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Biodeterioration of building materials causes financial losses as restoration and conservation processes need to be
carried out. Filamentous fungi invade the surface of ceramic materials causing fungal deterioration, in these
cases, coatings with antimicrobial additives are used to control this phenomenon. This research is aimed to assess
the use of sol-gel coating with antifungal nanoparticles to control biodeterioration on ceramic materials.

Nanoparticles were obtained by green synthesis using an aqueous solution of tannin from Schinopsis balansae and
Caesalpinia spinose. Moreover, AgNOj3 salt, 3-aminopropyltriethoxysilane (AMEO), or 3-mercaptopropyltrime-
thoxysilane (MTMO) were used as precursors on the sol-gel coatings. Coatings with AMEO and silver nano-
particles showed better antifungal performance to protect ceramic materials, as opposed to those coatings
containing MTMO and silver nanoparticles. Therefore, the functionalized sol-gel coatings with antifungal
nanoparticles showed their efficiency in the control of fungal deterioration to protect clay bricks.

1. Introduction

The degradation caused by biofouling of microorganisms is one of
the main cause of building deterioration, especially of building facades
[1,2]. Biodeterioration in building materials (stone, ceramics, cement,
concrete, etc.) is a global and costly problem for construction companies
[3]. Furthermore, since 2011 it has been claimed that the annual global
loss of non-food materials due to fungal attack is 40 million dollars [4],
just to mention one group of organisms. However, the cultural and
historical value of many buildings is inestimable and therefore cannot
simply be expressed in monetary terms. Microorganisms such as bacte-
ria, archaea, protozoa, fungi, and algae play an essential role in all types
of the built ecosystems, affecting negatively human health, quality of air
and water, properties, and durability of the construction materials in the
built environment [5].

Compared to other microorganisms, fungi play an important role in
the deterioration of construction materials. Fungi, especially those of the
filamentous type, damage the integrity of materials due to their vital
activity [6]. Fungal deterioration can be chemical, physical and
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aesthetic, although the phenomenon should not be analyzed separately,
but as a combination of these [7]. Due to their heterotrophic absorptive
nutrition, secretion of extracellular enzymes that digest complex mole-
cules and apical hyphal growth, filamentous fungi have a strong ability
to grow on surfaces, thus forming biofilms [8,9]. Possibly the survival
and proliferation of fungi on materials is related to the ability to form
biofilms. In this regard, Harding et al., 2009 [10] proposed a pioneering
six step mechanism for the formation of filamentous fungal biofilms
based on models for bacteria and yeast. Physical fungal deterioration
can occur by expansion of the hyphae throughout the construction
material leading to mechanical alterations [11]. That is, as the fungal
biofilm grows, shallow and deep cracks are observed that increase the
porosity of the materials [7,12]. Furthermore, this increased porosity
facilitates the colonization of the materials by other microorganisms and
promotes their growth.

On the other hand, Coutinho et al., 2015 [12] and Martino, 2016 [13]
state that the first problem of microbial colonization is the unsightly
appearance of the material. In fact, the biofilm that develops on the
materials is often pigmented. Fungi produce various pigments, such as
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carotenoids, mycosporins and melanins, which protect them from UV
irradiation [14]. Melanin mainly provides them with extra mechanical
strength and the hyphae can grow better in the fissures. This is not
desirable, because the material must remain intact over time. Some
authors have pointed to various factors that can play a role in fungal
deterioration of building materials [2,15]. Weakening of materials
caused by the development of biofilms leads to faster deterioration by
accelerating the effects of weathering and advanced biodeterioration
leads to loss of structural or thermal insulation, drainage and solar
reflectance of materials [16]. Temperature, relative humidity, water
content, surface cleaning routines, air renewal and light intensity could
lead to the selection of certain microorganisms, interfering with their
survival or resistance. Factors such as the type and chemical composi-
tion of the material, pH and nutrient availability also need to be taken
into account [15].

Ceramic materials like clay bricks are widely used in construction
projects as they possess beneficial characteristics such as low cost, high
durability, and ease of handling [17,18]. Clay is the primary raw ma-
terial used in brick production. For brick manufacturing, almost 340
billion tons of clay are used annually [18]. The physical-mechanical
characteristics of clay bricks depend on the raw materials’ chemical
compositions and phase transformation during the firing process. The
forming of pores increases clay brick porosity and decreases mechanical
properties. However, it improves the thermal conductivity property of
the bricks [19,20]. The brick industry represents one of the most
traditional manufacturers of construction products, which dominated
the market for residential buildings over decades [18]. However,
increased requirements for thermal insulation together with building
methods based on cementitious materials and cheap external insulation,
forced the brick industry to innovate [21]. For example, Lawanwadeekul
etal. 2023 [19] showed that the strength and porosity of clay brick could
be enhanced with the aid of corn cob and waste glass and fired at the low
temperature of 900 °C. In addition, Moujoud et al. 2023 [20] showed
that the use of coconut shells waste powder as pore-forming agent is a
valuable way to develop lightweight bricks with promoting thermal
insulating character.

Antimicrobial or hygienic coatings containing antifungal additives in
their formulation can be used to control fungal growth and thus biofilm
development [22,23]. However, in some building materials, paints
cannot be applied to control biodeterioration as their original appear-
ance must be maintained for aesthetic reasons, e.g. stone and ceramic
materials. Therefore, one of the strategies to obtain antimicrobial
coatings is the chemistry related to silicon oxide and the application of
the sol-gel process directly on the substrate.

The sol-gel process consists of two stages with very different physi-
cochemical characteristics. The initial stage consists of obtaining a sta-
ble colloidal suspension (sol) from a precursor. The subsequent stage
results from the destabilization of the sol causing condensation of the
monomers/oligomers in suspension, leading to the formation of a
polymer (gel). Given the physical and chemical properties of the com-
pounds used, this polymer has the characteristics of coatings with me-
chanical strength [24,25]. The precursors in the initial stage are
typically oxides and alkoxides of metals or silicon. Alkoxysilanes can
have different alkyl residues, such as methyl, butyl, etc. Within this
group of precursors, organically modified silicates can be found [26].
These are silicon alkoxides in which up to three of the alkoxy residues
are replaced by an alkyl residue with a functional group. For example,
aminopropyl triethoxysilane, mercaptopropyl trimethoxysilane, phenyl
triethoxysilane, and octadecyl trichlorosilane [27,28]. In this way, it is
possible to introduce a wide variety of functional groups into the
structures of polymeric networks and impart them with the specific
chemical characteristics of the introduced residue.

A sol is a colloidal suspension of solid particles in a liquid. The most
common method for obtaining a sol from an alkoxide involves hydro-
lysis followed by the stabilization of monomers in an acidic or alkaline
medium. Then, the gelation process begins, consisting of two steps:
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condensation and polymerization. In the case of SiO», particle growth is
inevitable, so condensation and polymerization are two parallel pro-
cesses [29,30]. Subsequent to gelation, controlled gel contraction due to
syneresis becomes evident [31]. Syneresis is the contraction of the
polymeric network resulting from the expulsion of liquid from the pores.
This leads to the condensation of two silanol groups, from two particles
that are further apart than the Si-O-Si bonding distance. Only the
approach via solvent expulsion from inside the pores can enable this
bonding, resulting in increased evaporation and favoring contraction.
Syneresis is a critical process when obtaining a gel in the form of a
coating [31,32]. Moreover, material aging occurs due to drying through
solvent evaporation, along with the syneresis process that releases water
for subsequent evaporation [32]. In coatings, the exposed surface area is
larger, leading to extensive solvent evaporation, which results in the
compaction of the gel (xerogel).

The characteristics of a coating obtained by the sol-gel process are
related to the factors that regulate hydrolysis, condensation and poly-
merization [33]. These factors include pH, temperature, catalysts and
reagent concentrations. However, after synthesis, the humidity and
ageing time to which the material is exposed also influence the fixation
structure and final reactivity [25]. If the surface on which the sol is
deposited is hydrophilic, chemically active and the generated gel is thin
(~1 pm), the drying after gelation is so fast that it can prevent shrinkage
and fracture of the coating. Therefore, this is a compact, homogeneous
and adherent coating [34]. One of the most important advantages of
sol-gel chemistry is the low viscosity of the sol prior to gelation. For this
reason, coatings can be prepared by a wide variety of methods. One
aspect reported in the scientific literature regarding sol-gel technology is
the methodologies used for surface coating [35,36]. These include ver-
tical immersion, spin-coating, electrophoresis, thermophoresis and sur-
face immobilizations (impregnation, inclusion, chemical and
copolymerization).

In the field of sol-gel coating applications, has been regarded as the
frequent approach for the realization of silver-based silica nano-
composites, because it has many advantages, such as versatility, feasi-
bility, lower maintenance and operational costs, low-temperature
processing, and the ability to control the shape of particles and the size
distribution [37]. Within this same context, an efficient
microwave-assisted synthesis method was employed to synthesize silica
nanoparticles and a nanostructured silica-gentamicin solution in a basic
medium. This process involved the use of two silane precursors, tet-
raethylorthosilicate and octyltriethoxysilane, along with the antibiotic
gentamicin sulfate. These sol-gel-derived SiO2-gentamicin nanohybrids
were prepared and characterized for potential antimicrobial applica-
tions. Additionally, the versatility of sol-gel coatings extends beyond
this, showing promise in medical applications such as enhancing the
antimicrobial resistance of orthopedic implants and preventing in-
fections [38,39].

Various antimicrobial compounds such as disinfectants and biocides
functionalized in coatings are commonly applied to control the growth
of microorganisms [3,40]. Efforts are currently focused on improving
the bioactive ingredients used in the formulation, extending their useful
life, replacing conventional toxicants, reducing the concentrations used
and avoiding their loss in the coating. In this context, the emergence of
nanotechnology presents a broad field of study for new functional ma-
terials with size-dependent properties [41]. The global nanotechnology
market is estimated to reach 131 million dollars by 2026, up from 58
million dollars in 2020 [42]. Nanotechnology applied in the design of
antimicrobial surfaces aims to eliminate pathogens in the vicinity of the
surface, preventing the formation of biofilms [43].

Nanoparticles (NPs) can be synthesized through physical, chemical,
and biological methods. Physical and chemical methods include milling,
gamma radiation, the use of microemulsions, electrochemical methods,
laser ablation, chemical reduction, photochemical reductions, hydro-
thermal synthesis, and solvothermal and sonochemical coprecipitation
[44]. Physical and chemical methods have low yields and limitations
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such as high functional cost, use of toxic chemicals and high energy
supply. Most of these methods often use hazardous chemicals for
advanced research of NPs [41,45]. Therefore, the disadvantages of these
methods may limit their large-scale production and consequently their
applications [46]. To overcome the limitations of physical and chemical
methods, cost-effective alternative biological methods using plant ex-
tracts (phytosynthesis), fungal cultures (mycosynthesis), bacterial cul-
tures and natural polymers have been used to obtain NPs [46,47].
Obtaining NPs from plant extracts and metal salts solutions has many
advantages over traditional methods, such as simplicity of the proced-
ure, absence of contamination and toxicity, possibility of large-scale
production and cost-effectiveness [45,48]. These green approaches

have sufficient potential to develop well-defined NPs in size and shape

for several promising commercial applications [49]. Particularly the use
of plants with tannin and high amounts of polyphenols which can

function as reducing and stabilizers agents of particles [50]. In this

Fig. 1. Schematic diagram of green synthesis and characterization of AgNPs.
sense, commercial tannins from Schinopsis balansae and Caesalpinia spi-

nosa were used in the present research work.
Therefore, the aim of this research was to assess the use sol-gel

coating with antifungal NPs in the fungal deterioration control of
ceramic materials. Silver nanoparticles (AgNPs) were synthesized by
green synthesis from two different tannins. Furthermore, they were
characterized by various techniques and the antimicrobial activity was
evaluated. Then, the particles were functionalized in coatings obtained
from different precursors. Finally, the antifungal performance of the
coatings on clay bricks against deteriorating fungal strains was evalu-
ated. The novelty of this paper lies in the update of knowledge on sol-gel
coating technology through the incorporation of nanomaterials obtained
by green synthesis and their application in the prevention of biodeteri-

oration of ceramic materials.
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2. Materials and methods
2.1. Biosynthesis and characterization of nanoparticles

AgNPs were synthesized by adding a tannin solution from either
Schinopsis balansae (TQ) or Caesalpinia spinosa (TT) to an aqueous so-
lution of AgNO3. The mixture was stirred for 30 min at 60 °C, and the pH
was adjusted to 7 using a 1:1 v/v solution of NH4OH (99.9%, Anedra,
Argentina). The concentration of the TQ or TT solution was 500 ppm and
was prepared from the products supplied, with analytical-grade purity,
by Unitan (Argentina) and Indunor (Argentina), respectively. The final
concentration of the salts in the synthesis system was 10 mol/L. The
resulting nanoparticle suspension was stored in caramel flasks at 4 °C in
the refrigerator for 90 days [51].

Subsequently, the AgNPs were characterized using UV-Vis spectros-
copy, FTIR spectroscopy, Transmission Electron Microscopy (TEM)
observation and particle size determination. The absorbance measure-
ments of UV-Vis spectroscopy were made in a UV SP 2000 spectropho-
tometer (China) to verify the presence and stability of the NPs in
suspension at 1 and 90 days. The NPs were purified through multiple
washes using a DLAB D3024R microcentrifuge (China) at 15000 rpm for
20 min at 20 °C. Purified nanoparticle samples were subjected to FTIR
spectroscopy using the KBr disk method using a PerkinElmer Spectrum
One Spectrometer (United Kingdom) and analyzed using the Knowl-
tAll® Informatics System program, Version: 10.0.19043. TEM analysis
was conducted to validate the synthesis of the NPs, examine their
morphology and particle size. The equipment used was a JEOL 100 CXII
(Japan) at an acceleration voltage of 100 KV. A schematic of the prep-
aration and characterization of the NPs is shown in Fig. 1.

2.2. Antifungal activity of nanoparticles

The antifungal activity of the AgNPs suspensions was determined by
macrodilution assay. Malt Extract Agar (MEA) with different concen-
trations of NPs suspensions (10, 50 and 167 ug/mL) were placed in Petri
dishes. The culture medium per liter of distilled water consists of 30 g of
malt extract (99.9%, Circe, Argentina), 3 g of mycological peptone
(99.9%, Oxoid, United Kingdom) and 15 g of agar (99.9%, Parafarm,
Argentina). As a control, NPs-free Petri dishes with MEA (0 pg/mL) were
used. Subsequently, the plates were inoculated in the center with 20 pL
spore suspension (10° spores/mL) and incubated for 7 days at 28 °C.
Fungal growth was assessed through the measurement of the colony
diameters and the Minimum Inhibitory Concentration (MIC) was
determined. The test was carried out in triplicate [23]. The strains
selected for this study were Aspergillus niger MN371276, Penicillium
commune MN371392 and Cladosporium sphaerospermum MN371394.
They were isolated from biodeteriorated facade of the Cathedral of La
Plata city in a previous research work [52].

2.3. Characterization of the ceramic material and the formulated coatings

NPs functionalized sol-gel coating was prepared to be applied in the
protection of commercial clay bricks (Ceramicos La Plata, Argentina).
Untreated bricks were characterized by determining water absorption,
relative porosity, apparent specific weight and apparent specific weight
in water following the procedure of the IRAM 12510. In addition,
Mercury Intrusion Porosimetry (MIP) was determined by a Pascal 440
Thermo Scientific equipment (United States of America).

To the sol-gel coatings, 3-aminopropyl triethoxysilane (AMEO) and
3-mercaptopropyltrimethoxysilane ~ (MTMO)  (98.5%, Camsi-X,
Argentina) were used as silane precursors and added in a concentra-
tion of 2% (v/v). The silane was added under constant stirring to a so-
lution containing: 0.9 mL/mL of ethanol (96°, Purocol, Argentina),
0.06 mL/mL of NPs suspensions and distilled water (DW). The pH was
previously adjusted to 4 with HNO3 (99.9%, Anedra, Argentina). Con-
trols replacing NPs suspension by DW were prepared. After 1 h of
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Fig. 2. UV-vis spectra (A) and FTIR spectra (B) of AgNPs synthesized with
S. balansae and C. spinosa tannin.

hydrolysis, bricks of 4.0 + 0.4 cm® were immersed in the solutions for
90 s and allowed to dry for 14 days at 25 °C [53]. The silane coatings
were characterized by contact angles measurements. The contact angle
was measured for triplicate by placing a drop of distilled water on the
coated brick by a Pasteur pipette, employing a Gaosuo digital micro-
scope (China) [54].

2.4. Fungal resistance test of coatings

The bricks with the NPs-functionalized coatings were placed in Petri
dishes with 10 mL of Minimum Mineral Agar (MMA). The culture me-
dium per liter of distilled water consists of 5 g of NaCl (99.9%, Anedra,
Argentina); 3 g of KNO3 (99.9%, Mallinckrodt, United States of Amer-
ica); 1 g of HKoPO4 (99.9%, Anedra, Argentina); 1 g of (NH4)H2PO4
(99.9%, Biochem, Argentina); 0.2 g of MgSOs (99.9%, Anedra,
Argentina) and 15 g of agar (99.9%, Parafarm, Argentina). Each one was
inoculated with the same volume (50 L) of a spore solution 10° spores/
mL). The fungal strains were A. niger, P. commune and
C. sphaerospermum. Petri dishes were incubated at 28 °C for 30 days. The
fungal growth observed on the samples was reported as a percentage (%)
of the covered area, categorized as follows: 0% (no growth), < 10%,
10-30%, 30-60%, and 60-100%. These categories were further classi-
fied as 0, 1, 2, 3, and 4, respectively [55].

At the end of the test, the samples were observed by stereo micro-
scopy (Leica S8 APO, Germany) and Scanning Electron Microscopy
(SEM) with the Philips FEI Quanta 200 (United States of America). For
SEM observation, the samples were prepared following the methodology
proposed by Simoes et al., 2013 [56]. First, they were immersed in a
2.5% glutaraldehyde solution (25.0%, Sigma-Aldrich, United States of
America) in phosphate buffered saline (PBS). In the preparation of PBS,
8 g NaCl (99.9%, Anedra, Argentina), 0.14 g KHyPO4 (99.9%, Anedra,
Argentina) and 0.9 g KoHPO4 (99.9%, Anedra, Argentina) were added
per litre of DW. Subsequently, for dehydration, these were embedded in
20%, 50%, 70%, 90% and 100% ethanol solutions (Absolute, Soria,
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Fig. 3. TEM images (450000x) and size distribution analysis. A: AgNPQ and
B: AgNPT.

Argentina) for 30 min in each solution. Finally, the sample was directly
covered with gold and the working conditions were under high vacuum
(10'6 torr).
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Table 1

Macrodilution test: minimum inhibitory concentration (pg/mL).
Strain AgNPQ AgNPT
A. niger 167 > 167
P. commune 50 50
C. sphaerospermum <10 <10

3. Result and discussion
3.1. Biosynthesis and characterization of nanoparticles

It is often preferable if the AgNPs were synthesized using non-
harmful, environmentally safe methods rather than toxic chemicals.
The green synthesizes of AgNPs using various plant extracts add addi-
tional properties such as low cost, ability to monitor size or surface
morphology and they could have antiviral, antibacterial or antifungal
activity [57]. From TQ and TT it was possible to obtain AgNPs, which
were labeled as AgNPQ and AgNPT respectively. Fig. 2A shows the
UV-vis spectra of the NPs suspensions obtained. Peaks between 400 and
450 nm corresponding to the surface plasmon band of AgNPs can be
observed in both cases. The wavelengths position depends mainly on the
size, shape and particle size distribution [58]. Spectroscopic measure-
ments of the AgNPs suspensions stability over time were performed. The
absorption bands peaks stayed with the same wavelengths, which shows
that the NPs suspensions were stable. Both AgNPQ and AgNPT absorp-
tion peaks increase intensity after 90 days.

Fig. 2B shows the FTIR spectra of the tannins and NPs, there are well
resolved peaks at 3414 and between 1618 and 1000 cm™. Peaks be-
tween 3600 and 3400 cm ™! corresponding to the stretching of the O-H
group and the peak at 1618 cm ! assigned to carbonyl groups stretching
that are present in this kind of polyphenol [50,59]. Nevertheless, peaks
between 1500 and 1000 cm_l, due to the stretching of C-C, correspond
to phenols [60]. The peaks corresponding to AgNPQ and AgNPT are
shifted to lower frequencies by electrical effects due to the release of
electrons during the reduction of metal ions and the formation the
particles. The presence of these functional groups in the purified AgNPQ
and AgNPT may indicate that they are strongly associated with the
polyphenol. Then the polyphenols of TQ and TT would reduce Ag™ ions
to Ag®, acting as a reducing agent and green stabilizer.

TEM analysis explains the size and morphology of the obtained
particles. TEM images demonstrated that the synthesized AgNPs were
quasi-spherical and dispersed (Fig. 3). The average size of AgNPQ and
AgNPT was 22 and 12 nm, respectively. NPs having a different average
size possibly because they were obtained from distinct tannins. NPs size
is influenced by tannin concentration in the synthesis. According to
Restrepo et al. [61], UV-vis absorption spectra and TEM images of the
AgNPs indicate that higher concentration of tannin may cause increased
size and polydispersity of the NPs. Consequently, in the present work a
low concentration of tannin (500 ppm) was used to obtain small NPs.
Therefore, the composition of the plant extract affects the morphology of
the synthesized NPs significantly and because same plant extracts
contain same concentrations of biochemical reducing agents, then the
source of the tannin can be considered a key factor. In addition, the
temperature plays an important role in morphology control. For
example, at 60 °C, triangle or polygon shapes are produced and under
boiling conditions, quasi-spherical particles are produced as a result of
reduction, nucleation, and crystallization of Ag+ [62,63].

3.2. Antifungal activity of nanoparticles

Table 1 shows the MIC for macrodilution assay. When A. niger,
P. commune and C. sphaerospermum faced AgNPQ, the MIC was 167, 50
and < 10 pg/mL respectively. The same MIC values were recorded when
P. commune and C. sphaerospermum were exposed to AgNPT, however
there were differences against A. niger (>167 pg/mL). Therefore,
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Table 2
Fungal growth rating according to the area covered.

Brick treatments A. niger P.commune C. sphaerospermum
Control 4 4 3
AMEO 3 3 3
AMEO+ AgNPQ 0 0 0
AMEO+ AgNPT 0 1 0
MTMO 4 3 2
MTMO+ AgNPQ 2 2 1
MTMO+ AgNPT 2 2 1

Note: 0 (none 0%), 1 (growth in traces < 10%), 2 (light growth 10- 30%), 3
(moderate growth 30-60%) and 4 (heavy growth 60-100%).

AgNPQ has better antifungal activity than AgNPT against the strains
selected in the macrodilution assay. Several researchers have reported
on the possible mechanism of interaction of AgNPs with fungal strains
[64]. It has been reported that AgNPs bind to the cell wall and cell
membrane, resulting in leakage of the cytoplasmic content. They also
inhibit fungal sporulation and mycelia growth. More specifically,
mycotoxin and organic acid production were decreased, and the extra-
cellular enzyme profile of A. niger was affected by the presence of AgNPs
[65].

Regarding the synthesis conditions, the tannin concentration evalu-
ated (500 ppm) was efficient in terms of obtaining smaller, stable NPs

A. niger

AMEO

AMEO+AgNPQ

AMEO+AgNPT

P. commune
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with higher antifungal activity. This is promising in terms of the process
economy, which does not present any waste at the end of the synthesis.
In this way, the NPs suspensions obtained were used as additives directly
in the preparation of the sol-gel. This brings the process closer to the
precepts of green synthesis [66].

3.3. Characterization of the ceramic material and the formulated coatings

The characterization of the commercial untreated ceramic material
used was performed. The water absorption, relative porosity, apparent
specific weight and apparent specific weight in water were determined:
29 wt%, 42%, 1.41 g/cm3 and 0.9 g/cm3, respectively. In addition, the
porous distribution of the clay brick by MIP was determined to size
larger than 7.3 nm, obtaining a frequent pore volume of 264.07 mm>/g.
In the Fig. 4A, the pore distribution reveals that the microstructure of the
clay brick is predominantly comprised of pores with sizes less than
0.9 pm. In this context, Graziani et al. reported that the diameter of pores
in highly porous specimens was over twice as large (~0.94 um) as the
diameter of pores in low-porosity specimens (~0.38 pm) [67]. Buchner
et al. have shown that the high porosity in bricks (approximately 45%)
can be attributed to the carbonate content (calcite and dolomite) in the
raw material [21]. The porosity of clay bricks played a key role in the
biodeterioration process, where lower biofilm coverage has been re-
ported in low porous specimens [67]. In this sense, several papers

C. sphaerospermum

Fig. 5. Stereophotographs (80 x) of the fungal resistance test of sol-gel coatings with AMEO, t = 30 days, T = 28 °C.
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Fig. 6. SEM micrograph of P. commune of the fungal resistance test of sol-gel coatings. A: Without treatment (control) and B: AMEO + AgNPT. Detail of the or-

namentations on the phialoconidia.

explain the influence of these parameters on the implantation of mi-
croorganisms [68,69]. For example, Graziani et al. [1] were conducted
biofouling tests on fired brick substrata with different intrinsic charac-
teristics (relative porosity) by means of an accelerated growth test.

Fig. 4 B-F shows the contact angle values for untreated (Fig. 4B) and
treated bricks (Fig. 4 C, D, E and F). The contact angle of the bricks
treated with silanes and nanoparticles was greater than 90°, thus
providing a hydrophobic coating that offers protection against water
content and the proliferation of non-xerophilic fungi (represented by
A. niger and P.commune). In this sense, Grant et al. [70] carried out a
study on fungi growing on structural materials and divided them into
three groups according to their water requirements in laboratory sub-
strates: primary (e.g. Penicillium sp. and Aspergillus sp.), secondary (e.g.
Cladosporium sp. and Alternaria sp.) and tertiary colonisers (Stachybotrys
sp., Chaetomium sp., Trichoderma sp. and Auraeobasidium sp.).

3.4. Fungal resistance test of coatings

Table 2 shows the fungal growth rating according to the area
covered. The control sample inoculated with A. niger and P.commune had
heavy growth, while C. sphaerospermum occupied 30-60% of the sample
surface (moderate growth). Meanwhile, all strains showed moderate
growth on the samples coated only with AMEO. On the other hand,
A. niger, P. conmune and C. sphaerospermum had heavy, moderate and
light growth, respectively, when they were confronted with samples
coated only with MTMO. However, in samples that were treated with
silane+AgNPs, much less fungal growth was observed, showing total
inhibition with AMEO+AgNPQ. Therefore, coatings with AgNPQ
showed better antifungal performance than coatings functionalized with
AgNPT.

Stereophotographs of the fungal resistance test of sol-gel coatings are

illustrated in the Fig. 5 In the samples treated with AMEO, somatic and
reproductive mycelium of the inoculated strains was observed. In the
samples treated with AMEO-+AgNPQ, total inhibition of microbial
growth was observed, due to the absence of fungal structures. Therefore,
the antifungal activity of AMEO+ Ag5NPQ and AMEO- Ag5NPT may
then be due to the presence of NPs retained in the silane matrix coupled
with the effect of hydrophobic surface. However, P. commune was able to
grow in the sample treated with AMEO+AgNPT. Fig. 6 illustrated SEM
micrographs of P. commune of the fungal resistance test of sol-gel coat-
ings. In the untreated sample there are numerous mutually related
phialoconidia and details of the ornamentations. In the AMEO+AgNPT
treated samples although there is no total growth inhibition, cell lineage
with unornamented phialoconidia is prominent. Spore ornamentations
have traditionally been of taxonomic importance [71,72] and
P. commune has phialoconidial ornamentation of microverrucate or
microtuberculate class. Philaloconidia without ornamentation may
function as inefficient propagules in fungal dispersal, preventing the
colonization of new ceramic materials and the subsequent establishment
of the fungal biofilm.

Fig. 7 illustrated stereophotographs of the fungal resistance test of
sol-gel coatings with MTMO, MTMO+AgNPQ and MTMO-+AgNPT.
Fungal growth was observed in all samples, as there is reproductive
mycelium of A. niger and P. commune, while somatic mycelium of
C. sphaerospermum is very noticeable. Evidently, there is a difference
between the antifungal activity of samples treated with MTMO-+AgNPs
and AMEO+AgNPs, which may be related to the interactions between
the amino group of AMEO with AgNPs and the mercapto group of
MTMO with AgNPs. In the latter case, this interaction can lead to the
formation of precipitate and the NPs may not be able to access the fungal
cell system. In contrast, the association of AMEO amino groups with the
AgNPs could be stronger and more stable allowing greater availability of
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Fig. 7. Stereophotographs (80 x) of the fungal resistance test of sol-gel coatings with MTMO, t = 30 days, T = 28 °C.

active NPs. Similar results were obtained in a study where different
concentrations of the precursors (4% v/v) were used in the sol-gel
coating formulation with NPs obtained from Senna occidentalis extract
[53].

SEM images of the fungal resistance test of sol-gel coatings were
depicted in Fig. 8. The fungal structures of the studied strains were ab-
sent in the samples treated with AMEO-+AgNPQ. However, phialoconi-
dia and conidiophores of A. niger are observed on samples treated with
AMEO and MTMO, respectively. The phialoconidia of A. niger developed
on MTMO+AgNPQ do not show any ornamentation, possibly due to the
presence of AgNPQ, a phenomenon similar to that described in Fig. 6 for
P. commune. In the samples treated with AMEO, MTMO and MTMO-
+AgNPQ were observed conidia and somatic mycelium of P.commune
and C. sphaerospermum, respectively.

Fig. 9 provides SEM micrograph, mapping and EDS spectra of
P. commune on ceramic material. Fig. 9A shows abundant phialoconidia
with ornamentations together with crystal structures of acicular
morphology. The mapping shows the distribution of Ca, Si, Al and C over
the sample (Fig. 9B) and the appearance of a strong signal corresponding
to Ca confirmed in the EDS spectra of the cristal structures studied (Fig. 9
C and D). In both spectra, intense peaks of oxygen and calcium are
observed at 0.5 and 3.7 keV, respectively. These results and the fact that
similar morphology structures have been reported in the study on the
role of fungi in calcite biomineralisation indicate that the observed

formations would be calcium oxalate [73]. Penicillium sp. are known to
produce oxalic acid or to contribute to the formation of calcium oxalate
crystals. From the acidic molecules synthesized by fungi, oxalic acid may
be one of the most important fungal produced acids being responsible
for solubilization of metals such as iron, aluminum, lithium and man-
ganese to form oxalates [74].

The results described are promising due to the obtaining of coating
functionalized with antifungal NPs efficient in the control of ceramic
materials biodeterioration. Due to abiotic (temperature and humidity)
and biotic (deteriorating organisms) factors, materials tend to deterio-
rate over time, losing some of their original properties. Therefore, this
coating can function as a protection system to extend the service life of
the material. However, it is recommended to test the efficiency of this
coating for more than 30 days carrying out weathering resistance tests to
check its use on outdoor ceramic materials.

Considering the challenges and future prospective, this coating will
be directly applied to building construction materials and its resistance
to biodeterioration will be assessed in situ. This will enable us to test the
actual durability of the coatings antifungal performance within the
microbial consortium. Additionally, NPs can be synthesized from other
metallic solutions and tannins from different South American plants,
aiming to achieve antifungal activity and their incorporation into the
sol-gel coatings.
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Fig. 9. P. commune on ceramic material. A: SEM micrograph, B: Mapping, C and D: EDS spectra, t = 30 days, T = 28 °C.

4. Conclusions

Following the precepts of green chemistry, it was possible to effi-
ciently obtain antifungal silver nanoparticles from Caesalpinia spinosa
and Schinopsis balansae tannin solution.

UV-Vis and FTIR spectroscopy, TEM and particle size determination
were efficient techniques in the characterization of nanoparticles.

3-aminopropyl triethoxysilane and 3-mercaptopropyltrimethoxysi-
lane are excellent precursors to obtain hydrophobic protective sol-gel
coatings to be apply on ceramic materials and improve their resistance
to fungal growth.

The silane water-alcoholic solutions can be used to functionalize
silver nanoparticles efficiently.

It should be noted that the treatment of the bricks is carried out
through a process without energy cost since it can be done at room
temperature therefore, this type of coating could be applied under
normal service conditions.

The sol- gel coatings can be characterized by contact angle mea-
surements and bioassays to assess the ceramic fungal resistance
employing Aspergillus niger, Penicillium commune and Cladosporium
sphaerospermum. SEM and EDS were employed to study the coated sur-
faces, showing the different biofilms formed.

3-aminopropyl triethoxysilane and 3-mercaptopropyltrimethoxysi-
lane additivated with silver nanoparticles can control the fungal

11

growth on ceramic surfaces.

Sol-gel coatings from 3-aminopropyl triethoxysilane and silver
nanoparticles are the better protection system for ceramic materials
against degradation, and therefore improve of building biodeterioration
control.

Sol-gel coatings with antimicrobial nanoparticles can be employed as
a protective system for paints, in the metallurgical industry to prevent
biocorrosion, in the conservation and restoration of historical heritage
monuments and for the maintenance of construction materials.
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