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Abstract: The present study used two non destructive technics, chlorophyll fluorescence and colorimetry to assess the Chlorella
vulgaris growth on stone surface treated by experimental treatments for preventing biofouling. A protocol for laboratory tests was set
up, consisting of inoculating treated slabs stone with a suspension of an algae culture (Chlorella vulgaris), that is a well known
monument colonizing organism. The biofouling test was carried out under fluorescent lights for four weeks at room temperature
which was 20°C and monitored by chlorophyll a fluorescence and colorimetry analysis. These techniques are rapid, non-invasive,
and reliable.

Treatments were introduced by mixing a tetraethoxysilane base with different ingredients: chitosan and/or silver nitrate for biocide
effect and/or hydrophobic silica for water repellency.

Results revealed four different patterns of algal development. The stones treated with the product containing chitosan and silver
nitrate did not show any difference in their fluorescence signal as compared with the untreated stones (control). The stones treated
with the product containing only silver nitrate showed biocide effect two weeks after the start of the experiment. The product
containing silver nitrate, chitosan and hydrophobic silica at low concentrations completely inhibited algal development in the long
term, the similar product with the same compounds at a higher concentration only delayed algal development by 1-2 weeks.

This suggests that low concentrations of the products have a synergistic effect, that is lost if they occur in excess. In the present
study, chlorophyll a fluorescence proved to be a valuable tool in detecting damage in the photosynthetic system of organisms and as
a useful complement to other conventional measurements such as colorimetry.
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1. INTRODUCTION

Natural stone has been used throughout history for its strength and resistance over time. Nevertheless, many
building stones and sculptures are subjected to weathering effects such as biodegradation. Biological activity of
microorganisms such as bacteria, cyanobacteria, fungi and lichen contributes to foul the stones. The impact on cultural
heritage monuments is not only unsightly with the heterogeneous changes of color but is also highly damaging to the
structure of the stone and can lead to irreversible damage if the crust is detached [1]. Microorganisms influence the
deterioration of stone by releasing organic acids that cause corrosive effect on the substrate [2, 4]. Moreover they
secrete extracellular polymeric substances (EPS) which reduce desiccation and provide a reservoir of nutrients [3, 5].
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Such biodegradation results from the bioreceptivity of the materials [6] including many intrinsic stone
characteristics such as petrophysical properties, mineralogical nature, surface roughness [7] and the environmental and
climatic conditions [8, 9]. Biodeterioration and its impact on Cultural Heritage have been widely studied [1, 4, 10] and
many techniques are used to quantify its development and its removal by biocide treatments [11 - 14].

This study aimed at assessing the effects of four biocide treatments with two non destructive techniques: the
monitoring of color changes in the stone surface is widely applied in studies of stone monuments to measure the spread
of microorganisms [15 - 17]; chlorophyll a fluorescence is used to measure the photosynthetic activity of phototrophic
organisms [18]. The latter method is commonly used by plant physiologists. In recent years, chlorophyll a fluorescence
analysis has been applied in the conservation of stone monuments to study the development of microorganisms on stone
and their ability to resist environmental stress [14]. The fluorescence arising from chlorophyll is almost exclusively
associated with photosystem II, which is sensitive to a wide range of environmental variations. Chlorophyll a
fluorescence provides considerable information about the effects of plant stresses [19]. Biocides are used to induce
stress on microorganisms by inhibiting the photosynthetic process [14]. Treatments tested in this study were developed
to prevent biological development in building stones. They were made by sol-gel process with tetracthoxysilane
(TEOS) as a base associated with three active components: silver nitrate, chitosan and hydrophobic silica.

Table 1. Physical properties of the Dom stone.

Water porosity P (%) 30+£2.7
Capillary absorption
*Weight increase per surface unit C1 (g/m’/s'?) 146 51
*Wet fringe migration C* (m/s'?) 26.8+6
Diffusivity coefficient (at 33% HR) 6 (kg/m.s.Pa) 8.6.10™"°

Table 2. Products composition. The concentration (g/L) of the components increases according to the number of sign (+) and
goes to the lowest concentration with (+) to the highest concentration with (+++).

Products composition
Name TEOS AgNO, Chitosan Hydro. Silica
P1 ++ ++ + +++
P2 ++ + + +
P3 ++ + +
P4 ++ ++

The properties of these components are well known: silver like various metals is a classic biocide for bacteria and
plants [20]; chitosan is a relatively new biodegradable component used for its antibacterial [21, 22] and algaecide
properties [23]; hydrophobic silica is used in many fields such as the glass industry for its super hydrophobic behavior
[24], which provides self cleaning and anti biofouling properties. Here we attempted to combine TEOS with one, two
and all of the components in different concentrations to reach optimal biocide effectiveness and to identify the
mechanism in the photosynthetic process.

2. MATERIALS AND METHODOLOGY

2.1. Building Stone

The stone selected was the Dom stone (Bajocian, 180 My) widely used in buildings and monuments in the northern
part of France and the southern part of Belgium. It is a limestone with a characteristic russet color due to its high iron
content (0.5%). The Dom stone is a bioclastic limestone [25]; the microfacies is composed of calcitic debris (50%):
numerous echinoderm ossicles (25%) in a syntaxical cement, shell fragments (10%), micritic grains (10%) and few
quartz grains (5%) scattered in the rock. The spar cementation is partial and remains of high intergranular
macroporosity. In addition, the petrophysical properties of the stone (Table 1), measured thank to the European
Committee for Standardization EN 1936 [26], EN 1925 [27], EN 15803 [28], showed a well connected high porosity
that facilitates water vapor transfer into the stone. Thus, petrographical and petrophysical properties influence stone
weathering and favor a significant bioreceptivity of the stone. Alterations observed in Dom stone are heterogeneous
disintegration and desquamation with deeper eroded layers on the rock surface [9] and an important biocolonization.
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Moreover, the high capillary coefficients facilitate the application and the impregnation of the products on the stone.

2.2. Products

Four products were produced by sol-gel process at room temperature and were made with a TEOS base
(tetracthoxysilane) at low concentration used as a precursor for the polymerization of products. TEOS is well known in
stone conservation and is widely used for consolidants or water repellents. Here, TEOS was used at a low concentration,
only as a precursor for the polymerization of the sol-gel.

The other components were chitosan, silver nitrate and hydrophobic silica. Chitosan was added for its bacteriostatic
activity [22, 29] and was commercially acquired (from Sigma-Aldrich). It is a deacetylated derivative of chitin which is
an important constituent of the cell walls of many fungi and crustaceans. Silver nitrate is a chemical component with
antimicrobial properties and was commercially acquired (from Sigma-Aldrich). Water repellency was carried out by the
hydrophobic silica or fumed silica. The latter consists of silica nanoparticles, originally hydrophilic, but chemically
transformed to bind silane or siloxane functional groups for hydrophobic properties; it was commercially acquired
(Aerosil® R from Evonik Industries AG).

The TEOS proportion remained constant and the other components varied according to their occurrence and their
proportion (Table 2). P1 was composed of TEOS base, chitosan, silver nitrate and hydrophobic silica. The last two
components were in higher proportion than in the other products. P2 included TEOS base, chitosan, silver nitrate and
hydrophobic silica. P3 was made of TEOS base, chitosan and silver nitrate and P4 was composed of TEOS base and
only silver nitrate.

Test weeks
1 2 3 a
2,0
H Control
0,0
OP1
-2,0 1 = P2
-4,0 - mP3
-6,0 - mP4
*
[y}
g -8,0 -
-10,0 -
-12,0 -
-14,0 -
-16,0

Fig. (1). Aa" of control and of treated stones calculated from a” before incubation and after 1, 2, 3 and 4 weeks of incubation. Values
corresponding to the mean of Aa” from the three slabs of each treatment.

2.3. Experimental Procedure

An accelerated biocolonization test on building stone was set up by inoculating stone slabs (dimension: 5x5x1cm)
with a suspension of Chlorella vulgaris culture for 24 hours. Triplicate slabs were used for each treatment and for the
control. Chlorella vulgaris var. Viridis (Chodat) was purchased from the Culture Collection of Algae and Protozoa (Du-
nstaffnage Marine Laboratory, Scotland; strain reference CCAP 211/12). Algae were first grown in a liquid culture
medium composed of demineralized water with BG11- (a medium from Sigma-Aldrich. concentrated 50 times). It was
diluted to get a similar algal concentration for every test, as measured by the chlorophyll a absorbance control at 665
nm and 653 nm using spectrophotometry. Stone slabs were placed in Plexiglass cups. The cups were filled to the top
with algal suspension, 5 mm above the stone surface. Gravitational settling of the algae was carried out by letting the
slabs stand for 24 hours to obtain a homogeneous seeding. Then, the broth was removed and demineralized water was
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added up to 0.5 cm from the bottom of each sample. Water was added regularly over the entire incubation period to
ensure that the stones were continually kept wet by means of capillary absorption. The biofouling test was carried out
using fluorescent lights (Sylvania Gro-Lux) for four weeks at room temperature (20°C).

2.4. Method of Analysis of Biofouling

2.4.1. Colorimetry

The visual algae development of stone was measured by colorimetry using a Chroma Meter CR-400 by Konica-
Minolta with a light projection tube CR-A33c¢c of 11 mm diameter (corresponding to the measurement zone).
Calibrations were carried out with a white ceramic plate CR-A43. Values are given in the CIELAB system [30]. These
parameters determine the color location in the color space: L* indicates lightness (0= absolute black, 100 = absolute
white); a* and b* are the chromaticity coordinates. a* is the position between green (a*<0) and red/magenta (a*>0); b*
is the position between blue (b*<0) and yellow (b*>0). Nine measurements were performed on the whole slabs’
surface.

The global color variation (AE* ) was calculated from the three color parameters with the formula:

AE*, = J ALY + Aa*" + Ab®® . The AL*, Aa* and Ab* were the differences between measurements before and
after treatment. Nine measurements were done on every stone slab. AE*, and Aa* were the average calculated from the
triplicates.

AE*, was used to measure the color change induced by treatment and Aa* was used as an indicator of greening
during the incubation test. It was calculated from the measurements after 24 hours of inoculation and every week
throughout the one-month incubation.

2.4.2. Chlorophyll a Fluorescence

The chlorophyll a fluorescence (ChlaF) of algae was quantified directly in the stone slabs with an IMAGING-PAM
Chlorophyll Fluorometer (Walz, Effeltrich, Germany). The measuring system applies an array of blue light emitting
diodes (LEDs) (peak wavelength, 470 nm) as saturating light pulses. The frequency of the pulses was adjusted to 10 Hz.
Measurements were carried out at a distance of 5 cm between the camera and the slab’s given 25 x 34 mm surface area.
The image captured by the charge-coupled device (CCD) camera had a 640 x 480 pixel size.

P2 treatment

Time

1 week

2 weeks

3 weeks

Fig. (2). Fluorescence imaging of the dynamic evolution of Chlorella vulgaris inoculated on control (untreated stones) and treated
stones. Samples were 30 min dark adapted and submitted to saturation pulse. A photo of the PSII efficiency (Fv/Fm) and of the
maximal fluorescence Fm were captured every test week. The false colour code ranges from black (0.000) to magenta (1.000).

During the experiment, the measurements were performed on the central part of the slabs. The latter were pre
conditioned in the dark. The initial fluorescence (FO) was obtained after 30 minutes of dark adaptation. Maximal
fluorescence (Fm) was obtained with a saturating flash (1 s, 1000 pmol.m™s™). The ratio of variable to maximal
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fluorescence (Fv/Fm) was calculated. The protocol for fluorescence measurement was similar to the one described by
Genty [31], but the measurements were performed on attached leaves. The relative quantum yield of PSII (®PSII) at
steady state is defined as (Fm'-Fs)/Fm’, where Fs and Fm' are, steady state fluorescence and maximum fluorescence in
the light (PAR = 120 umol photon.m™.s™"), respectively. ®PSII represents the number of electrons transported by a PSII
reaction centre per mole of quanta absorbed by PSII. Both photochemical (qP) and non photochemical quenching (qN)
were calculated according to [32].

Data calculated for each parameter was the mean value from the three replicates. Fv/Fm, Fm and every treatment
from the first to the fourth weeks of incubation were shown by fluorescence images of the control (Fig. 2).

@PSIIL, gN and qP showed percentages calculated from the mean values. The control value was represented as being
100% and treated stone results were expressed relative to the control (Fig. 3).

2.4.3. Statistical Analysis

Triplicates for the stone slabs per treatment and per control were carried out. Data in Fig. (3) are presented with non
parametric descriptors, and the variations of fluorescence parameters between the treated and the control slabs were
statistically tested by applying the non parametric Mann and Whitney U test at the 0.05 probability level.

3. RESULTS

3.1. Color Variations on Surface Stones

Before the inoculation of treated stones, the influence of treatments on the natural stone color was assessed. No
color change should be visible after a stone treatment [33], which corresponds to a global color variation AE*ab < 3
[34]. For the four treatments used in the present study, the observed color variation were between 1.1 and 1.9 (detailed
data not shown) and revealed no significant change of color on the stone surface.

After four weeks of accelerated biofouling test, Aa* was reported as shown in Fig. (1). The first week of
measurements showed negative values for control and every treated stone except for P1. Control, P3 and P4 already had
significant color variation, whereas P1 and P2 slabs had very weak Aa* (0.23 and -0.16) that revealed no real color
change at this stage. Aa* for P3 treated stones was -6.3, whereas the control values were -4.1 with algae colonization
appearing more quickly than on control stones.

Aa* values for the control became more negative for the rest of the test and reached a minimum at the third week .
P1 results were negative from the second week onwards and decreased progressively until -8. P2 values had low Aa*
throughout the testing time and thus this parameter remained unchanged. Aa* for P3 decreased until the second week
(-10.2) and then stayed close to this value in the third and the fourth weeks (-9 and -10.5). P4 results reached a
minimum in the second week with -4.6 followed by color variations being less negative with -1.4 until the test ended.

3.2. Detection of Algal Photosynthetic Activity

Five fluorescence parameters were used in this study. The maximum quantum yield of Photosystem II Fv/Fm ratio
and the maximum fluorescence Fm were shown in the imaging of algae development (Fig. 2). The effective quantum
yield ¢PSII, the non photo chemical quenching qN and the photo chemical quenching qP are given in (Fig. 3).

Every value from each treatment was compared to the control in the Mann and Whitney U test. The *symbol in
graphs indicates significant differences (at p < 0.05) between treatment and controls. Fv/Fm ratio of control had the
highest values (0.64) from the very first week, which was shown by the dark blue color (Fig. 2). Then, it decreased
slowly to the end of the test (0.50). Values for P1 treated stones were nil in the first week and Fv/Fm signal appeared
only in the second week. Then values were observed to be similar in the control for the third week (0.50). P2 results
were very different because of the absence of Fv/Fm signal throughout the experiment. On the contrary, results obtained
for P3 treated slabs were as high as the control’s in the first week, which then decreased progressively but stayed high.
Fv/Fm of P4 slabs were as high as the control’s in the first and the second week of the test, which then decreased
rapidly in the last week.

Fm imaging (Fig. 2), recorded on the control stones, showed increased fluorescence on the entire area from the first
to the last week. On P3 treated slabs, the pattern was similar to the control. Fluorescence started in the first week over
the entire surface and increased through the test weeks. Measurements on P1 treated slabs showed a weak signal in the
first week, then Fm increased quickly in the following weeks. Thus, Fm parameter detected the fluorescence of algae
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earlier than the Fv/Fm ratio. P4 results showed fluorescence from the first week, and then fluorescence became
heterogeneous on the slab and disappeared from the sides and then towards the center.
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Fig. (3). ChlaF parameters of PSII in Chlorella vulgaris on control and on treated stones. The control value was chosen to represent
100% and the treated stones’ values were expressed relative to control. * represent significant differences at p < 0.05 compared to the
control.

Fm decreased more slowly than Fv/Fm ratio. P2 results showed no maximum fluorescence from the starting to the
end of the test.

The measured effective quantum yield GpPSII showed that the fluorescence on P3 treated slabs was the same as that
of the control’s (Fig. 3A). On the contrary, P2 results displayed no detected signal throughout the experiment. On P1
treated slabs, no PSII was measured in the first week so the ¢pPSII was similar to the control in the second and the
third week. P4 results showed weaker values than the control in the first week so the ¢PSII was similar to the control
until the last week when the values decreased.

gN showed the same pattern as before Fig. (3B): P3 treated slabs had the same pattern as the control. P2 treated
slabs had no gN, so the results were the opposite of the control. P1 treated slabs had no qN in the first week and then qN
increased as much as the control but it decreased in the third week. gN measured in P4 treated slabs had the same values
as the control for the first two weeks and then decreased until the end of the experiment.

gP measured on P3 treated slabs displayed similar results to the control (Fig. 3C). On P2 treated slabs, qP remained
at zero as did the other parameters. P1 results showed nil values in the first week and similar values as the control in the
other test weeks. qP measured on P4 treated slabs had lower values than the control in the first week and then increased
the second week only to decrease again until the end of the test.

DISCUSSION AND CONCLUSION

The progressive decrease of Aa* on the control throughout the test time frame reflected the algae growth over the
entire stone surface. In regards to the treated stones, Aa* displayed different patterns as compared to the control’s. P3
treated stones revealed considerable algae development, close to that of the controls. Thus, P3 does not limit algae
growth on the stone. On the contrary, P2 treated stones showed no greening and thereby no biocolonization. These
results displayed the biocide effect of P2 treatment. Aa* of P1 treated slabs showed progressive algae development
which started only in the second week and was less intense than that of the controls. Thus, P1 treatment seemed to shift
the spread of algae on the stone. On P4 treated stones, the growth of algae was different again: biocolonization started
in the first week and increased until the second one. The last two weeks displayed a decrease in the extent of algae
growth. Therefore, P4 treatment did not prevent algae colonization in the first two weeks but the biocide effect was
effective in the last two weeks. Hence, the effectiveness of the P4 treatment was delayed. Consequently, Aa* analysis
allowed us to distinguish the various patterns of algae growth, according to the type of stone product.

ChlaF measurements added to the color results by identifying the influence of the biocidal effect on the
photosynthetic process. ChlaF values (Fv/Fm, Fm images in Fig. 2) from control slabs were first analyzed and revealed
ongoing photosynthetic activity even after one week of incubation. Nonetheless, after the first week, Fv/Fm decreased
which suggests a decrease of the PSII activity despite the spread of (shown by color analysis). This result could be
explained by the renewal of algae after the death of the first growth and the delay in the development of the new algae.

In the literature, Chlorella vulgaris culture in freshwater flasks displayed Fv/Fm > 0.63 [18] that was similar to our
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data for the first test week but it stayed constant throughout the time frame whereas it decreased in our case. This
divergent result was probably due to test conditions more suitable to easier algal growth in freshwater.

Another study [35] cultivated Chlorella vulgaris on concrete slabs in test conditions closer but still different from
the present study’s. Nonetheless Fv/Fm reached higher value (0.6) during the third or fourth test week then decreased to
0.534 which is closer to our data (0.488). That difference likely results from the water runoff experimental setting which
favored a regular algal seeding and growth, thus the photosynthetic activity.

The comparison of the ChlaF of the four treatments to the controls revealed four different patterns already observed
in the color analysis. The results of the P3 treated slabs corresponded to the first pattern where every fluorescence
parameter had a similar value as the control. Therefore, the photosynthetic activity of algae was not disturbed by P3
treatment. On the contrary, P2 treatment had the opposite effect because all fluorescence parameters were nil, thus
proving the effectiveness of P2 which inhibited the entire photosystem II.

ChlaF results obtained with P1 treatment were less clear than the others. Every parameter was nil in the first week
except for Fm, whose image showed merely a slight early photosynthetic activity. ChlaF signals started only during the
second week and indicated a delay in the algae photosynthetic activity. Color measurements showed a progressive
increase of greening over time whereas, ChlaF analysis displayed a quick activation of the photosystem II. Despite
different Aa* values of the control and P1, ChlaF data of control and P1 were close from the second week onwards and
revealed the complementarity of both techniques.

During the first week, ChlaF on P4 treated stones showed a weaker photosynthetic activity than on the controls but
during the second week, all parameters were similar to the controls. Then, the PSII activity decreased until the end of
the test. P4 treatment inhibited the photosystem II at the third week of the experiment as observed in the color analysis.
Nonetheless, color data decreased and were constant from the last two weeks which suggests a stagnation in algae
development. However,all fluorescence results proved a progressive inhibition of the PSII activity as clearly shown by
the Fm image (Fig. 2). Consequently, the effect of the biocide on the photosystem II was delayed.

Regarding the combination of each product, P4 was made of TEOS with silver nitrate. This last component has a
well known biocide effect on algae species [36] such as Chlorella [37, 38]. Nevertheless, in our study, AgNO, had a
more moderate biocide impact because of the delay in the inhibition of the algae development. Consequently, the
AgNO; concentration must be increased to make the biocide more effective. The P3 product was made of TEOS with
silver nitrate and chitosan. The antibacterial and fungicide activity of chitosan [22, 23] should have enhanced the
biocide effect of AgNO, which would have optimized P3 activity.

The results were surprising because of the biocidal ineffectiveness of P3 but the silver/chitosan nanocomposites
showed good compatibility [39]. By adding hydrophobic silica to the other components, while keeping the same
concentration as in the P2 product, the photosystem II was completely inhibited. Therefore, the combination of TEOS,
silver nitrate, chitosan and hydrophobic silica had good biocidal efficacy. P1 product had the same components as P2
but AgNO, and hydrophobic silica concentrations were increased. Good biocidal effect was expected but measurements
that showed a delay of the biocolonization with good efficacy in the first test week and then a quick growth of algae
with considerable photosynthetic activity. The increased doses of both AgNO, and hydrophobic silica in P1 had an
unexpected effect because of a lower biocidal efficacy than P2. Thus the increase of AgNO, and hydrophobic silica’
doses did not improve the efficacy of the P1.

In conclusion, ChlaF is a non destructive technique that supplements the surface of color measurement and gives
qualitative information on the photosynthetic performance of algae. Differences in color with Aa* analysis showed a
progressive greening of the stone control through the four test weeks in spite of a high photosynthetic activity in the
first week then a progressive decrease. That suggested a delay in the renewal of algae with the senescence of the first
algae. Biocide treatments displayed four different patterns of efficacy. P2 treatment made of TEOS with AgNO,,
chitosan and hydrophobic silica at a low concentration inhibited the photosynthetic activity of algae. It had the best
biocide effect of the four treatments. P1 treatment was biocide only the first week thus in a too short time. The biocide
effect was not improved despite higher AgNO, and hydrophobic silica’s concentrations. P3 treatment had no effect to
limit the algal growth. Hydrophobic silica missing in the combination led to no performance. P4 treatment made of only
TEOS and AgNO, had a late biocide effect that occurred only from the third week. Therefore the AgNO;‘s
concentration was too weak to be efficient alone without chitosan and hydrophobic silica. In consequence the key to
maximum impact is the synergy between ingredients (AgNO;, chitosan and hydrophobic silica) and doses. If one or two
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of the active components are missing or the concentration is too high, the effectiveness of the treatment is
compromised.
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