the LED-IF instrument. A =375 nm

spectra were collected with \,,.=375 nm (Fig. 9). A
broad emission band in the range of 500-600 nm is
observed for most of the substrates with a varying inten-
sity. This broad band has been reported in the literature
and its origin is interpreted as emission from minerals,
such as calcite (the main mineral in the objects of the
present study), which is caused by adsorbed cations and

by defects in the mineralogical periodicity [30, 51, 52].
It is worth noticing that the substrates are quite hetero-
geneous, fact that is reflected in the varying intensity of
this band across the surface of the same object but, in
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any case, the substrate spectra can serve as a background
against which the biological material fluorescence spec-
tra are compared.

Following acquisition of the substrate spectra, the bio-
films (both in dry and wet state) for each one of the four
objects were examined. In Fig. 10, the fluorescence emis-
sion spectra from two of the objects, A (Fig. 10a) and C
(Fig. 10b), analysed with the ultraviolet LED source are
depicted, with a spectrum of the Hibiscus leaf superim-
posed (green-coloured spectrum) serving as a reference
for chlorophyll emission. As expected, a chlorophyll fluo-
rescence band at around 680 nm was detected (Fig. 10a)
and by comparing the spectra of the dry and wet samples,
it is evident that upon wetting of the surface, the chlo-
rophyll signal increases by a factor of nearly 3. To elimi-
nate the possibility that this signal enhancement could
happen also in non-biological material, the fluorescence
spectra of the substrates, dry and following wetting, were
recorded as well, and are shown in Fig. 10. The only sig-
nal observed for both the dry and the wet substrate is a
low-intensity broad band emission at around 500 nm
(as also seen in Fig. 9) which does not change in inten-
sity at either the dry or the wet state. This implies that
indeed, applying water on the sample surface leads to a
noticeable increase in fluorescence emission within a few
minutes, in the case of the biofilm, while it does not affect
significantly the fluorescence signal from the substrate.

It is noteworthy that the band at 500 nm, although
originating from the substrate shows lower intensity for
the bare substrate than for the biofilm. This could be
explained on the basis of a number of reasons. First, the
biodeteriorated surface morphology and structure has
been altered by the microorganisms colonising it, which
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may have changed the crystal structure of the substrate
inducing defects and altering its intrinsic fluorescence
signal. Second, the substrates have a quite heterogene-
ous macroscopic structure; even analysis at different
points on the same object results in fluorescence inten-
sity variations. Also, it is likely that the biodeteriorated
surface presents other impurities apart from microor-
ganisms (such as environmental pollution deposits) that
may be responsible for additional background emissions.
So, in reality, it is not possible to compare quantitatively,
namely in terms of their fluorescence emission intensity,
the substrate/bulk material to the biofilm, since the two
surfaces are very different in nature. The analysis of the
substrate can only give qualitative information as for the
origin of specific bands.

For all samples analysed, a similar behaviour was
observed; the chlorophyll signal was consistently higher
on a wetted surface. In some cases, wetting of the sam-
ple even made possible the detection of distinct spec-
tral features (see where arrow points in Fig. 10b), which
were hardly noticeable in the dry sample spectra. These
observations clearly point out to an important climatic
parameter that needs to be considered when analys-
ing biodeteriogens on monuments, and this relates to
weather conditions and seasonality. If the season is
characterised by reduced humidity, i.e. summer, some
biodeteriogens that contain chlorophyll might not be
detected or their quantity could be underestimated lead-
ing to wrong conclusions about the presence and extent
of biological growth on a monument. A humid or rainy
season would be preferred when photoautotroph organ-
isms need to be detected in-situ by means of their
fluorescence.
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NG\,

450 500 550 600 650 700 750 800
Wavelength / nm

(blue), leaf (green), dry substrate (pink) and wet substrate (cyan)

800

600

400

Intensity (a.u.)

200+
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Fig. 10 Fluorescence emission spectra of object A (a) and C (b) collected with the LED-IF instrument, A, =375 nm. Dry sample (red), wet sample
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In the context of this study and given that our main
objective was the investigation of the capabilities and
limitations of the LED-IF instrument and the analysis
methodology, it was decided that all the samples be wet-
ted prior to analysis, in order to ensure that the photo-
autotroph biodeteriogens, if present, will be more easily
detected.

Comparison of the two LED excitation sources

The experimental findings concerning the fluorescence
properties of the biodeteriogens (“Fluorescence charac-
teristics of biodeteriogens” Section) showed that objects
A and D, as well as the leaf, exhibit maximum fluores-
cence signal with excitation wavelengths in the range of
425-475 nm. Based on the LED sources available in the
market, it was decided to use a diode emitting in the
range of 400—-450 nm.

It should be noted here, that sample B exhibited maxi-
mum fluorescence signal intensity for excitation wave-
lengths over 550 nm due to the different fluorophores
present in this sample (i.e. cyanobacteria) (see also “Fluo-
rescence characteristics of biodeteriogens” Section). It
was decided though not to select a LED source emitting
near 550 nm, because this way chlorophyll species would
not be efficiently excited and furthermore because such a
choice would eliminate the possibility to record potential
emission bands from other fluorophores below 550 nm.
Therefore, in the present study, two LEDs were assessed
based on their ability to excite the fluorophores present
in the biodeteriogens: one emitting in the ultraviolet
(UV), Aexe=375 nm, and another in the visible (Vis, blue),
Aexe =440 nm.

As a test, the Hibiscus leaf was analysed with both LEDs
to study the effect of different excitation wavelengths and
power on the induced fluorescence and spectral data are
shown in Fig. 11 (with no spectral pre-processing). With
either excitation source the fluorescence emission bands
of chlorophyll species in the leaf are clearly evident.
Comparing the emission spectra of the leaf obtained
with both LEDs delivering approximately the same power
(P=6 mW) on the sample surface, it is evident that vis-
ible excitation yields a clean spectrum with a higher value
of signal-to-noise ratio (SNR=43), compared to UV
excitation (SNR=25). The noise was calculated as the
standard deviation of a baseline spectrum. It should be
noted, however, that measurements were not acquired on
the same spot of the leaf, so some deviations are expected
in the intensity. Nevertheless, the blue LED source
yielded consistently spectra with higher SNR values. By
increasing the power of the visible LED, from P =6 mW
to P=26 mW the intensity of the chlorophyll emission at
685 nm increased approximately by a factor of 4, follow-
ing almost linearly the increase of the source power.
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Fig. 11 Fluorescence emission spectra of a leaf sample acquired with
the LED-IF instrument. A, =440 nm with P=26 mW (black) and
P=6 mW (red). \,,c. =375 nm with P=6 mW (blue)

Discrimination of different types of biodeterioration

The major goal of this study has been to investigate
whether the new portable LED-IF instrument is capa-
ble of detecting and discriminating the possible types
of biodeterioration products that are present on monu-
ments on the basis of their fluorescence profile. Figure 12
depicts fluorescence emission spectra from each one of
the archaeological objects, collected with both LEDs
operating at their maximum available power. The spectra
have been normalised with respect to the intensity of the
emission band at around 500 nm.

Object A exhibits a main emission band at 675 nm and
a shoulder around 720 nm, both attributed to chlorophyll
species. The spectra are similar to those acquired on the
spectrofluorometer (see Fig. 6). The reason for the over-
all different spectral profile and the shift of the bands in
comparison to the observed leaf spectra is explained in
“Fluorescence characteristics of biodeteriogens” Section.

A comparison of the spectra in terms of SNR shows
that the visible LED at 440 nm gives rise to cleaner spec-
tra and this is attributed to its higher power output. It
is, however, understood that other factors are critical as
well, for example, the overall absorbance of the biofilm at
the excitation wavelength.

The analysis of objects B and C was performed on the
dark round spots (see Fig. 1) but since the area probed
with the portable LED-IF instrument is larger, about
2 x 2 mm? recording of emissions from the surround-
ing area cannot strictly be avoided. On object B, a pre-
dominant fluorescence band at 660 nm was detected,
along with chlorophyll bands of lower intensity at about
675 and 720 nm. The band at 660 nm originates most
probably from allophycocyanin (APhC), present in
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cyanobacteria, and this behaviour is in accordance with
the fluorescence emission spectra acquired with the
spectrofluorometer (see Fig. 7).

Fluorescence emission spectra, collected from object
C, revealed the presence of chlorophyll bands at 678
and 720 nm, as well as a shoulder at 660 nm, observed
better with visible excitation. This finding indicates that
object C contains both chlorophyll and allophycocyanin
with the former prevailing against the latter. Finally, after
analysis of object D, a band appears at 685 along with a
shoulder at 735 nm, which are both attributed to chlo-
rophyll species and the fluorescence emission maxima
coincide with those recorded on the leaf.

The fluorescence analysis results, obtained by use of
the LED-IF probe, are in agreement with the classical
taxonomy analysis. In objects B and C, fluorescence
analysis revealed the presence of (a) allophycocyanin,
which is a pigment characteristic of cyanobacteria
that are contained in lichens and (b) chlorophyll,

which is also contained in cyanobacteria. In objects
A and D, fluorescence shows mainly the presence of
chlorophyll, which is the main pigment for algae. It
is worth noting that although based on the classical
taxonomy, fungi were present in some samples,
no relevant fluorescence signal was recorded. This
can be explained by the fact that the fluorophores
existing in fungi exhibit absorption and fluorescence
maxima in the UV range. There are some fluorescence
bands in the visible but these might be overlapping
with the fluorescence coming from the substrate,
which lies in the same spectral area (See Table 1 and
references therein).

These four objects illustrate clearly different cases of
biodeterioration. In object D, chlorophyll is detected with
the emission band maxima appearing at the same wave-
lengths as those in the leaf emissions. In object A, chlo-
rophyll emission was also detected but with a band shift
compared to the leaf chlorophyll emission. In object B,
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the signal originates mainly from allophycocyanin with
a small contribution from chlorophyll. Finally, in object
C, chlorophyll emission bands prevail over the one from
allophycocyanin. These results indicate that with the
present portable LED-IF spectrometer, it is possible to
detect different types of biodeteriogens that could (co-)
exist on monument surfaces, opening new possibilities in
the protection of heritage artefacts, historic buldings and
monuments against biodeterioration.

It is finally noted that, in the context of the present
study, major colonizers were identified to group level
(black microcolonial fungi, eukaryotic algae and lichens)
based on their morphological features available at the
time of their study. Further characterization, within each
group, down to family or genus level requires the pres-
ence of different diagnostic fluorophores and is currently
a subject under investigation.

Conclusions

The present study has shown that LED-Induced
Fluorescence spectroscopic analysis, conducted with
a portable, compact and low-budget instrument, has
the capacity to provide information that facilitates
detection of and discriminating among several types
of biodeterioration products, such as algae and
cyanobacteria. An evaluation of the LED-IF instrument
has been performed as regards key optical components,
such as the LED sources, measurement parameters
and sample preparation procedures, which led to the
development of a straightforward methodology suitable
for the successful characterization and assessment of the
biodeteriogens. From the results presented herein, it is
evident that wetting of the object surface prior to analysis
leads to activation of the existing, mainly photoautotroph,
organisms, and in turn to a more sensitive detection
of these organisms on the basis of their fluorescence
emission signal. As regards the appropriate LED source
that would excite successfully the fluorophores in the
biofilms, a diode emitting in the range of 375-440 nm
with a power of a few mW is considered a reasonable
choice that can excite most fluorophores contained
in biodeteriogens, which are commonly encountered
in monuments exposed to Mediterranean climate
conditions. The instrument is expected to be soon tested
on site on different monuments and biodeteriogen cases.
The authors are confident that this equipment will offer
conservators, heritage scientists and other professionals
a quick, safe and reliable tool for the detection of
different types of biodeterioration and will help them
make informed decisions concerning proper treatment
and protection of historic buildings, monuments and
artefacts.
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LED-IF: Light Emitting Diode-Induced Fluorescence; PSI: Photosystem |; PSII:
Photosystem Il; NADPH: Reduced Nicotinamide Adenine Dinucleotide; A,
Wavelength of absorption bands; A,.,,: Wavelength of fluorescence emission
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