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ARTICLE INFO ABSTRACT

Keywords: Venetian marmorino is a traditional plaster that has been used since the 15th century, in several palaces in
Marmorino plasters Venice and ancient villas throughout the Veneto region. While this material has considerable durability, it re-
P];notocatalysts mains susceptible to various surface degradation processes. An effective means to mitigate such events is through
21%2 the application of photocatalytic coatings. These coatings employ just oxygen from the atmosphere and light as

energy source to degrade both organic and inorganic environmental pollutants, confer self-cleaning properties,
and reduce bacterial attacks or fungal growth.

In this work titania (TiO) and zinc oxide (ZnO) were incorporated into the marmorino, both as top coating
and within the mortar itself. The biocidal efficacy of these additives was assessed through optical microscopic
observations of fungal colonies grown on the marmorino mock-ups with differing compositions or finish layers.
Two Fungi Penicillium italicum and Cladosporium spherospermum were selected as reference microorganisms
attacking wall materials in Venice. Hence, a more detailed analysis utilizing electron microscopy (SEM) was
conducted to confirm the biocidal properties.

The experimental results demonstrate that the development of a high-tech multifunctional marmorino capable
not only of reducing environmental pollutants but of preventing surface degradation and inhibiting fungal
growth. This inhibition leads to a reduction in biodegradation, resulting in a diminished ability to take root and

Biocidal properties
Venetian palaces

lack of spore development.

1. Introduction

Venetian marmorino is a traditional plaster widely employed as wall
coating in several ancient buildings in Venice and in the Veneto region
[1-5]. Marmorino has been employed both as plaster for new construc-
tions and as material for restoration interventions of ancient ones [6-8].

The stratigraphy of marmorino typically comprises multiple thin
layers of sand-based plaster applied in a fresco su fresco technique
without waiting for the lime putty (Ca(OH)y) to fully carbonate.
Notably, the final mortar layer incorporates fine-grained marble powder
(CaCOg3) alongside lime putty [9]. Traditionally, several natural sub-
stances such as soap, lime water, or natural oils were applied as finish
layer, either before the carbonation process or afterward, to provide
both protection and desired optical properties [10,11].

Despite its intrinsic protective features, marmorino surfaces exposed
to modern pollutants face greater environmental challenges [12-21].
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Volatile Organic Compound (VOC) pollutants, often deposited as thin
layers not only contribute to chemical and physical degradation but also
facilitate biodegradation processes [22,23]. Biodegradation includes all
the undesirable changes in mater properties accelerated by microbial
activity across various taxonomic groups [24,25].

The combination of environmental factors (i.e., moisture, light,
temperature, surface deposits, ventilation, capillary rise, and pollutants)
eases the deterioration of the walls and the increase of the surface
porosity [26-28]. This makes the surface more bio-receptive, encour-
aging the ecological flow growth of bacterial and fungal consortia,
plant-like organisms, and even herbal to arbustive plants [29-31]. This
heightened susceptibility to biodeterioration can foster the establish-
ment of an ecosystem on stone surfaces. Biodeteriogens act on surfaces
through different, but all dangerous, mechanisms [32-35].

While several approaches exist to remove such deposits and restore
the surface, they often involve products applied after damage has
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occurred [36-38]. An appealing alternative is the use of materials
capable of preventing deposit formation or chemically removing them as
they begin to form [39]. Photocatalytic materials are well-suited for this
purpose, as they can trigger beneficial chemical reactions employing
atmospheric oxygen and sunlight energy. Photocatalysts can induce
reactions that interact with common air pollutants, degrade surface
degradation compounds, and even mitigate the growth of biological
organisms that deposit, adhere, and proliferate on the wall surface [40].
Titanium dioxide (TiOy) is the most employed photocatalytic mate-
rial in various applications [41-43]. Consequently, it is also being
investigated as component in photoactive wall coatings, either for its
biocidal effect to inhibit biodeterioration or for its self-bleaching effect
to prevent the formation of stains due to pollution or vandalism [44,45].
Zinc oxide (ZnO) is another semiconductor employed for its
self-bleaching properties. Moreover, it is well-known for its potent
biocidal properties in various applications [46,47]. As previously
demonstrated by the authors [48], appropriate TiO, and ZnO photo-
catalysts do not cause color variation when applied to marmorino sur-
faces, thereby preserving the aesthetic integrity of the stone — an
essential characteristic when dealing with Cultural Heritage materials
[44]. Furthermore, they both demonstrated great self-cleaning surface
characteristics, capable of degrading model stain compounds [48,49],
such as methylene blue or methylene red, as well as real-case stain
compounds like blue pen, various markers, or food residues [50]. Pre-
vious results also demonstrated that the combination of photocatalytic
materials with Aleppo’s natural soap in the finish layer exhibited even
higher efficacy [48]. This last aspect could also avoid the detachment of
the photocatalysts from the surface, leading to a more stable material.
For these reasons, both TiO, and ZnO are employed and investigated
for their antimicrobial activity to combat fungal proliferation even on
stone surfaces [51-53]. Literature studies suggest that these materials
can be applied primarily as a superficial coating on different types of
stone surfaces [54-58] or even incorporated into the mortar in the case
of concrete or plasters [59,60]. In the former case, the metal-based ox-
ides primarily exploit photocatalytic phenomena, which cannot be fully
used when incorporating the photocatalyst as a component of the mortar
matrix. Nevertheless, studies report that employing metal oxides (e.g.,
ZnO, CaO, MgO) within the material formulation, the particles still
inhibit dangerous microorganisms’ growth [59]. Therefore, the anti-
microbic phenomenon cannot exclusively be attributed to the photo-
catalytic actions of ZnO but rather to failures in the microorganisms’
proliferation and reproduction processes induced by the particle
composition. The active oxygen species generated by the ZnO particles is
considered the primary mechanism of antibacterial activity [61-65].

2. Research aim

In this work, our objective was to modify the formulation of Venetian
marmorino plaster by incorporating TiO, and ZnO, aiming to confer in-
hibition properties against microorganisms’ growth. Titanium-based
materials were employed for surface coating, while ZnO was inte-
grated into the marmorino plaster formulation. Optical and electron
microscopy (SEM) were employed to establish the inhibition action of
ZnO and TiO; on fungal cultures inoculated on the surface of the mar-
morino mock-ups.

Previous works extensively characterized the photocatalytic plaster
mock-ups and studied their activity towards self-cleaning features [48,
50], while this study focuses on investigating the impact of added
photocatalysts on the antimicrobial properties of these materials. To the
best of the authors’ knowledge, there are no specific studies regarding
this aspect, applied to plaster-like stone materials.
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3. Materials and methods
3.1. Materials

To synthetize the photocatalysts the reagents were used as-received:
TiOSO4 - xH20 -yH2S04, Zn(NO3), - 6 Ho0, titanium (IV) isopropoxide,
NapCO3NHj3 aqueous solution, and isopropanol were purchased from
Sigma Aldrich. The commercial photocatalysts employed were TiO, P25
from Evonik (Essen, Germany) and ZnO from CARLO ERBA Reagents S.r.
1. (Milan, Italy). For what concerns the marmorino mock-ups prepara-
tion, the quicklime (CaO) and the marble powders (impalpabile and
spolverone — CaCOs) were provided by Uni.S.Ve. company (Venice,
Italy).

For the microbiological growth, maintenance, and testing, the re-
agents were used as received: Sabouraud Dextrose Agar (SDA), Malt
Extract Agar (MEA), and Nutrient Broth (NB) were purchased from
Biolife (Milan, Italy), whereas the 5 % saline solution (NaCl) was pur-
chased from Sigma Aldrich.

Finally, for what concerns the SEM measurements samples prepa-
ration, Conducting Carbon Cement (Leit-C) was employed.

3.2. Methods

3.2.1. Photocatalysts preparation

The photocatalysts (TiO2, ZnO, ZnO-TiO2 composite) were prepared
following a procedure previously reported by the authors [48,66,67]
and labeled Ti-LAB, Zn-LAB, and TiZn-LAB respectively. Briefly, a 1.2 M
aqueous solution of TiOSO4 precursor was added dropwise to 200 mL of
H20, while maintaining the pH at a constant value of 5.5 using 9 M
aqueous NHs. Afterward, the suspension was aged at 60°C for 20 hours,
washed on a Gooch filter, and air-dried at 110°C for 18 hours. The
resulting material was hence annealed at 400°C for 4 hours in an airflow
of 30 mL/min and then labeled as Ti-LAB.

Similarly, laboratory-made ZnO was prepared using a 1.1 M aqueous
solution of Zn(NOg3)2-6 H20 and 1.0 M NapCO3 aqueous solution as the
precipitating agent, while maintaining a pH of 9 during the precipitation
process. This sample was labeled as Zn-LAB.

Finally, a zinc oxide-titanium dioxide composite material, containing
a theoretical amount of 10 % wt of TiO,, was prepared via wetness
impregnation. This involved dissolving a proper amount of titanium
precursor (Ti(IV) isopropoxide) in isopropanol. The impregnated sample
was then air-dried at 110°C for 18 hours and subsequently annealed at
400°C for 4 hours in an airflow of 30 mL/min. In this way a core-shell
like structure was obtained. This sample was labeled ZnTi-LAB.

The two benchmark products, used as references, were TiOy P25
from Evonik and ZnO from Carlo Erba, and were respectively labeled Ti-
COM and Zn-COM.

In Table 1 are briefely reported the results previously obtained by the
authors in the photocatalytic materials characterizations:

3.2.2. Marmorino mock-ups preparation

The marmorino plaster mock-ups were prepared following the
traditional Venetian recipe provided by the Uni.S.Ve. s.r.l. restoration
company [50], applying different kinds of finish layers: no finish layer,
traditional (Aleppo soap), Aleppo soap + TiOs.

Table 1
photocatalytic materials characteristics.

Sample Crystallite size Crystalline BET surface area (m?*/
(nm) phase g)

Ti-COM 20 anatase, ruthile 52

Ti-LAB 9 anatase 120

Zn-COM 158 wurzite 5

Zn-LAB 15 wurzite 42

ZnTi- 17 wurzite, anatase 33

LAB
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Briefly, a laboratory-made Venetian marmorino was applied to a 20 x
20 cm cotto brick. Initially, an underlayer comprising coarse sand and
lime putty in a 1:3 wt ratio was applied to a wet brick surface. Afterward,
two layers of marmorino were applied. These layers consisted of impal-
pabile, a finely powdered marble (0.07 mm), spolverone, a coarser marble
powder (1-3 mm), and lime putty in a 2:1:1 wt ratio. A third layer of
marmorino was then applied, composed by combining 16 g of the
aforementioned calcium-based mixture with either 4 g of photocatalyst
or 4 g of impalpabile.

For what concerns the finish layers, the traditional Aleppo soap was
compared with an innovative one characterized by Aleppo Soap
enriched with TiOy NPs, namely Evonik P25 (Ti-COM). A comparison
with a pristine, not treated sample was also carried out. The preparation
of the traditional finish layer, 50 mg of Aleppo soap were diluted with
2.5 mL of H0, then placed in an ultrasonic bath for 30 minutes at at T =
50°C. They were subsequently collected and applied with a brush to the
dedicated section. For the section reserved for the finish with Aleppo
soap and Ti-COM, 50 mg of Alesppo soap were combined with 25 mg of
Ti-COM, diluted in 2.5 mL of H0, and the same procedure as the pre-
vious application was followed.

Finally, the mock-ups were left at RT for 20 days to dry and
carbonatate.

3.2.3. Microorganisms sampling campaign

To select the microorganisms to be used, a sampling campaign was
conducted on real-case marmorino plasters found on the external walls of
some palaces dating back approx. 1500-1700 in Venice (Fig. 1S). The
sampling process involved non-invasive methods using Fungi-Tape™
adhesive tape (Fisher Scientific) and sterile cotton swabs.

The Fungi-Tape™ samplings were examined under the optical mi-
croscope, while the cotton swabs were plated on Petri dishes with
different cultivation mediums (SDA, MEA, NB, MEA+ NaCl 5 %). The
Petri dishes were then incubated at 21.5 + 2 °C for 7 days to allow initial
mycelium development and monitored for up to 20 days for fungal
colony growth until maturation (active and abundant sporulation).

At this stage, the identified Fungi, Penicillium italicum and Clado-
sporium spherospermum, were selected for the study based on their
growth and morphology [68]. These Fungi were isolated and allowed to
grow in pure axenic culture using MEA cultivation medium for 5 days in
an incubator at 21.5 + 2 °C, until optimal inoculation growth levels
were reached.

3.2.4. Marmorino antimicrobial activity test

Based on literature [47,69], a system was developed to study the
antimicrobial properties of the marmorino mock-ups. These mock-ups
were tested by applying a Fungi inoculum, cut using a microbiology
cork borer, onto their surfaces, and observing the resulting fungal
growth. The growth test spanned a month period, maintaining a humid
environment and a controlled temperature of 23 + 2°C to ease the Fungi
spreading. The mock-ups were kept in a humid environment undergoing
to natural nyctemeral cycles, to better reproduce the influence of envi-
ronmental factors.

During the growth test, fungal growth was evaluated through a
photographic campaign of the plaster mock-ups. After the test
concluded, more detailed microscope analyses were conducted.
Initially, the mock-up surfaces were sampled using Fungi-Tape™, which
were then affixed onto glass slides for microscopy observation of the
fungal growth state. The monitoring of fungal growth involved obser-
vations using a stereoscope Stemi SV 6 (ZEISS, Germany) and an optical
microscope Axioplan (ZEISS, Germany) at different magnifications.
Instantaneous images were acquired using an incorporated digital
camera AxioCam ERc5s (ZEISS, Germany) and processed using the ZEN
2011 software (ZEISS, Germany).

Table 2 provides instructions for identifying the twelve samples. The
first letter of the label (A, B, C, or D) denotes the marmorino plaster
formulation used for making the tile, the number (1, 2, or 3) specifies the
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Table 2
Mock-ups and samples descriptions.

Last marmorino Finish layer Sample with Sample with

plaster layer Penicillium Cladosporium

italicum spherospermum

Marble powder + No finishlayer ~ Alp Alc
lime putty + Traditional A2p A2c
impalpabile marble  (Aleppo soap)
powder Alepposoap +  A3p A3c

TiO2

Marble powder + No finishlayer ~ Blp Blc
lime putty + Zn- Traditional B2p B2c
COM (Aleppo soap)

Alepposoap +  B3p B3c
TiO,

Marble powder + No finishlayer ~ Clp Clc
lime putty + Zn- Traditional C2p C2c
LAB (Aleppo soap)

Alepposoap +  C3p C3c
TiO,

Marble powder + No finishlayer =~ D1p Dlc
lime putty + ZnTi-  Traditional D2p D2c
LAB (Aleppo soap)

Alepposoap +  D3p D3c
TiO,

finish layer employed, and the last character (p or c) indicates the fungal
genera inoculated onto the surface.

For Scanning Electron Microscopy (SEM) analyses, a small sample
was cut from the mock-up surface and affixed to the stub (sample
holder) using conducting carbon cement. After drying, the sample was
metalized with Chromium, and measurements were conducted. The
SEM images were acquired using an FE-SEM (Field Emission Scanning
Electron Microscopy) FEG LEO 1525 ZEISS, equipped with an in-lens
detector for secondary electrons and operated at an accelerating
voltage of 5 kV.

3.2.5. Photographs and micrographs interpretation

The interpretation of the naked eye observation was summarized
considering the general development of the fungal colonization. Four
levels were set and each sample was labeled with “extensively distrib-
uted”, “distributed”, “poorly distributed”, or “not appreciable”
depending on how the Fungi were spread over the surface. It is impor-
tant to underline that when the sample was labeled with “not appre-
ciable” it could be related to the high efficiency of the antimicrobial
system as well as to the limit of this kind of investigation.

Likewise, for the microscopy observation of the glass slides the
following classification was assigned to the samples: considering both
the presence of the conidia and the hyphae it was possible to define once
again the fungal growth. Hence a rank system of five steps was gener-
ated: a Fungi with “high fungal growth” is when no obstacle in the
fungal growth was observed; a “good fungal growth” was defined when
both conidia and hyphal structures and at least one of them inside the
matrix of the substrate can be seen; an “only superficial fungal growth”
was assigned to the samples where the colonization was visible over the
whole sample, but there was not penetration into the substrate; then a
“not propagated/inhibited fungal growth” was given to the samples
when the colonization was present only around the inoculation point or
when a block on the development of the Fungi was identified; and finally
a “not rooted fungal growth” was assigned when the fungal growth was
totally inhibited.

As for the SEM images, the fungal colonization was evaluated
through the observation of the spores and the hyphae’s characteristics (i.
e., amount, size, freshness, and distribution): massive, when pervious
spores and hyphae of normal diameter/thickness were present, resulting
in the mycelium being in an excellent vegetative state; good, when both
pervious and dehydrated spores and hyphae of sufficient size were
present; sufficient, when mostly dehydrated spores and hyphae were
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present, although points of good rooting remained clearly visible in the
mycelium; regressed, when only dehydrated, agglomerated, imploded
spores and thin, dehydrated hyphae were visible.

4. Results
4.1. Fungi sampling campaign
From the sampling campaign conducted on the external walls of

ancient palaces in the city of Venice presenting marmorino plaster in a
discreet conservation state, it was possible to detect several Fungi
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species. Penicillium italicum (Fungi, Ascomicota, Eurotiales, Trichoco-
maceae) and Cladosporium spherospermum (Fungi Ascomycetes, Dothi-
deomycetes, Cladosporiales) were then selected for this study, and their
specific features are shown in Fig. 2S and Fig. 3S.

4.2. Photographic campaign and naked-eye observation

The results presented here pertain to pictures captured 30 days after
the deposition of the Fungi inocula on the marmorino mock-ups,
compared to those taken in the initial days following inoculation. The
traditional marmorino tiles

(mock-ups A) exhibited extensive

(a) mock-up A (traditional marmorino) inoculated ~(b) mock-up A (traditional marmorino) 1noculated
with P. italicum, from left to right samples Alp, A2p, - with C. spherospermum, from left to right samples
A3p. ~Alc, A2c, A3c.

(¢) mock-up B (plaster with Zn-COM) inoculated - (d) mock-up B (plaster with Zn-COM) inoculated
with P. italicum, from left to right samples Blp, B2p, with C. spherospermum, from left to right samples
B3p. Blec, B2¢, B3c.

(e) mock-up C (plaster with Zn-LAB) inoculated with = (f) mock-up C (plaster with Zn-LAB) inoculated with
P. italicum, from left to right samples Clp, C2p, C3p. C. spherospermum, from left to right samples Clc,

(g) mock-up D (plaster with TiZn-LAB) inoculated = (h) mock-up D (plaster with T1Zn-LAB) inoculated
with P. italicum, from left to right samples D1p, D2p, - with C. spherospermum, from left to right samples
D3p. Dilc, D2¢, D3c.

Fig. 1. : Photographs of the eight different marmorino tiles mock-ups colonized either by P. italicum or C. spherospermum Fungi.

4
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microbiological colonization, noticeable even to the naked eye for both
Fungi (Fig. 1 — a, b). Samples A2p, A3p, A2c, and A3c displayed wide-
spread growth across the samples, indicating unhindered growth and
diffusion of the microorganisms on the traditional substrate. In contrast,
samples Alp and Alc exhibited less visible distributed fungal growth,
likely due to the different bio-receptivity of the substrate. The more
porous nature of the substrate may have facilitated the proximity of
Fungi growth just to the inoculum area.

Furthermore, it should be noted that Penicillium sp. is greatly affected
by pH, requiring an acidic environment between 3.0 and 4.5 for optimal
development, although it is capable of taking root even in seemingly
more adverse conditions. Conversely, Cladosporium, while tolerating
acidic environments up to pH 4.4, needs an environment around pH 6.0
for optimal growth [70].

Similar trends were observed for mock-ups B and C. Both Fungi
exhibited distinct interactions with the substrate. While P. italicum did
not exhibit any visible growth on the tiles in any of the different finish
layer options, C. spherospermum showed less dispersed colonization of
the plaster in the case of Zn-LAB compared to the Zn-COM (Fig. 1 - ¢, d,
e, f).
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Finally, in the Ti-Zn-based tiles (mock-ups D), reduced growth of
both P. italicum and C. spherospermum on the surfaces was observed.
Additionally, the inoculum disk in the samples D3p and D3c (those with
TiOg as finish layer) appeared to shrink or become not visible anymore
(Fig. 1 - g, h).

These results are preliminary insights, but further analysis through
optic and electronic microscopy is necessary to gain a more complete
understanding of the interaction between the microorganisms and the
different marmorino tiles.

4.3. Microscope investigation of the glass slides

Fig. 2 reports microscope investigations of glass slides from samples
inoculated with the Penicillium italicum Fungus. In sample Alp, the
presence of P. italicum’s conidia was evident in an ideal growth situa-
tion, although slightly smaller, often concatenated and intact; hyphae of
the Fungus were also observed, but no conidiophore structures were
present. Some contamination by external microorganisms, such as a
cyanobacteria, likely originated from the environment where the tiles
were stored, was noted.

Fig. 2. : Microscopy pictures of (A) tile A Traditional marmorino, (B) tile B Zn-COM marmorino, (C) tile C Zn-LAB marmorino, (D) tile D ZnTi-LAB marmorino,
inoculated with the Penicillium italicum Fungus. From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional Aleppo soap,

and (3) Aleppo soap enriched with TiO, nanoparticles.
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Sample A2p exhibited a Fungus in a good vegetative condition, with
hyphae penetrating the marmorino matrix and intact chains of conidia
visible. Additionally, biological consortium structures indicated the
formation of a biofilm on the surface. Sample A3p showed a comparable
situation to sample A2p, with slightly rounder and smaller conidia, and
the presence of dry phialide structure with concatenated conidia nearby.

Regarding tile B inoculated with P. italicum, sample Blp revealed free
conidia, sometimes still concatenated and dispersed in the plaster ma-
trix, along with some hyphae exhibiting slight globular morphology,
suggesting possible fungal growth deformation. Sample B2p also dis-
played a globular swelling structure and thin deformed hyphae pene-
trating the plaster matrix, with multiple inoculum points. In general, it
was possible to notice very developed colonies in germination state with
a young mycelium developed inside the matrix, with the uncommon
presence of chlamydospores-like structures (i.e. thick-walled terminal or
intercalary asexual resting propagule mostly for long-time survival) but
already associated with P. italicum from some authors [71]; regarding
the conidia, they were small and round, and concentrated near the
inoculum area; it was also noticed an opaque surface, which might be
linked to the presence of soap in the finish layer.
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In sample B3p, filiform structures, likely underdeveloped hyphae,
were observed. Performing an overview of the inoculum point and its
vicinity, the conidia and the present hyphae were few, around 10-15 %
compared to the previous glass slides; the observed conidia were still
concatenated, but only present around the inoculum area, meaning that
there was no growth, i.e. it could be potentially inhibited.

Sample Clp showed few fresh and some dry dehydrated hyphae,
numerous conidia still concatenated covering the substrate, and cell
structures resembling a flat coenobium. Sample C2p exhibited a small
structured mycelium with hyphae penetrating the plaster matrix. Sam-
ple C3p displayed smaller chained spores only around the inoculation
point.

In sample D1p, only the footprint of the mycelium structure and
some dendriform structures (probably hyphae) were visible at the
inoculation point, with limited fungal growth outside this area. A
comparable scenario was observed in sample D2p, with vegetative body
and sporulation structures present, but absent from the center of the
inoculation point; in other parts of the glass slide, it was instead possible
to notice conidiophores and thin hyphae, also inside the plaster struc-
ture. Sample D3p exhibited a thin conspicuous hyphal system confined

Fig. 3. : Microscopy pictures of (A) Tile A Traditional marmorino, (B) Tile B Zn-COM marmorino, (C) Tile C Zn-LAB marmorino, (D) Tile D ZnTi-LAB marmorino,
inoculated with the Cladosporium spherospermum Fungus. From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional

Aleppo soap, and (3) Aleppo soap enriched with TiO, nanoparticles.
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to the surface and some dried conidiophores.

Regarding tile A inoculated with Cladosporium spherospermum
(Fig. 3), in sample Alc the Fungus exhibited a conspicuous vegetative
thallus, spreading across the glass slide, accompanied by numerous
hyphae and conidia. Sample A2c displayed pieces of compacted myce-
lium once again, but smaller scattered conidia were absent. The Fungus
managed to penetrate the plaster substrate, resulting in a higher pres-
ence of marmorino flakes adhered to the Fungi-Tape™. Sample A3c
showcased an articulated-grained vegetative mycelium, with very few
conidia present only in the inoculation point. The Fungus’s growth
appeared hindered, as the conidia seemed to have dried before
sporulation.

In Sample Blc, a significant presence of small, mainly dehydrated
conidia, and swollen broken hyphal cells was observed. Sample B2c
exhibited fewer conidia than Blc, but more hyphae; the conidia were
concentrated around the inoculation point, and hyphal systems were
confined to this area, indicating limited propagation. A similar scenario
was noted in sample B3c, with a compact but underdeveloped inoculum,
as the Fungus did not propagate beyond the inoculation area. The
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conidia were dehydrated and unevenly arranged, and the mycelium was
superficial and with thin hyphae.

In sample Clc, the Fungus presented subspherical scattered conidia,
many of which were imploded, but no mycelium was visible.
Conversely, in sample C2c, it appeared that the Fungus had initially
taken root but then receded from the substrate, as evidenced by
imploded and attached conidia, very thin hyphae, and a mycelium with
short hyphal cells. Sample C3c showed no apparent root formation by
the Fungus, since there is no mycelium present, with only a few thick
hyphae and singularly scattered imploded small conidia, although fewer
than in C2c.

Sample Dlc displayed a densely compacted mycelium, but the Fun-
gus was limited to the surface, with small and dehydrated conidia and
hyphae exhibiting shorter cells. In sample D2¢c, the Fungus appeared
mostly dehydrated, with interrupted growth phases of the mycelium,
and sporulating elements with very small conidia were also visible.
Finally, in sample D3c, a dehydrated Fungus with a developed mycelium
was observed, primarily with hyphal forms over the matrix surface but
not within, along with collapsed or imploded small conidia showing

Fig. 4. : SEM images of (A) Tile A Traditional marmorino, (B) Tile B Zn-COM marmorino, (C) Tile C Zn-LAB marmorino, (D) Tile D ZnTi-LAB marmorino, inoculated
with the Penicillium italicum Fungus. From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional Aleppo soap, and (3)

Aleppo soap enriched with TiO, nanoparticles.
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evident cavities. Some residual network structures, likely residual co-
nidiophores, were also noted.

4.4. Scanning electron microscopy analyses

Scanning Electron Microscopy (SEM) proved to be a valuable tech-
nique for detailed examination of fungal growth across the various
samples. Particular attention was focused towards assessing the pres-
ence and distribution of spores and hyphae on the surface, their
morphological characteristics, and their condition.

Regarding the Penicillium italicum Fungus (Fig. 4), sample Alp ex-
hibits thick globular phialides and a high concentration of spores
distributed on the surface. In sample A2p, hyphae were observed scat-
tered across the surface along with some dried spores. Additionally,
irregular grains were noted over the P. italicum Fungus, potentially
indicating substrate alteration caused by the Fungus. Images from
sample A3p depicted short and thick hyphae along with some charac-
teristic concatenated spores, most of which appeared dried and
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exhibited shape deformations.

Sample Blp showcased a surface highly colonized by P. italicum,
featuring chains of spores and thin, elongated hyphae. Notably, a
compact layer with perforation was observed, indicating the presence of
P. italicum colonies both underneath and atop it. Conversely, in sample
B2p, a scarce distribution of spores was observed, except near the
inoculation point. Additionally, a transparent-whiteish element resem-
bling an agglomeration of really dried and broken hyphae that create a
cloth-like effect, likely due to Aleppo soap finish layer, was noted.
Similarly, sample B3p exhibited a modest presence of spores and hy-
phae, primarily around the inoculation site.

In sample Clp, a significant number of smaller spores and dried
hyphae were observed, although with a non-homogenous distribution
on the surface, suggesting uneven growth. Sample C2p displayed small,
occasionally agglomerated spores, and dried, elongated hyphae.
Conversely, in sample C3p, both the number of hyphae and spores were
lower, with spores appearing small and sufficiently dry to fracture.

Sample D1p presented a high density of spores homogeneously

— 5 um

Fig. 5. : SEM images of (A) Tile A Traditional marmorino, (B) Tile B Zn-COM marmorino, (C) Tile C Zn-LAB marmorino, (D) Tile D ZnTi-LAB marmorino, inoculated
with the Cladosporium spherospermum Fungus. From left to write the samples with the three different finish layers: (1) no finish layer, (2) traditional Aleppo soap, and

(3) Aleppo soap enriched with TiO, nanoparticles.
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distributed on the surface, while hyphae were scarce, dried, and frag-
mented, forming a flake-like structure. In sample D2p, small spores
embedded in a mucilaginous-like structure were visible, possibly asso-
ciated with Aleppo soap agglomerations or a densely compact hyphal
network. Finally, sample D3p finally exhibited a small quantity of dry,
agglomerated spores along with long, thin, and dried hyphae.

Regarding the marmorino mock-up tiles colonized by Cladosporium
spherospermum (Fig. 5), a situation similar to that described for the
Penicillium italicum colonization was observed. On sample Alc, fungal
spores of various dimensions and hyphae were visible, distributed over
the surface. In sample A2c, ramoconidia were once again observed,
along with hyphae. Notably, spherical structures suggestive of spores in
germination were present. In sample A3c, there was a generally signif-
icant decrease in the number of spores, which appeared deformed, with
only few very thin hyphae visible. It is also interesting to note the
presence of crystals probably directly produced by the Fungus [72].

In sample Blc, a high concentration of spores was evident, with
surficial hyphae indicating a developed mycelium that subsequently
dried up. Sample B2c exhibited conglomerates of dry spores, small
spores, and really elongated hyphal systems. In sample B3c, dry spores
conglomerates were again present, although smaller in size, with a
general decrease in pore size. Long and dry hyphal structures were also
visible.

Sample Clc displayed equally dispersed small spores but no evidence
of hyphal network. Similarly, in sample C2c, small spores were present
without long hyphae, but hyphal cells were observed. Likewise, in
sample C3c, the absence of hyphae and the presence of small drier spores
were notable.

In sample Dlc, conglomerates of imploded, dry, medium-sized
spores were unevenly distributed on the surface, with no visible hy-
phae. In sample D2c, spores of varying dimensions were observed,
inserted in a mucilaginous-like structure, as seen in the P. italicum
inoculation in sample D2p. Finally, in sample D3c, conglomerates of
smaller and larger spores were present.

5. Discussion

To better deal with the high amount of results, mainly based on
image interpretation, the parameters taken into account were
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summarized, as described in paragraph 3.2.5, and were used to design
Table 3. In this way, it was possible to show the results and efficiently
underline the effect of the synergetic combination of photocatalysts in
contrasting the biodeterioration on the marmorino plaster mock-ups.

Investigating the effect of the different photocatalysts, it was
observed that the incorporation of ZnO in the plaster mixture, as well as
the enrichment with TiO in the finish layer, generally endowed the
plaster with antimicrobial features or hindered fungal proliferation in
some extent.

Specifically, in the case of Zn-base materials in the plaster mixture,
better results were obtained with laboratory-made photocatalysts. This
correlation can be attributed to the photoactivity of zinc oxides; all the
three samples present optoelectronic properties which were correlated
with their activity, resulting in an increasing level of activity from Zn-
COM, to Zn-LAB, and finally to ZnTi-LAB, as it has been previously
demonstrated by the authors [48,50]. In Zn-COM and Zn-LAB marmor-
ino, Zn—OH surface groups delay photoactivity by trapping photoexcited
charge carriers on the hydroxyl group, thereby diminishing activity by
insulation and acting as an electrical barrier for charge transfer. On the
other hand, in ZnTi-LAB, the passivation of Zn-OH surface groups and
the increased number of heterojunctions enhance the activity by
reducing the excited states quench, thereby implementing charge sep-
aration [73,74].

Furthermore, it was previously observed that the Zn-COM sample
exhibited a Ca(OH),-rich surface, which could act as insulating layer,
reducing free radical production and thereby limiting a potential way to
arm the biological proliferation. The ZnTi-LAB nanomaterial,
comprising a zinc oxide core and a titanium dioxide shell, previously
demonstrated the most effective self-bleaching activity due to enhanced
heterojunction formation among the photoactive phases [48]. For the
same reasons, a higher arming interaction with the biological materials
could explain the obtained superior results.

In absence of finish layer, the susceptibility to biological attacks is
heightened. Applying a finish layer reduces surface bio-receptivity by
reducing available pores. However, it is important to note that while
surface hydrophobicity increases with the application of soap, applying
organic material on an already carbonated plaster surface could serve as
metabolic source for microorganisms. This could explain the microbial
proliferation in samples treated with Aleppo soap finish layer.

Table 3
Summary of the obtained results.
Marmorino plaster mixture Finish layer Sample Naked-eye observation Microscope SEM images
(colonization level) glass-slide
(fungal growth)
Traditional No finish layer Alp Not appreciable High massive
Alc Not appreciable High massive
Traditional (Aleppo soap) A2p Extensively distributed Good good
A2c Extensively distributed Good massive
Aleppo soap + TiO, A3p Extensively distributed Good sufficient
A3c Extensively distributed Inhibited/not propagated good
Enriched with Zn-COM No finish layer Blp Not appreciable Good good
Blc Distributed High good
Traditional (Aleppo soap) B2p Not appreciable Good good
B2c Distributed Inhibited/not propagated sufficient
Aleppo soap + TiO, B3p Not appreciable Inhibited/not propagated regressed
B3c Distributed Inhibited/not propagated regressed
Enriched with Zn-LAB No finish layer Clp Not appreciable Only superficial sufficient
Clc Poorly distributed Only superficial good/ sufficient
Traditional (Aleppo soap) C2p Not appreciable Good sufficient
C2c Poorly distributed Inhibited/not propagated good/ sufficient
Aleppo soap + TiO, C3p Not appreciable Inhibited/not propagated regressed
C3c Poorly distributed Not rooted regressed
Enriched with ZnTi-LAB No finish layer Dlp Poorly distributed Inhibited/not propagated sufficient
Dlc Poorly distributed Only superficial sufficient
Traditional (Aleppo soap) D2p Poorly distributed Inhibited/not propagated regressed
D2c Poorly distributed Inhibited/not propagated regressed
Aleppo soap + TiO, D3p Poorly distributed Only superficial sufficient
D3c Poorly distributed Inhibited/not propagated sufficient/ regressed
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On the other hand, adding TiO, NPs to Aleppo soap resulted in
improved antimicrobial effects, inhibiting or even preventing microbi-
ological colonization in most cases. This confirms the antimicrobial
features of TiOy, which are mainly attributed to the generation of free
radicals that compromise the structural and functional integrity of
microorganism cells, ultimately leading to pathogenic cell death or
significant reduction in growth and proliferation.

Moreover, the chemical and electrical features of TiO5 contribute to
its antimicrobic action. Its good electric conductivity can damage cell
membranes and inhibit metabolic pathways, thereby reducing the
ability of microorganisms to obtain energy and nutrients for reproduc-
tion, including spore germination and the formation of new fungal
colonies [75,76]. This aspect is particularly emphasized in the samples
containing metal oxides in both in the plaster mixture and finish layer,
creating a hostile environment for microbiological proliferation through
a synergetic effect.

6. Conclusions

This study investigated the antimicrobial properties of TiO3 and ZnO
against two Fungi, Penicillium italicum and Cladosporium spherospermum,
directly sampled from real-case scenarios. The photocatalysts were
incorporated into the formulation of Venetian traditional marmorino,
with different finish layers, allowing for a comparison between a
traditional layer of Aleppo soap and innovative TiOs-based one.

For both Fungi, the presence of zinc oxides in the plaster mixture
helped create an unfavorable environment for fungal proliferation. the
best results were obtained with the lab-made ZnTi-LAB. Regarding the
finish layer, the addition of TiO5 to Aleppo soap increased the anti-
microbic effect, strengthening the surface’s ability to contrast fungal
growth. Given the intrinsic features of the two metals oxides, their
antimicrobial activity was correlated with their photocatalytic and
optoelectrical properties.

In conclusion, this study demonstrated the feasibility of conferring
antimicrobial properties to Venetian marmorino plaster through the use
of photocatalysts, effectively merging historical traditional materials
with scientific innovation.
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