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ABSTRACT

Wettability and water transport mechanisms play a relevant role in the weathering of built heritage since liquid water
is directly involved in many deterioration mechanisms. Moreover, water availability can promote the colonization
of microorganisms on surfaces of built heritage. While microbial colonization of stone monuments was previously
considered as a significant biodeteriorative threat in heritage studies and conservation practices, recent investigations
have approached it from a different perspective, shedding new light on its actual impact. Recent studies have high-
lighted that microbial communities, known as sub-aerial biofilms (SABs), can have a neutral or even protective role
in certain situations. In the present work, a benchtop contact angle instrument was used for studying the surface
wettability induced by sub-aerial biofilms (SABs) on laboratory limestone samples. Complementary information on
the water interaction with the substrate in the presence of a SAB was acquired via capillary absorption tests. Field
measurements of wettability and water absorption properties of biocolonized plastered wall of a historic case study,
Casa a Ponente, of Palazzo Rocca in Chiavari (Genova, Italy) were also performed.

Results confirmed the potential of contact angle measurements as a non-destructive monitoring tool for the wettabil-
ity of biocolonized stone substrates. The presence of SABs is associated with measurable changes in the surface wetta-
bility, resulting in near-hydrophobic conditions observed in both the lab-scale colonized samples and the case study.
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1. Introduction

The interactions between microorganisms and ma-
sonry surfaces are the result of the activity of complex
microbial communities present on the surface as sub-ae-
rial biofilms (SABs). Traditionally, these interactions
have been considered detrimental to the substrates,
leading to biodeterioration [1,2]. However, recent stud-
ies, primarily based on case studies and empirical evi-
dence, have highlighted that SABs can have a neutral or
even protective role in certain situations [3-10].

Furthermore, liquid water is a key driver for deterio-
ration of built heritage surfaces exposed outdoor, being
involved in numerous weathering and alteration mech-
anisms, including biocolonization. Water availability is
indeed crucial in promoting SABs formation and devel-
opment. Therefore, recent studies have focused their at-
tention on the SABs/substrate interaction, particularly
looking at changes in water transport proprieties and
suggesting that the presence of a biofilm can induce near
hydrophobic characteristics to the surfaces [11,12].

Contact angle measurement provides key informa-
tion on surface wettability and water absorption. Its
non-destructive and non-invasive nature, along with re-
cent instrumentational development allowing for in-si-
tu measurements, make it highly advantageous.

The aim of this study was to investigate wettabili-
ty changes induced by SABs on built heritage porous
substrates, both through lab-scale experiments and on
a real case study. For the laboratory testing, limestone
samples were used and colonized with a SAB model sys-
tem, representative of naturally formed biofilm under
outdoor conditions [13]. Such samples were analysed
with a benchtop contact angle instrument to investigate
their wettability in comparison to the non-colonized
ones. Complementary information on the water ab-
sorption behaviour with the SAB/substrate system was
acquired by capillary absorption tests.

For the onsite measurements, the biocolonized plas-
tered wall of Casa a Ponente, of Palazzo Rocca in Chi-
avari (Genova, Italy) was selected. The Casa a Ponente
dates back to the first half of the 17th century [14] with
a building and conservation history poorly document-
ed. The plastered wall under study, which faces north-
cast towards the botanical garden, recently underwent
a conservation intervention aimed also at removing
the patchy green patina caused by SABs. After a few
months, the plastered wall experienced a biological re-
colonization, prompting the consideration of not pursu-
ing further removal actions. It is therefore important to
understand and monitor over time the biofilm behavior
and its impact on the plastered surface, to support the
decision of preserving it instead of removing it again.

2. Materials and methods

2.1 Laboratory limestone samples

A dual-species SABs composed of the phototroph
Synechocystis sp. PCC 6803 and the heterotroph E. coli
ATCC 25404 were grown according to the protocol re-
ported by Villa et al. (2015) [13] modified as follows: the
stone samples were immersed overnight in the plankton-
ic culture composed of cyanobacteria and E. coli cellular
suspensions in a 1:1 ratio. Then, the liquid culture was re-
moved and the BG11 medium [15] was added and main-
tained at 3 mm above the bottom of the samples. After 5
days with a 16/8 day/night photoperiod, the SABs were
mature and ready for the tests. The commercial limestone
samples (7.5 cm x 2.3 cm x 1.0 cm) consisting of 90% of
calcite and dolomite and with a porosity of 8.91% + 0.78
[12] were used. Images captured using the digital micro-
scope DinoLite Premiere AM7013MT were processed
with the freely available software GIMP (GNU Image
Manipulation Program, Berkeley, California) to calcu-
late the extent of surface colonization.
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After biocolonization, the samples were dried in the
oven at 40°C for 24h before starting the tests.

Wettability was assessed through static water con-
tact angle (WCA) measurements conducted on both
biocolonized and uncolonized (control) samples. WCA
measurements were determined using a benchtop in-
strument (Data Physics OCA 150, equipped with a
Liquavista Stingray camera and a Liquavista LED light
source for background illumination). After dosing a
drop of distilled water on the surface, a video was re-
corded. Single frames were isolated from the video and
analyzed with the software OpenDrop (GitHub, Inc.,
San Francisco, CA, USA). The contact angle of a wa-
ter droplet decreased slowly to zero for biocolonized
samples and very quickly (less than 5 seconds) for un-
colonized samples. The WCA was then determined on
the first frame (frame rate of 62 FPS) after the droplet
touched the surface, assuming that at that moment, ab-
sorption is still negligible [11]. Furthermore, based on
the number of frames, the time until complete absorp-
tion was determined.

Standard capillary water absorption tests were also
performed, according to the UNTEN 10859:2000 [16].

2.2 Casa a Ponente of Palazzo Rocca

Two different areas were selected, named AO1 and
AQ2. Both have a colonized part and a non-colonized
one and the plaster seems macroscopically different.
The on-site investigation of the recolonized plastered
wall was made by portable digital microscopic observa-
tion using a digital microscope DinoLite Premiere AM-
7013MT. The percentage of recolonized surfaces was
calculated as described in 2.1.

The Mobile Surface Analyzer (Kriiss GmbH, Ham-
burg, Germany) was used for contact angle measure-
ments: a droplet of distilled water was dosed onto the
target surface and a 60 s video was recorded (frame rate

of 10 FPS). The WCA was calculated similarly to the
laboratory measurements, using the software KRUSS
Advance (Kriiss GmbH, Hamburg, Germany) for each
colonized area and compared with the non-colonized
ones. Each measurement was repeated at three different
points of the same area.

The contact sponge test was also used for the evalua-
tion of the water absorption [17].

3. Results

The cyanobacteria Synechocystis sp. PCC 6803 with
the heterotroph E. coli ATCC 25404 developed a thin
green biofilm on the stone surface, with good adhesion
to the substrate. The biofilms resulted quite homoge-
neous with limited areas that appeared more whitish or
yellowish compared to the rest (Fig. 1a). The percentage
of colonized surface of limestone samples is 91%5.

In the case study, the SAB on the plastered wall
exhibited a relatively uniform coverage of the binder,
while being very thin or absent over the aggregates (Fig.
1b). The percentage of the colonized surface of the A01
and A02 areas were respectively 88%3 and 78%+23.

The contact angle value of biocolonized samples at
lab-scale was 102.5°+2.0, which was significantly higher
compared to the control ones with a value of 25.6°+1.34.
Moreover, in biocolonized samples, the absorption rate
ranged between 5 min and 7 min, whereas the untreated
limestones exhibited immediate absorption, taking less
than 5 seconds for the drop to be absorbed.

A similar trend was observed in the in-situ investiga-
tion of vertical plastered colonized surfaces (Fig. 2). In this
case, the presence of SAB significantly increased the con-
tact angle. The measured contact angle value for the A0I
area was 134.24°+2.2, while for A02 was 130.04°+3.4. In
comparison, the uncolonized area exhibited contact angle
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Fig. 1 (a) Macroscopic images of
the limestone samples: (A.1) colo-
nized with the dual-species biofilm
and (A.2) a control sample; (b) In
situ microscopy documentation of
different areas of the plastered wall
of Casa a Ponente: (B.1, B.3) with-
out biofilm (B.1 area A01; B.3 area
A02) and (B.2, B.4) biocolonized
(B.2 area A01; B.4 area A02).

Fig. 2 First WCA. Microphotograph of
(A) A01 area with green biofilm and
(B) A0O1_NC area without biofilm.




Graph. 1 Capillary water absorption
as a function of time (first 60 s),
with the control in grey and the
laboratory biocolonized limestone
samples in green.
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values of 45.3°+8.5 and 52.4°+8.1, respectively; the high
standard deviation obtained on the areas without biofilm
may be explained by considering the remarkable roughness
and heterogeneity due to the inherent plaster composition.
Therefore, it can be affirmed that the presence of SABs
confers water-repellent characteristics to the surface [18].
Moreover, in the uncolonized areas, the water drops were
absorbed by the surface within a few seconds, whereas in
the biocolonized areas, the drops remained unabsorbed
even after the 60-second duration of the recorded videos.
In some cases, the drops volume and shape appeared al-
most unchanged by the end of the video.

Preliminary results of capillary absorption tests
confirmed that the absorption rate in the first 60 sec-
onds is slower in biocolonized laboratory samples than
in the control ones (Graphic 1).

Similarly, in biocolonized areas, AO1 and A02, of the
plastered wall, the results of the contact sponge test in situ

showed a lower absorbed water amount [g/cm2] compared
to the uncolonized areas (respectively 14% and 42% less).

4. Conclusions

Liquid water is directly involved in many weathering
mechanisms affecting masonry surfaces, and it contributes
to the colonization of microorganisms. Consequently, it is
fundamental to study the interaction between water and
biocolonized surfaces. The contact angle measurement has
been confirmed as a powerful tool for studying the surface
wettability of biocolonized stones, both in laboratory and
in-situ settings. The results showed that the dual-species
SAB developed at lab-scale on limestone samples induced a
near-hydrophobic characteristic to the surface. Similar re-
sults were also observed on the recolonized plastered wall
of Casa a Ponente of Palazzo Rocca in Chiavari.

Capillary water absorption

—e—biocolonized

E

8 0,08
220,07
S

g 0,06
-
=005
=

5 0,04
o

= 0,03
(]

£ 0,02
o

|72}

< 0,01
5 0
g 0 10 20 30

Y]

H

40 50 60 70

Time [s]

—e— control



152 ‘ Contact angle as a non-destructive method to determine wettability changes induced by sub-aerial biofilms on built heritage porous substrates

References

1. T. Warscheid, & J. Braams, Biodeterioration of stone: a re-
view, in «International Biodeterioration & Biodegradation»,
46/4,2000, pp. 343-368.

2. A. A. Gorbushina, Life on the rocks, in «Environmental
Microbiology» 9/7,2007, pp. 1613-1631.

3. D. Pinna, Biofilms and lichens on stone monuments: Do they
damage or protect?, in «Frontiers in Microbiology, S(APR),
2014, 133.

4. F. Bartoli, A. C. Municchia, Y. Futagami, H. Kashiwadani,
K. H. Moon, & G. Caneva, Biological colonization patterns on
the ruins of Anghkor temples (Cambodia) in the biodeterioration
vs bioprotection debate, in «International Biodeterioration
and Biodegradation», 96, 2014, pp. 157-165.

5.F. Villa, P. S. Stewart, I. Klapper, J. M. Jacob & F. Cappitel-
li, Subaerial Biofilms on Outdoor Stone Monuments, in «Bio-
Science», 66/4, 2016, pp. 285-294.

6.G.M. Gadd & T. D. Dyer, Bioprotection of the built environ-
ment and cultural heritage, in «Microbial Biotechnology>,
10/5,2017, pp. 1152-1156.

7.D. Gulotta, F. Villa, F. Cappitelli & L. Toniolo, Bioflm col-
onization of metamorphic lithotypes of a renaissance cathedral
exposed to urban atmosphere, in «Science of the Total Envi-
ronmentx, 639, 2018, pp. 1480-1490.

8. P. Sanmartin, F. Villa, F. Cappitelli, S. Balboa & R. Car-
balleira, Characterization of a biofilm and the pattern outlined
by its growth on a granite-built cloister in the Monastery of San
Martifio Pinario (Santiago de Compostela, NW Spain), in
«International Biodeterioration and Biodegradation», 147,
2020, 104871.

9. S. E. Favero-Longo & H. A. Viles, 4 review of the nature,
role and control of lithobionts on stone cultural heritage: weigh-
ing-up and managing biodeterioration and bioprotection, in
«World Journal of Microbiology and Biotechnology», 36/7,
2020, 100.

10.X. Liu, Y. Qian, F. Wu, Y. Wang, W. Wang & J-D Gu, Bio-

Sfilms on stone monuments: biodeterioration or bioprotection?,

in «Trends in Microbiology», 30/9, 2022, pp. 816-819.

11. L. Schréer, T. De Kock, S. Godts, N. Boon & V. Cnudde,
The effects of cyanobacterial biofilms on water transport and re-
tention of natural building stones, in «Earth Surface Processes
and Landforms», 47/8, 2022, pp. 1921-1936.

12.F. Villa, N. Ludwig, S. Mazzini, L. Scaglioni, A. L. Fuchs,
B. Tripet, V. Copié, P. S. Stewart & F. Cappitelli, 4 desiccated
dual-species subaerial biofilm reprograms its metabolism and
affects water dynamics in limestone., in «Science of the Total
Environment», 868, 2023, 161666.

13.F. Villa, B. Pitts, E. Lauchnor, F. Cappitelli & P.S. Stewart,
Development of a laboratory model of a phototroph-heterotroph
mixed-species biofilm at the stone/air interface, in «Frontiers in
Microbiology», 6(NOV), 2015, 1251.

14. A. Amelio, La facciata meridionale della “Casa a Ponen-
te di Palazzo Rocca di Costaguta” a Chiavari (GE): analisi
dei caratteri estetici e del degrado finalizzate all’intervento di
restauro, Master Degree Thesis in Cultural Heritage Conser-
vation Science, University of Milan.

15. R. Rippka, J. Deruelles, J. B. Waterbury, M. Herdman &
R.Y.Y. Stanier, Generic assignments, strain histories and prop-
erties of pure cultures of cyanobacteria, in «Microbiology>,
111, 1979, pp. 1-61.

16. UNI EN 10859 (2000). Beni Culturali — Materiali lapi-
dei naturali ed artificiali — Determinazione dell’assorbimento
d’acqua per capillarita.

17. D. Vandevoorde, M. Pamplona, O. Schalm, Y. Vanhel-
lemont, V. Cnudde, & E. Verhaeven, Contact sponge method:
Performance of a promising tool for measuring the initial water
absorption, in «Journal of Cultural Heritage», 10/1, 2009,
pp- 41-47.

18. D. A. L. Leelamanie, J. Karube & A. Yoshida, Character-
izing water repellency indices: Contact angle and water drop
penetration time of hydrophobized sand, in «Soil Science and
Plant Nutrition, 54/2, 2008, pp. 179-187.



