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Abstract

®

CrossMark

Filamentous fungi are microorganisms that cause deterioration of structural materials due to their
ecological plasticity and vegetative functions. Functionalised sol-gel based products can be used
to control this kind of biodeterioration through the association to antifungal active additives
which are trapped in the siloxane crosslinking. Bioactive additives and materials to control
microbial growth have been gaining more attention over the years. However, due to the concern
about their toxicity, bio-based approach has been explored. The aim of the present research was
to obtain antifungal additives with nanoparticles synthesised with aqueous extract of Senna
occidentalis L and silver or copper salts to obtain a functionalised sol-gel based product to
control the biodeterioration of bricks. Nanoparticles were characterised by UV—vis spectroscopy,
transmission electron microscopy and x-ray diffraction. Silver nanoparticles (15 nm) showed
higher stability over time and proved to be active against Aspergillus versicolor and

Cladosporium cladosporioides which were isolated from brick wall. The strains were selected
due to their high frequency in mycobiota of biodeteriorated structural building materials. The

silver nanoparticles were successfully integrated in a silane-based matrix to be applied in bricks.
The samples were characterised by surface tension determination, contact angle measurement,

water absorption determination, scanning electron microscopy and energy dispersive x-ray
spectroscopy. Bricks with the lower concentration (2%) of the functionalised silane (3-
mercaptopropyltrimethoxy) showed to be efficient to prevent fungal biofilm development with

100% of inhibition against both strains.

Supplementary material for this article is available online
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1. Introduction

Fungi, bacteria, algae and lichens manage to grow on building
materials causing deterioration thereof [1, 2]. Moulds are
among the microorganisms that cause the most deterioration
due to their ecological plasticity. Their invasive growth which
causes mechanical damage to the material, the absorptive
heterotrophic nutrition with release of exoenzymes and the
secretion of organic acids are their main deteriorating

2043-6262/20/015019+11$33.00

attributes [3]. Biodeterioration not only causes economic
damage, but it can also affect the health of immunosuppressed
people exposed to bioaerosols in contaminated indoor envir-
onments [4]. In this sense, additives applied at low con-
centrations in functional materials to control microbial
colonisation in buildings are being studied [5].

Bioactive additives and materials as well as the methods
to obtain them have been gaining more attention over the
years due to the concern related to their toxicity and
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environmental impact. At present, eco-friendly variants like
biogenic compounds or their derivatives are intensively stu-
died [6-8]. Therefore, from the emergence of a greater
awareness in relation to practices and methodologies, green
chemistry approach was promising for the obtaining of
bioactive materials [9]. In this regard, bio-based synthesis of
nanoparticles (NPs) have been explored and the use of aqu-
eous plant extracts presents advantages such as lower pro-
duction costs, devoid of harmful chemicals, uses of renewable
reagents and accessible to scale-up production [10, 11].
Antifungal activity of Ag NPs integrated in polymers for food
industrial application has been corroborated for the control of
Fusarium spp and their main associated mycotoxins [12]. A
possible mechanism of action against fungi suggested that due
to their small size nanoparticles can easily penetrate the cell
wall and reach the membrane where they interact with fungal
protein which leads to interference with their functionality
[13]. Plant extracts contain a wide range of metabolites that
would act as reducing and stabilising agents. Although the
mechanisms are not entirely elucidated, different studies
indicate that proteins, flavonoids, polyphenols, alkaloids, and
terpenoids would play a role in the synthesis of metal nano-
particles [14].

The aim of the present research was to obtain antifungal
nano-additives using aqueous extract from S. occidentalis
leaves and metal salts to integrate in a silane matrix to prevent
fungal biofilm development in bricks. The strains used in the
bioassays were isolated and selected due to their frequency in
the environment and the mycobiota developing on bricks in
La Plata city. S. occidentalis is a small shrub about 3 ft with
lanceolate or ovate-lanceolate leaves usually found in
America, Australia and Africa [15]. Since ancient times
people around the world use plants in traditional medicines
for the treatment of a variety of diseases [16]. The use of sol-
gel in the protection of different substrates is on the basis that
they change the superficial properties of the materials often
due to the addition of an active agent that is trapped in the
siloxane network [17].

The assessment of bioactivity of the nanoparticle’s sus-
pensions obtained and functionalised coatings was carried out
by conventional agar plate assays. The strains used were
isolated from biodeteriorated structural materials. Different
techniques were used in the characterisation of the nano-
particles: UV-vis spectroscopy, transmission electron micro-
scopy (TEM) and x-ray diffraction (XRD). The bricks
samples were characterised by scanning electron microscopy
(SEM), TEM and energy dispersive Xx-ray spectroscopy
(EDS). In addition to this, the determination of surface ten-
sion, contact angle and water absorption was performed.

2. Materials and methods

2.1. Bio-based synthesis and characterisation of nanoparticles

Fresh leaves were bought from local herb sellers at Bariga
Market in Lagos State, Nigeria, and identification of the
specimens was corroborated by A Kadiri, a taxonomist from

the Department of Botany, University of Lagos. S. occi-
dentalis leaves were dried and milled. The phytochemicals
(tannins, saponins, phlobatannins, flavonoids, alkaloids, ter-
penoids and glycosides) found in the plant extract obtained as
described by Edeoga er al were determined [18]. The
screening was based on the procedure followed by R O
Akinyeye and Olatunya, 2014 [19].

Aqueous extract of S. occidentalis was used in the
synthesis of the nano-additives [20]. Briefly, 20 g of dried
plant was used and added to 200 mL of distilled water (DW)
and extracted for 3 min at 80 °C. The NPs were obtained by
mixing the extract and the salt aqueous solution (AgNO; or
Cu(NOs3),.3H,0) at 60 °C in constant agitation during 30 min.
The final concentrations were 10°M and 10~ M for both
salts. The pH was adjusted to 7 by NH4OH solution. The
suspensions were kept in the refrigerator at 4 °C [21].

The stability in time of these suspensions was evaluated
by means of UV-vis spectroscopy carried out 1, 30 and 90
days after the synthesis. The measurements were made in a
UV SP 2000 spectrophotometer. The presence of the nano-
particles was confirmed and their morphology was observed
by TEM. The equipment used was a JEOL 100 CXII at an
acceleration voltage of 100kV. The nanoparticles in sus-
pension were centrifuged and washed through a DLAB
D3024R microcentrifuge at 15000 rpm during 20 min at
20°C to be purified [22]. The purified nanoparticles were
subjected to XRD wusing a Vertical Goniometer Dif-
fractometer, Theta-Theta, Wide Angel Goniometer D/Max-C
and sweep range between 5°-90°.

2.2. Selection of fungal strains: molecular analysis and
identification

The strains used for the bioassays were isolated from biode-
teriorated bricks located in the city of La Plata (34° 54° S and
57° 55” W) by swab technique [21]. They were identified at
the species level based on their micro and macrostructure
using standard taxonomic keys [23]. The reproductive and
vegetative structures were observed by optical microscopy.
Taxonomic identification was confirmed by molecular meth-
ods based on the analysis of sequences coding for 18 S
ribosomal RNA. The sequences were amplified ITS (internal
transcribed spacer) through PCR (polymerase chain reaction)
and then, they were sequenced and analysed [21]. The pri-
mers used were ITS1 (5°-TCC GAT GGT GAA CCT GCG
G-37) and ITS4 (5"-TCC TCC GCT TAT TGA TAT GC-3").
This procedure was carried out through the company Mac-
rogen (www.macrogenlatam.com.ar). The strains were
selected due to their high frequency.

2.3. Antifungal activity of nano-additives

The effect of nanoparticle suspensions obtained was studied
on spore germination by 48-well plate assay [24]. In the well
spore (10° spores/ml), liquid Czapek medium and nano-
particle suspensions were mixed. In the final dilutions the
concentration of nanoparticles was 0.5, 0.3, 0.1 and
0.01 mg ml~". For the positive control, the nanoparticles were
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replaced with cetrimide (30 mgml™') and a spore solution
with liquid Czapek was used as a negative control. The plates
were maintained at 28 °C for 24 h. The assay was carried out
in triplicate. The percentage of inhibition of germination was
calculated from the following equation:

cG
IG(%) = — x 100 1
(%) IC ey

where IG is percentage of inhibition of germination, CG is the
number of conidia without germinating and 7C is the total of
conidia (200).

The effect of nanoparticle suspensions was studied on the
mycelial growth by diffusion method in agar (Kirby-Bauer)
[25]. In Petri dishes, 15 ml of Malt Agar Extract (MEA) was
inoculated with 200 pl of spore suspension (10° spores ml ™).
Then, paper discs with a diameter of 6 mm embedded in the
nanoparticles’ suspensions were placed on inoculated MEA.
As a negative control, physiological solution (0.85 g of NaCl/
100 ml of sterile DW) was used and the positive control was a
quaternary amine solution with known antifungal activity
(3 mg ml~'). The Petri dishes were incubated at 28 °C for
48 h. After that time the diameter of the inhibition halo (D)
was measured with Electronic Digital Caliber, whose preci-
sion is 0.0l mm. D < 6 mm was considered without anti-
fungal activity and D > 6 mm with antifungal activity. The
nanoparticle suspensions that showed higher antifungal
activity were selected to be integrated in the sol-gel coatings
in the next step.

2.4. Brick treatments with the nano-additives: preparation and
characterisation

Commercial brick used in the present research work was
characterised by determining water absorption, density and
porosity, following the procedure of the IRAM 12588, IRAM
12593 and ASTM C642 standards, respectively.

Two silane precursors were used for the brick
treatments: 3-Aminopropyl triethoxysilane (AMEO) and
3-Mercaptopropyltrimethoxysilane (MTMO) (Camsi-X, used
as supplied). In this formulation, each silane was added at 4
and 2%. The amount of corresponding silane was added
under constant stirring to a solution containing 0.9 mlml ™'
of ethanol and 0.06 mlml~" of nanoparticle’s suspensions,
pH was previously adjusted to 4 with HNOj;. In the case of
the 2% solution, 2% of distilled water was added. Controls,
where the same volume of nanoparticles in suspension was
replaced by DW, were also prepared. After 1 h of 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. After 14 days of
drying the antifungal activity of the brick samples was
evaluated.

The treated and untreated bricks were observed by SEM.
EDS analysis and x-ray mapping were performed too. The
microscope was a Philips FEI Quanta 200, and the working
conditions were low vacuum (102 torr). To analyse the
degree of silane penetration in the treated bricks by SEM and
EDS, crosscuts were done and the cross sections were
observed.

In addition to this, surface tension, contact angle and
water absorption were determined [26]. The surface tension
was evaluated by placing a drop of ethanol 96% solution,
distilled water, and different solutions of ethanol 96% /water
on the samples. The absorption of the drop was observed by
unaided eye. The surface tension was approximated by the
surface tension of the more concentrated ethanol 96% /water
solution that did not wet the surface of the samples. The
surface tension of the ethanol 96%/water solutions was
determined by the Du Noiiy tensiometer. The contact angle
was measured by placing a drop of distilled water on the
coated brick by a Pasteur pipette. A picture of the drop was
taken by a Gaosuo digital microscope and the contact angle
was measured by the Gaosuo software. Dried brick samples,
previously weight in an analytical balance, were placed in a
100% humidity chamber and the gain of weight was deter-
mined during 102 h in order to determine the water absorp-
tion. In every case, the assays were done in triplicate and the
untreated bricks were used as controls.

2.5. Fungal resistance assay

Brick samples were previously sterilised and then treated as
detailed above to be used in the bioassay. The fungal strains
were the same as used before. The treated and untreated
bricks were placed in Petri dishes with 10 ml of Minimum
Mineral Agar (MMA). Each brick was inoculated with 50 pl
of spore solution (10° spores/ml). The Petri dishes were
incubated at 28 °C for 30 days [20, 21]. For each treatment, 6
samples were tested. The fungal growth observed in the
bricks was reported as the percentage (%) of the covered area
and was rated based on the ASTM 5590 standard.

At the end of the trial, the samples were observed by a
stereoscopic microscope, Leica S8 APO, and photographic
records were taken by Leica digital camera. In addition, the
brick samples were observed by SEM. The working condi-
tions were low vacuum because in this operation mode the
samples did not require being dehydrated, which allowed
keeping more natural morphology of the fungal biofilm.

3. Results and discussion

3.1. Bio-based synthesis and characterisation of nanoparticles

The phytochemical screening of S. occidentalis extract allowed
detecting the presence of tannins, saponins, flavonoids, alka-
loids and terpenoids. This agrees with previous research of
Odeja et al, which reported antimicrobial and antioxidant
activities of phytoconstituents in S. occidentalis extract [15].
These biogenic compounds would be involved in the reduction
and stabilisation of nanoparticles [27, 28]. Taking into account
these results and Pal et al analysis of the alcoholic extract of S.
occidentalis which showed the presence of several flavonoids
such as 3’4/, 7-trihydroxy-flavone, luteolin, and apigenin, a
possible mechanism for the reduction of Ag" is proposed in
figure S1 of supplementary material available online at stacks.
iop.org/ANSN/11/015019/mmedia (by the example of
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Figure 1. UV—-vis absorption spectra of the nanoparticles in suspension obtained from S. occidentalis: (A) AgNPs2, (B) AgNPs3, (C) CuNPs2

and (D) CuNPs3.

3’4, 7-trihydroxy-flavone) [29]. In this scheme, Ag™ ions form
intermediate complexes with hydroxyl groups of the flavonoid,
which is oxidised with the consequent reduction of the silver
ions to Ag® [30]. This matches with different studies which
proposed flavonoids and polyphenols as possibly responsible
for Ag NPs synthesis and stabilisation [31-33].

Figure 1 shows the UV-vis absorption spectra of the
nanoparticles in suspension. The nanoparticles synthesised
with AgNO; 102M (AgNPs2) and AgNO; 10°M
(AgNPs3) showed a maximum absorption peak between
400-410 nm after 24 h. The appearance of these absorption
bands is a characteristic of the nanoparticles due to surface
plasmon resonance (SPR) [34]. In the case of AgNPs2 sam-
ple, the peak remained stable although it increased in intensity
during time, which could be due to the increase in the number
of particles (figure 1(A)). The AgNPs3 sample did not show a
defined and stable band during time (figure 1(B)). In the case
of nanoparticles synthesised with the Cu(NO5),.3H,0 107°M
(CuNPs2) and Cu(NOs3),.3H,0O 107°M (CuNPs3), the max-
imum absorption peak at ~400nm was more defined and
intense in the case of the first one. These bands would cor-
respond with cuprous oxide plasmonic ones and remain stable
for 30 days (figures 1(C) and (D)) [28]. However, it was not
stable for longer time.

TEM images confirmed the presence of nanoparticles and
micrographs obtained from AgNPs2 and CuNPs2 suspensions
are shown in the figures 2(A)—(E). AgNPs2 presented a quasi-
spherical shape with average size of 15 nm and the highest
frequency size was between 10-20 nm (figure 2(C)) which
was lower than CuNPs2. These results match with those
presented in publications related to the green synthesis of
silver nanoparticles [27, 34]. CuNPs2 (figure 2(F)) presented
an average size of 24 nm with highest frequency between
1040 nm. The particles observed correspond mostly with
truncated cube shape [28]. TEM images revealed that the
particles are covered by a layer that would correspond with
organic matter from plant extract that could help to keep them
stable and dispersed.

The suspension obtained from AgNO; 10 M and the
plant extract presented the surface plasmon resonance (SPR)
absorption ~405nm confirming the presence of AgNPs
which showed to be the most stable over time and presented
the smaller average size. Therefore, AgNPs2 suspension was
selected to continue with the present research work.

Analysis of AgNPs2 using XRD confirmed the crystal-
line nature of particles (figure 2(G)). A number of Bragg
reflections with 26 values of around 38.0°, 46.1°, 64.5° and
77.4° corresponding to the (111), (200), (220) and (311) set of
lattice planes are observed which may be indexed as the band
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Figure 2. TEM images and histogram from size distribution analysis (A)—(F): AgNPs2 (A)—(C) and CuNPs2 (D)—(F). Magnification of A
and D 100000x, B and E 270000x. The bar in each micrograph corresponds to 20 nm. X-ray diffractogram of AgNPs2 synthesised with

S. occidentalis (G).

for face centred cubic structure of silver (JCPDS, # 4-0783).
The XRD pattern showed that the AgNPs2 formed by the
reduction of Ag" ions are crystalline in nature and similar to
earlier published results [34]. The unassigned peaks could be
due to the crystallisation of organic phase that occurs on the
surface of the nanoparticle.

3.2. Selection of fungal strains: molecular analysis and
identification

The sequences obtained were analysed by means of the
genetic data bank (www.ncbi.nlm.nih.gov /blast/Blast.cgi)
using a search and sequence analysis software (Blast sear-
ches) to find the closest known analogues. In this sense, the
isolated strains identified using GenBank database and the

corresponding ITS sequences were Aspergillus versicolor and
Cladosporium cladosporioides. These results were supported
by morphological analysis. Sequences have been deposited in
GenBank database and the accession numbers MG725821
and MG731215 were assigned to A. versicolor and C. cla-
dosporioides, respectively.

3.3. Antifungal activity of the nano-additive selected

The antifungal activity of the AgNPs2 suspension was con-
firmed in the germination inhibition test where a direct rela-
tionship between the concentration and the inhibition of
germination of conidia of both strains was observed (figure
S2A of supplementary material). Regarding C. cladospor-
ioides, the percentages of inhibition were higher than with
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Figure 3. SEM micrographs and EDS spectra: (A) and (D) untreated brick; (B) and (E) AMEO 4%; (C) and (F) AMEO 2%; (G) and (I)
AMEO 4%+ AgNPs2; (H) and (L) AMEO 2%+ AgNPs2; (J) and (K) Ag mapping.

A. versicolor. When the concentration of AgNPs2 sample was
0.5mgml "', there was an inhibition of germination of 98%
against C. cladosporioides while with A. versicolor it was
85%, which indicates greater sensitivity in the conidia of C.
cladosporioides to AgNPs2. During the formation of the
germinative tube, the wall of the hypha is thinner and fragile
in the apical part, this may be the moment that allows the
interaction of AgNPs2 in the cell wall, causing an increase in

the permeability of the membrane and an alteration in conidial
viability [35].

In the agar diffusion test (figure S2B of the supplemen-
tary material), the antifungal activity of AgNPs2 was reaf-
firmed against the studied strains. Inhibition halo diameters
greater than 6 mm were observed. The average diameter of
the inhibition halo in C. cladosporioides was higher than in A.
versicolor, confirming the higher sensibility of the first one.
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Figure 4. Water contact angle on samples with (A)—(I): MTMO 4% (A); MTMO 4%-+AgNPs2 (B); MTMO 2% (C); MTMO 2%+AgNPs2
(D); AMEO 4% (E); AMEO 4%+ AgNPs2 (F); AMEO 2% (G); AMEO 2%+ AgNPs2 (H) and without treatment (I).

Table 1. Fungal growth rating according to the area covered.

Brick treatments A. versicolor  C. cladosporioides

Control (without treatment) 4 4
MTMO 4% 3/4 3/4
MTMO 4% +AgNPs2 3/4 3/4
MTMO 2% 3 3
MTMO 2% +AgNPs2 2 3
AMEO 4% 3 0
AMEO 4% + AgNPs2 2/3 0
AMEO 2% 3 0
AMEO 2% + AgNPs2 0 0

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%).

Possibly the antifungal mechanisms of the AgNPs once they
have been internalised by the apical end of the growing
hypha, are the strong interaction of these NPs with nucleo-
philes such as amino and thiol groups inactivating enzymes
and affecting processes such as nutrition and cellular
respiration. Published data point out that silver ions can cause
denaturation of proteins and DNA, which affects the repli-
cative machinery in the fungal cell [36]. In addition to this,
NPs can also generate reactive oxygen species that have a
high cytotoxic activity and can cause cell death [31].

3.4. Bricks characterisation

The characterisation of the commercial untreated brick used
was performed and water absorption, density and porosity
were determined: 21.9 + 1.2%, 1.40 & 0.03 gcm_3 and
30.9 &+ 0.8%, respectively. Papers with similar values have
been reported. For example, Graziani et al 2016 explain the
influence of total porosity (36.65 + 0.65%) and surface
roughness on the susceptibility of clay bricks to deterioration
by microorganisms [37]. SEM micrograph presented in
figure 3(A) shows surface appearance of the untreated brick.
In the EDS spectrum (figure 3(D)), the major peaks of Si, Al
and O are observed at 1.7, 1.5 and 0.3 keV, respectively. A
semi-quantitative analysis of this spectrum showed that the
elements presented were O, Si, Al, Fe, K, Na, Ca, C, Mg and
Ti and their weight was 48.77, 31.50, 7.95, 4.75, 2.15, 1.70,
1.24, 0.82, 0.61, 0.50%, respectively.

SEM micrographs of the treated bricks with AMEO in
the figures 3(B) and (C) show a decrease in the roughness
when the concentration of silane decreased. The EDS spectra
of samples with AMEO showed the corresponded peak of N
from silane amino groups at 0.4 keV (figures 3(E) and (F)).
The addition of the AgNps2 to the silane did not produce
changes in the surface appearance of the samples
(figures 3(G) and (H)). A peak of Ag was observed at
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Figure 5. Fungal resistance test against A. versicolor, samples: control (untreated bricks) (A), (D); with AMEO 2% (B), (E) and AMEO 2%+
AgNPs2 (C, F). (D)—(F) were obtained from stereoscopic microscope (80x).

3keVin the EDS spectra of AMEO 4%-+AgNPs2 and
AMEO 2%+AgNPs2 (figures 3(I) and (L), respectively)
samples where the Ag NPs were added. The mapping of Ag
in figure 3(J) and (K) showed a homogeneous distribution of
element on the surface of the brick, which reinforces the
antifungal property in the whole material. This would be
indicating that the Ag NPs were retained in the matrix during
the drying of the sol-gel coating and they possibly interact
with the amino groups of the silane. SEM micrographs from
MTMO coatings presented a surface appearance similar to
that observed in AMEO coatings.

The cross-sections obtained from treated bricks with
AMEO and MTMO were evaluated in relation to the degree
of penetration of silane in the material by SEM and EDS
spectra analyses. In this sense, the presence of carbon was
useful and EDS analysis was performed in different points of
the cross-section of the samples (figures S3A and S3B of the
supplementary material). The decrease in weight % of carbon
between the edge and the inside of the material allows
determining that the thickness of the treatment is
~50-120 pm.

Images from water droplets on brick samples and the
contact angle obtained are showed in the figures 4(A)—(I). In
general, samples were hydrophilic except for those treated
with MTMO 2% and MTMO 2% + AgNPs2 which pre-
sented water contact angle > 90°, classified as hydrophobic
(figures 4(C) and (D)). AMEO 2% -+AgNPs2 showed the

lower contact angle which it is related with a higher wett-
ability (figure 3(H)). All samples with AMEO (figures 4(E)—
(H)) were hydrophilic with water contact angles <60°. The
untreated brick immediately absorbs the drop of water when it
is deposited on its surface as can be seen in the figure 4(I).
Surface tension with ethanol/water solutions could only be
measured in samples with MTMO due to its hydrophobic
properties. In these cases, values of 61.3dyncm ' were
recorded.

The water absorption as a function of time of the brick
samples treated and untreated was evaluated and presented in
figures S4A and S4B of supplementary material. In general,
the samples with AMEO absorbed more water than the
corresponding ones with MTMO. This could be due to the
strong affinity of the water for the amino groups. Bricks with
MTMO absorbed less amount of water with respect to the
control. A homogenous tendency was observed for all treated
bricks, except for MTMO 2% which absorbed much less
water. Bricks with AMEO 4% with and without AgNPs
absorbed approximately the same amount of water as the
control.

3.5. Fungal resistance assay

Table 1 shows the rating values assigned to the brick samples
for each strain. The control was rated as 4 (heavy growth
60-100%). The growth of C. cladosporiodes was classified as
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Figure 6. SEM images of fungal resistance test against A. versicolor:
2% + AgNPs2; (D) detail of nongerminated conidia.

0 (none 0%) on all the coatings with AMEO. On the other
hand, for A. versicolor 0 (none 0%) was only achieved when
it was exposed to AMEO 2% + AgNPs2, which confirmed
the invasive growth of this strain and the higher sensibility of
C. cladosporiodes. In coatings with MTMO 4% with or
without Ag NPs the growth was similar to the control against
both strains while in the case of the coatings with lower silane
concentration the results improved to a moderate fungal
development. The better results with this coating was
obtained when the Ag NPs were present at the rating of 2
(light growth) against A. versicolor.

Figure 5 shows plates from the fungal resistance assay.
On the untreated bricks, a biofilm capable of covering it
completely was observed (figure 5(A)). On the brick with
AMEO 2%, isolated growth was observed (figure 5(B)). The
resistance of sol-gel coatings with AMEO 2% -+ AgNPs2
versus A. versicolor was optimal with a total inhibition of
growth as it could be observed in the figure 5(C). These
observations were corroborated by stereoscopic microscope
which can be seen in figures 5(D)—(F). Although, AMEO 2%,
has a certain antifungal effect with respect to the control, no

(A) AMEO 2%; (B) detail of strain used; (C), (D) AMEO

total inhibition was observed. This only occurred when
AgNPs2 is present in the coating. The effectiveness of the
coating with AMEO 2% + AgNPs2 compared to the
respective one with MTMO could be related to the stronger
interaction of the mercapto groups in MTMO with silver
compared to amino groups in AMEO which may result in less
availability for the interaction with fungal structures. These
results are promising due to the low silver concentration
(10.8 mg 100 ml™") that it was required. There are research
papers related to antimicrobial coatings formulated with
AgNPs which report the achievement of an adequate biocidal
activity with concentrations higher than 50 mg 100 ml~' [38].

SEM micrographs of fungal resistance test against A.
versicolor (figures 6(A), (B)) showed a total inhibition of the
germination of the spores, whereby no development of
vegetative or reproductive mycelium was detected in the
treated bricks which can be seen in figures 6(C) and (D). In
addition to this a modified morphology of the inoculated
spores exposed to the treated brick (figure 6(D)) can be seen
when comparing with the spores observed in the untreated
brick (figure 6(B)). These results agree with those obtained by
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Pinto et al for Aspergillus niger [39]. Previous research
suggested that the hyphae and spore damage is probably
associated to cell wall disruption which causes cell death, this
effect has been more pronounced by increasing the Ag NPs
content [40]. Similar results were obtained related to the
antifungal activity against the other strain used (C.
cladosporiodes).

Antimicrobial surfaces are based on two main strategies:
prevent the adherence of microorganisms or/and kill them on
contact [41]. Taking into account the observations made in
the present research work, the antifungal activity of the bio-
synthesised NPs in the treated bricks is based on their efficient
contact with the fungal structures. It was proved that an
efficient contact depends on the environment in which the
nanoparticles are integrated besides the corresponding con-
centration [42]. This is consistent with the fact that treated
bricks with a greater hydrophilicity (AMEO 2% + AgNPs2)
were more bioactive which could be related with the higher
water content that favours the activity of the Ag NPs [43].

4. Conclusion

Senna occidentalis L. aqueous extract was useful for the
obtaining of suspension of nanoparticles from silver and
copper salts to be used as nano-additives. The suspension
with silver nanoparticles showed inhibitory activity of ger-
mination and mycelial growth against both selected strains: A.
versicolor and C. cladosporioides. Furthermore, it was pos-
sible to incorporate the nanoparticles in a functional sol-gel
based matrix. In this sense, with the proposed methodology it
was possible to achieve bricks with an efficient antifungal
activity integrating directly the suspension of nanoparticles
avoiding in this way any type of waste in the final product.
This bio-based approach has important advantages as its
economic viability and scaled up potentiality.
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