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Abstract: In historic mortars, the main binder used are calcitic or dolomitic lime. However, these
mortars are also susceptible to the biochemical action of fungi causing undesirable changes in those
materials. Nanotechnology has been investigated as a strategy to mitigate the deterioration of
the cultural heritage. Photocatalysis has proven effective as an agent of degradation of organic
contamination by inhibiting the recolonization of substrates affected by biological growth. This study
verifies the effectiveness of a nanometric photocatalyst (nTiO,-P25, 3% in deionized water) sprayed
on the surface of simple lime-sand mortar (1:4 mass trace), typically used in historical buildings,
against the growth of Aspergillus niger fungal isolates, inoculated with a 10° spore/mL suspension.
The samples were exposed to the incidence of artificial radiation of UVA light with a wavelength
of 285 nm to activate the nTiO,. We observed a reduction in fungal colonies, especially after four
hours of exposure per day, reaching 100% in the staining reduction in one case. Another aspect
observed was that the previous application of nTiO, on the mortar samples caused alterations in the
morphology of the A. niger fungus structures, evidence of a disturbance in the growth of the colonies
or even their reduction over time.
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1. Introduction

Historical buildings were generally built with a limited variety of materials, which
were available in the local region, and usually consisted of stones, bricks, wood, and tra-
ditional mortars [1-4]. These materials are frequently susceptible to alterations caused
by abiotic and biotic environmental factors [1,3,5] and by the passage of time itself. Bi-
ological agents, which are naturally present in the environment, are among the main
deterioration factors.

Biodeterioration produces undesirable alterations in buildings, and can be caused by
bacteria, fungi, algae, and/or lichen, influenced by environmental conditions, chemical
factors, and the nature of the substrate [6,7]. Kirthika et al. [8] adds that biodeterioration
results in compromising of the structural materials’ integrity, causing adverse effects on
economic and social well-being. Jiang et al. [9] mention that when there is sufficient
availability of nutrients, energy, and organic carbon sources, considering the environmental
microclimate, referring to humidity and temperature, filamentous fungi can colonize and
grow in concrete structures, affecting the physical and chemical properties of cementitious
materials. The authors mention the main species of filamentous fungi that colonize and
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cause the biodeterioration of cementitious materials: Fusarium oxysporum, Aspergillus niger,
and Cladosporium sphaerospermum.

According to Beimforde [10], microorganisms can interact with materials in three main
ways: the material may be decomposed by enzymes and used as a source of nutrients
by microbial associations; microorganisms may excrete metabolic compounds, such as
inorganic and organic acids that interact with the mineral compounds of the material,
causing dissolution and discoloration; and the material can be damaged by physical
(mechanical) forces due to the growth of microorganisms. Harding et al. [11] mention
that fungi are a type of microorganism particularly well-adapted to growth on different
surfaces, mainly due to their absorptive way of obtaining nutrients, their ability to secrete
extracellular enzymes that digest complex molecules and, finally, their apical hyphal
growth, through filaments (hyphae). Traces of organic matter can be present in construction
materials, including organic contamination in fine aggregates or additions and additives in
the fresh mix. Once the organic matter is absorbed, the cellular structure of the filamentous
fungi allows its transport to the tip of the hypha, allowing the release of organic acids that
modify the physical and chemical properties of the concrete and the extension of the fungus
in the contaminated matrix. This behavior is unique to filamentous fungi and allows them
to explore and grow in environments unsuitable for colonization by single-celled organisms
such as bacteria [8].

Jiang et al. [9] highlight that the mechanisms identified as responsible for the fungus-
influenced degradation of mortar substrates include the formation and leaching of soluble
salts produced by the reaction of organic acids secreted by fungal cells on the carbonated
matrix of concrete; the expansion due to the formation of insoluble calcium salts (Ca), such
as calcium citrate, from the reaction with organic acids secreted by fungi; crack development
caused by the ettringite formation from the secretion of the keratinase enzyme and amino
acids; and the potential mechanical attack by fungal hyphal growth and expansion into
solubilization zones and cracks.

The main binders used in historical mortars are magnesium and calcium carbonates;
hence, these mortars are also susceptible to the biochemical action of fungi, depending
on the availability of organic nutrients and the presence of other factors that favor their
growth, such as water and adequate temperature and pH. Therefore, as stated by Burford,
Fomina, and Gadd [12], fungi are considered important agents of deterioration of carbonate
minerals. Calcium ions (Ca?") are essential for fungal apical growth and are required in
high concentrations at the tip of the hypha. When the ideal concentration is reached, hyphal
extension is stimulated and hyphal branching is inhibited. According to Jiang et al. [9],
concrete, like historic mortars, is a high-Ca environment that provides a rich source of Ca®*
for mold growth. Indeed, Ca®* plays a prominent role in the attack of organic acids on
carbonate-based substrates, altering the physicochemical properties and promoting fungal
extension in the material matrix.

According to Verrecchia [13], these microorganisms, through the development of the
mycelium, can form an arrangement of filaments in the substrate. As a way of obtaining
Ca?* for their metabolism, filamentous fungi have developed the ability to concentrate
those ions in their filaments in the form of calcium oxalate salts or calcium carbonate,
inside or outside their membrane. In favorable conditions of humidity and temperature,
fungal growth and sporulation increases the concentration of spores, especially in indoor
environments, increasing the risk of biodeterioration [9,14,15].

Coffin et al. [16] describe five antimicrobial agents widely applied in industry, includ-
ing building materials: triclosan (2,4,4'-trichloro-2’-hydroxy-diphenyl-ether, CAS #3380-
34-5), silver-impregnated zeolite and silver nanoparticles (nanosilver), copper, quaternary
ammonia compounds, and formaldehyde donors. The authors address aspects of antimi-
crobial resistance developed when microorganisms are not killed and undergo mutations
over time. Potential human and environmental health impacts promoted by these additives
could include antibiotic resistance. The emergence of antimicrobial additives in ecosystems
also needs to be further investigated and clarified.
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Nanotechnology applied to different areas in the field of materials conservation has
been investigated as a strategy to mitigate the deterioration of the cultural heritage [17-26].
The use of nanometric photocatalysts, such as nTiO,, has been attracting the interest of
scientists for several decades. According to Fujishima et al. [27], photocatalysis is gener-
ally understood as the acceleration of photochemical reactions on solid surfaces, usually
semiconductors. In this process, at least two reactions occur simultaneously: oxidation,
through the generation of holes, and reduction, through the photogeneration of electrons.
Photocatalysis has proven effective as an agent of degradation of organic contamination
by inhibiting the recolonization of substrates affected by biological growth [28]. For La
Russa et al. [29], nTiO; is useful not only in the decomposition of a wide range of organic
compounds, but it can also be used against several microorganisms, including bacteria,
fungi, and even viruses. According to those authors, the process involving microorganisms
happens through the competition between the recombination (in nanoseconds) of photo-
excited charge carriers, electrons and holes, and their transference to the interior of the
cells. TiO, has aroused interest in its application in the construction industry due to its self-
cleaning, air depolluting, and antimicrobial properties in cement-based materials [30,31].
Jedrzejczak et al. [32] added titanium oxide, especially the anatase variety, to a cementitious
matrix substrate, observing an improvement in the antibacterial properties of the composite.
Castro-Hoyos et al. [33] argue that the interactions between TiO,-based materials and the
cell walls of microorganisms bring benefits for their control and prevention. They add that
in laboratory tests, inactivation depends on the characteristics of the microorganism and
that it is possible to reproduce standardized protocols for sample preparation, allowing real
effects. Another interesting aspect highlighted by the authors corresponds to the benefit to
biodiversity, since new sustainable technologies using TiO, aim to prevent the proliferation
of microorganisms. Prevention rather than eradication is the crucial strategy to regulate
and control their development on different substrates.

With regard to antimicrobial properties, although laboratory studies report the inhi-
bition of microbial growth using cementitious materials treated with TiO,, scaled tests
are necessary to increase the photocatalytic activity of TiO; for different microorganisms,
considering its high diversity, as well as verifying the durability of the photocatalyst on sub-
strates; these are still concerns in the development of so-called cement-based antimicrobial
materials [7].

The aim of this study is to verify the effectiveness of the nanometric photocatalyst
(nTiO,-P25, 3% in deionized water) sprayed on the surface of simple lime sand mortar
(1:4 mass trace), typically used in historical buildings, against the growth of Aspergillus niger
(A. niger) fungal isolates, inoculated with a 10° spore/mL suspension. The samples were
exposed to the incidence of artificial radiation of UVA light with a wavelength of 285 nm to
activate the nTiO,. Subsequently, the samples were monitored for approximately seven
months, assessing the parameters of color and lighting variations with a spectrophotometer,
the morphological structures through a stereoscopic magnifier, and photographic images
through the use of the open-source software Image]J 1.53k.

2. Materials and Methods
2.1. Fungi and Preparation of the Spore Suspension

The A. niger isolates (Figure 1) were identified using the molecular method of DNA
extraction with PCR from the collection made at the historical building analyzed at a
previous stage, and discussed by Guerra et al. [34]. Thereafter, a suspension was prepared
using the selected isolates at a concentration of 10° spores/mL, according to the protocol
used at LAB-BIO of the Basic Health Sciences Institute of the Federal University of Rio
Grande do Sul (Instituto de Ciéncias Basicas da Satide-ICBS-UFRGS). Kaur and Singh [35]
point out that spore density plays an important role in the general integrity of the biofilm
structure. According to those authors, the inoculum selected for this study is considered
high-density. For the selection of the isolate used in this study, the researchers considered
both the frequency with which it was identified in previous analyses, and the color of
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the colonies, to facilitate the readings with the colorimetric method. Figure 1 shows the
morphological aspect of the A. niger colony, as well as the images obtained through optical
microscopy and stereoscopic magnifier.

Aspergillus niger

Growth in

Optical microscopy Stereoscopic magnifier

Sabouraud Agar

(400%) o (Bar =500 pm)

Figure 1. Aspect of Aspergillus niger isolate selected to study.

To perform the experiment, the fungus was cultivated in glass vials sterilized in the
autoclave and sealed with a screw top, containing 10 mL of Sabouraud Dextrose Agar
medium, solidifying in a tilted position to offer a larger growth area for the colonies.
Approximately 3 mL of 0.01% Tween® 80 sterile solution [22] was added, and the vials were
manually shaken to release the spores. The spores were counted in a Neubauer chamber
and the correction for the concentration was previously determined (10° spores/mL).

All the samples, both those with the application of photocatalyst and those without it,
were inoculated with 1 mL of 10° spores/mL suspension, considering 6 repetitions.

2.2. Experimental Design

This section presents the description of the experiment’s stages: molding the mortar
samples, curing and superficial treatment of the samples with nTiO,, application of the
A. niger inocule, and monitoring of the variation of color over time, as well as an analysis
based on the images obtained from the samples. The flowchart in Figure 2 indicates the
sequence of stages followed.

2.3. Molding and Curing the Mortar Samples, and Application of nTiO,

The composition and trace of the samples used in this study were based on a previous
study performed on a historical building from the early twentieth century in the city of
Porto Alegre-RS, Brazil. The building, named Casa Godoy (1907), coordinates (30°01'45" S;
51°13'00.77" W), is representative of the constructive typology of historical buildings, as
described and analyzed by Guerra et al. [34].

The binder used was calcitic lime, with a calcium hydroxide concentration range
between 89 and 95%, molecular weight of 74.09 g/moL, pH of 12.6 (saturated solution,
temperature 20 °C), and fusion point of 580 °C, according to the manufacturer’s specifica-
tions. The unit mass and the specific mass determined were 0.55 g.cm 3 and 2.306 g.cm ™3,
respectively. The sand used, which was quartz sand with a medium fineness modulus

(3.6), was sieved, washed, and dried in the oven at 100 °C, following the granulometric
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distribution in Guerra et al.’s [34] characterization data for historical buildings. Lime putty
matured for 15 days was used in the mix.

| “ 3% nTiO2
X — In deionized water

P,

0.04m 0.04m

. |:4 (lme:sand mass trace) //
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Figure 2. Flowchart of sample production steps. (01) materials for mortar composition; (02) mor-
tar sample 0.04 x 0.04 m; (03) application of 3% TiO, in deionized water with a pressure gun;
(04) collection and isolation of filamentous fungi; (05) serial dilution to count spores of the A. niger;
(06) Neubauer chamber counting and application of suspension to the sample; (07) exposure of
samples to UVA light.

The mortar used in the tests had a 1:4 binder aggregate proportioning in mass (lime:
sand, dry materials), the most frequent value found by Guerra et al. [34], and a water/binder
ratio of 1.09. The mortar samples were characterized in the fresh state as to their consistency
index, according to NBR 13276 [36], resulting in 252 mm; bulk density in the fresh state,
and content of entrained air, according to NBR 13278 [37], showing 1970 kg/m? and 0.93%,
respectively. In the hard state, at 90 days, the features evaluated were compressive and
flexural strengths, according to NBR 13279 [38], showing 0.53 MPa and 0.51 MPa; capillary
water absorption, as in NBR 15259 [39], 7.57 g/dm?2.min.!/2; dynamic modulus of elasticity,
according to NBR 15630 [40], 5542.54 MPa; and bulk density, according to NBR 13280 [41],
1802.40 kg /m?.

To evaluate the colonization of fungal isolate, samples measuring 4 x 4 x 1 cm were
cast in acrylic molds coated with plastic film. After demolding, the samples were placed in
a chamber with 5% CO, and 80% RH for a 10-day period, until carbonation was completed,
as suggested in the method proposed by Shirakawa et al. [42]. This process is essential
to reduce the samples” pH, encouraging biological growth, which is necessary for the
performance of the analyses. The degree of carbonation was verified through a test using
phenolphthalein (1% in ethyl alcohol P.A. 95%) as a pH indicator. The suspension to be
applied contained Aeroxide® TiO, P 25, at 3% concentration in deionized water. This value
was determined based on rheological and visual tests using a stereoscopic magnifier. To
reduce the agglomeration of particles, agitation was done with an ultrasonic probe for
180 s, using a 500-watt ultrasonic processor Sonics® with an amplitude of 20%.

The suspension was applied with a pressure paint spray gun (paint gun HVLP
1.5 mm 600 mL Gravity PUMA-AS1105) in two transversal coats, with a 24 h break between
applications. The gun was connected to an air compressor, and the pressure, measured
with a barometer, was set at 5 bars. One lot not sprayed with nTiO, was set aside to be
used as control in the analyses.
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After the application and drying of the photocatalyst, all the samples were carefully
packed in bags, put in the autoclave, and sterilized at 121 °C for 15 min. Subsequently, to
ensure that the analysis with the spectrophotometer would be performed always at the same
reading point, the samples were individually fastened with double-face tape to lidded acrylic
containers previously sanitized with a solution of hypochlorite and 70% ethyl alcohol to
avoid any contamination. Finally, the containers were closed and placed in an air-conditioned
chamber with 80% RH for at least 72 h, as suggested by Shirakawa et al. [43].

A liquid nutritional medium (Sabouraud Dextrose Broth) was used to enrich the
mortars, prepared as suggested by Shirakawa et al. [24]. The procedure consisted in
pipetting 4 mL of the nutrient in each of the samples in four separate doses of 1 mL each,
allowing total absorption through the surface, without any overflow.

2.4. Instrumentation of the Biochemical Oxygen Demand (BOD) Incubator and Disposition of
the Samples

The equipment used for the performance of the analysis in controlled conditions of RH,
temperature, and incidence of light was a Biochemical Oxygen Demand (BOD) incubator
with total capacity of 340 L, internal dimensions of 1.51 x 0.53 x 0.44 m, temperature range
from 5 to 55 °C, precision of 0.3 °C, and a compressed air laminar flow ventilation system.

The equipment was modified for the installation of two black light 24w-PL-L 24 W /10
4P lamps, connected with a photoperiod control system, to provide light incidence in the
UVA wavelength (364-384 nm) in pre-determined time cycles, starting at 1 h/day exposures,
increasing to 2 h/day and up to 4 h/day for a total period of 211 days (approximately
7 months) of experiment, as schematically shown in Figure 3.

Photoperiod Period
1 hour/day (59 days)
2 hour/day \ I (109 days)
4 hour/day (39 days)
Key | - U
1 month 1week 1day

Figure 3. Period of exposure to UVA irradiation for each photoperiod.

For the maintenance of the necessary RH for the evaluation of the growth of the fungi
under study, a tank present at the bottom of the equipment was filled with 30 L of distilled
water. A data logger with an RH and temperature sensor was fastened to the interior of the
equipment’s door to allow constant recording of the microclimate, every 30 min during
the experiment.

The samples were placed in the interior of the BOD so that they would all be ex-
posed to light at 30 cm from the lamps, which presented an average UVA irradiance of
2580 uw/cm?. The luminous intensity was regularly determined with the aid of a UVA
light meter (Instrutherm), to verify the constancy of light incidence during the 211-day
incubation period.

2.5. Analysis of the Samples’ Light Coordinates with a Spectrophotometer

One of the methods used to verify the effectiveness of the studied photocatalyst against
fungal growth consiste in measuring the colorimetric variation over time. A Konica Minolta
CM 2500 d portable spectrophotometer was used for that purpose. This method allows the
determination of the chromatic coordinates based on the Commission Internationale de
I’Eclairage (CIE) and is used in several studies with similar aims to this one [28,44-48].

This system allows the tridimensional expression of the color space in L*a*b* coordi-
nates, where:

e  L*corresponds to luminosity;

e  a* corresponds to the coordinates of the colors red/green, with “+a” indicating red
and “-a” indicating green;



Buildings 2023, 13, 2751

7 of 19

e  b* corresponds to the coordinates of the colors yellow /blue, with “+b” indicating
yellow and “-b” indicating blue.
Color variation over time (AE) is expressed as in (Equation (1)), according to CIE 5014-
4/E:2007, Colorimetry Part 4: CIE 1976 L*a*b* Color Space, described by Ruot, et al. [49]
and Pozo-Antonio and Dionisio [28].

AE = \/ AL? + Aa™? + Ab? (1)

where:

AE = color variation over time

AL* =Lt* — LO*
Aa* = at* — a0*
Ab* = bt* — b0*

t = final time

0 = initial time.

The measurements of coordinates L*, a*, and b* were made in specular component
included (SCI) mode, with the light beam emitted through a fixed 8 mm opening, dif-
fuse illumination system, 2 xenon flashes, 10 nm wavelength interval, as stated in the
manufacturer’s specifications, and used by Pozo-Antonio and Dionisio [28].

Over time, 10 measurements were made for the samples in the BOD, as described in
Table 1. The table also presents the duration of the interval between measurements 1 and 5
(before the UVA light was activated) and 6 and 10 (after the lamps were turned on).

Table 1. Range of measurements with spectrophotometer.

Interval Description Time of UVA Light (Days)

Measurement 1 (M1)

Carbonated samples (with and without nTiO,),

before nutritional enrichment.

Date of application of the nutrient. Sabouraud Zero
Broth (4 mL per sample) and placement in BOD

for acclimatization.

Samples with nutrient (acclimatized in the BOD),

Measurement 2 (M2) before inoculation with the isolates. Zero
52 days
Measurement 3 (M3) Immediately after inoculation (fresh samples). Zero
Measurement 4 (M4) E{ZCEEG;)“ in the BOD (without turning on Zero
Before turning on the lamp.
Measurement 5 (M5) Date of light activation (photoperiod 1 h/day). Zero
Measurement 6 (M6) Z }C}jﬁz ;)fter light activation (photoperiod -
Measurement 7 (M?) i’% (}13};; ;fter light activation (photoperiod 30
50 days after light activation (photoperiod
Measurement 8 (M8) d 1 h/day). Date of the increase of the photoperiod 50
211 days to 2 h/day.
101 days after light activation (photoperiod
Measurement 9 (M9) 2 h/day). Date of the increase of the photoperiod 101
to 4 h/day.
Measurement 10 (M10) 4211}3/((11?;5) after light activation (photoperiod 211

Three readings were done for each sample. To ensure that observation of the alterations
over time were always at the same point of measurement, a template was made to allow
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M1

M

39 days

positioning the equipment always at the same spot as the initial measurement. To avoid,
as far as possible, any contact of the equipment with the growth surface, the researchers
used a disposable Petri dish covered with black duct tape, where they made holes with a
diameter compatible with the light emissions from the spectrophotometer. In the interior
of the Petri dish, partitions were placed to allow the placing of the samples, restricting their
lateral movement during measurements. The samples were covered with the template
without any contact with the upper surface, leaving exposed only the three openings for
the positioning of the spectrophotometer, fixing the reading points on those openings.
Figure 4 schematically shows the time interval between the measurements.

Mesurement (M)

1day 5days  7days 7 days ) 23 days 20 days
>M4 < > M5 < > M6 < > M7< >M8

> M2 M3<—M4
T

] 0 [0 OO [ xHHHHHH\HHHW;\

51 days

110 days

M M10

8< >
RN ERRRRRR TN

9< >
T e T O e e UM

Figure 4. Time interval between spectrophotometer measurements.

Figure 5 shows the locations of diameters 1, 2, and 3 assessed in the sample, the
template made for the measurements with the locations of the measurement points, and
the spectrophotometer used.

Figure 5. Schematic representation of the spectrophotometer positioning for measurement at prede-
termined points in a sample.

2.6. Analysis of the Photographic Images

Throughout the duration of the experiment, and at each spectrophotometer reading,
photographic images of the entire samples were obtained for subsequent analysis with
image processing software. Image] [50] software was used to quantify the fungal growth
areas for the different proposed configurations in a complementary way to analysis by
spectrophotometer. This software offers a plugin, Threshold, in which the binarization
of the images in 8 bits is performed, using several global limit methods (derived from
histograms). The images were previously treated to present the same quantity of pixels,
thus allowing a quantitative comparison of the growth area for the entire samples. The
results are presented in black and white scales with their respective pixel intensities.

2.7. Analysis on Stereoscopic Magnifier

At the end of the experiments, the samples were analyzed using a Zeiss Stemi 508 doc
Stereomicroscope, with up to 100x magnification. Points of growth of the fungal isolate
on the mortar samples’ surfaces, with and without the application of nTiO,, were selected
with the aim of making a visual comparison of the morphological structures.
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3. Results and Discussion

The results and discussions of each stage of the study are presented below.

3.1. Microclimate Monitoring in the BOD

The temperature and relative humidity values were recorded inside the BOD during
the experiment. The average RH recorded was 76.85%, and the average temperature, 25 °C.
However, for approximately 52% of the recording time, the RH was above 80%, as shown
in Table 2, and for only 0.82% of the time was it below 30%. It should be noted that in
the periods when the lamps were on, the temperature inside the BOD increased, with a
consequent reduction in RH, similarly to what occurs in natural conditions of exposure
to solar radiation, resulting in constant oscillation of the microclimate. The maximum
temperature recorded was 36 °C. Table 2 shows that during approximately 60% of the time,
the temperature ranged between 25 °C and 30 °C.

Table 2. Percentage of occurrence of RH and temperature in the BOD during the test.

Relative Humidity (RH)

<60% Between 60-70% Between 70-80% Between 80-90% >90%
Occurrence (%) 9.8 8.5 26 52.7 3
Temperature (°C)
Between 22-25 Between 25-30 Between 30-35 >35
Occurrence (%) 33.74 60.63 5.55 0.08

Sedlbauer [51] presents minimum, optimum, and maximum temperature and relative
humidity values for A. niger spore germination and mycelium growth, indicating 10 °C,
35 °C, and 50 °C for minimum, optimum, and maximum temperature, and 77% and
98% for minimum and maximum RH, respectively, for spore germination; and 6 °C,
37 °C, and 47 °C for minimum, optimum, and maximum temperature, and 76% and 98%
RH, respectively, for mycelium growth. Thus, with regards to the microclimate inside
the equipment throughout the experiment, for the RH values, the minimum percentage
necessary was achieved both for sporulation and for spore germination of A. niger (77%
and 76%, respectively) during most of the experiment’s time. The temperature presented
values between the minimum and maximum ranges, but it was predominantly below the
optimum values of 35 °C for sporulation and 37 °C for germination. However, that did not
hinder the growth of the samples, allowing the detection of fungal growth.

3.2. Color Variation in the Samples Inoculated with A. niger

As the measurements were always performed at the same locations in each of the
samples in the different proposed configurations, the evolution of the characteristics read
point by point by the spectrophotometer always occurred in relation to the initial reading on
the same specimen. Although the inoculation of the isolate in the mortar substrates followed
the same procedure, with strict control of the inoculated volume and spore counting, the
biological growth on the surfaces did not occur in a uniform manner. Burford et al. [12]
mention that the direction of fungal growth is influenced by the presence of grooves, ridges,
and pores on the solid substrate, as well as by properties related to weakened mineral
surfaces. They also point out that the penetration of fungal hyphae in the microstructure
of coating mortars, observed on an electronic microscope, demonstrates their correlation
with the cracking and decay of some areas of surface coating. Hence, the pre-setting of the
reading points hindered the obtention of some results, since, in some of the samples, fungal
growth occurred outside the pre-set area.

Out of a total of 12 samples inoculated with the A. niger isolate, six of them with
the application of nTiO; and six without it; only three with the photocatalyst and two
without it showed effective colony growth. Figure 6 shows growth in the samples where
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the photocatalyst was applied, considering measurement 5 (before activating the UVA
lamp) and the subsequent measurements, with the different photoperiods, until the final
measurement (M10), when the experiment was concluded.

M3 M6 M7 M8 M9 M0

SAMPLE 4

SAMPLE 5

SAMPLE 6

Four weeks Six wfeks 13 weeks 28 weeks
Six weeks without Photopenod Photopenod Photoperiod
photoperiod 1hour/day - Light UV-A Zhourfday - Light UV-A  4hour/day - Light UV-A

Figure 6. Evolution of the samples inoculated with A. niger with application of nTiO5.

In samples 4, 5 and 6, which were superficially sprayed with nTiO, (Figure 6), the
development of colonies starting from measurement M5 (before the lamps were switched
on) was detected, developing until their maximum growth, perceptible by visual evaluation
in measurement M7, with a photoperiod of 1 h/day. Between measurements M8 and M9,
there was a slight reduction in the colonies, mainly in sample 6. In measurement M10, after
the photoperiod was increased to 4 h/day for 15 weeks (~3 months), an effective reduction
of A. niger fungus was detected in all three samples.

As for the cases without the application of the photocatalyst (Figure 7), in
sample 12, the colonies present a barely visible initial growth, which remains practically
constant until measurement 10. Sample 11 presented the growth of well-defined colonies
across its surface. It is notable that, even with the incidence of UVA light, little change was
detected in the development of the colonies up to the final measurement, M10.

M5 M6 M7 M8 M9

SAMPLE 11

o
w
a
=
&
One }veek Four |weeks Six wreks 13 weeks 28 weeks
Six weeks without Phatoperiod Photoperiod Photoperiod
photoperiod Thour/day - Light UV-A 2hour/day - Light UV-A  dhour/day - Light UV-A

Figure 7. Evolution of the samples inoculated with A. niger without nTiO5.
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With the purpose of making a quantitative evaluation of the color alterations on the
surface, the researchers observed the values obtained for the parameters luminosity L*
(Figures 8 and 9), coordinates a* (variation in the red-green color spectrum), and coordinates
b* (variation in the blue-yellow color spectrum) for each of the three readings points in each
of the samples, considering the presence or absence of the photocatalyst.

Luminosity variation for the A. miger fungus
With nTi0,

PHOTOPERIOD UVA LIGHT

Ml M2 M3 M4 M5 Me M7 M3 M3  MIO

n _ﬂ-
L2

Figure 8. L* Luminosity values for the A. niger fungus with nTiO,.

Luminosity variation for the A. niger fungus

Without nTi0O,
80
75
70
65
. "‘J’l
&0 & g int bl e
‘Q\.!‘ """ == .'.'"'_‘-_d‘ i'l:-' .‘.
55 A, ,';.-f
,—_*_;-._-é-; sy ﬁ.—..--,r__ "
45 PHOTOPERIOD UVA LIGHT

M1 M2 M3 M4 M5 Mo M7 MBS M3 MI0

-2 -101 --% -102 —<4+— 103
ceaillees 111 —a— 112 ---a---113

Figure 9. L* Luminosity values for the A. niger fungus without nTiO;.

Measurement M1 corresponds to the first reading, made before the application of the
nutrient and the inoculum. The samples with photocatalyst (Figure 8) presented minimum
luminosity of 66.53 and maximum of 77.66, with an average value, among all samples,
of 73.58. In turn, the samples without the photocatalyst (Figure 9), presented minimum
and maximum values of 66.55 and 75.37, respectively, with an average of 70.75 for the
first measurement (M1). The samples with application of the photocatalyst presented, on
average, greater luminosity due to the white coloration of the nTiO,, which covered the
surface, including the siliceous aggregates, which are a light chestnut color.

Measurement M2 shows the readings of the samples immediately after the application
of the nutrient medium. Hence, the samples with the application of the photocatalyst
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(Figure 8) presented a minimum luminosity of 57.99, maximum of 66.61, and average
of 62.12, corresponding to a luminosity reduction of 15.57% compared with the average
luminosity values. The samples without photocatalyst (Figure 9) presented a minimum
luminosity of 51.69, maximum of 61.99, and average of 56.18. The reduction in relation to
the average luminosity value was 20.59%.

Reading M6 was performed seven days after the 1 h/day photoperiod of radiation
was activated. The values in Figures 8 and 9 show that until measurement M6, the samples
generally presented a gain in luminosity. However, at M7, after 30 days of the 1 h/day
photoperiod, the luminosity starts to decrease and, consequently, the maximum biological
growth of most samples occurs. This behavior persists until measurement M8, except for a
measurement point of sample S11 (11.1), Figure 9, which shows a drop in luminosity due
to the accentuated fungal growth at this measurement point. Considering measurement
M9, where the 2 h/day photoperiod has already been activated, it is possible to detect
a start in the reduction of luminosity up until the final measurement, M10. There is
greater luminosity gain in the samples with nTiO, compared with those without, except for
sample S11.1 (Figure 9), which shows a tendency to gain luminosity, although at values
below that of the other samples with the photocatalyst.

Table 3 shows the color variation data (AE*), and Table 4, luminosity variation (AL)*
and coordinates a* and b* (Aa*) and (Ab*) for the samples with and without the pho-
tocatalyst, starting from the initial measurement (M1) up to the measurement with the
maximum colony growth (M7) and, subsequently, the initial measurement (M1) compared
with measurements M8, M9, and M10.

Table 3. Color variation over time of samples with and without application of nTiO,.

AE*
Sample (M2-M1) (M3-M1) (M4-M1) (M5-M1) (M6-M1) (M7-M1) (M8-M1) (M9-M1) (M10-M1)

4.1 9.805 11.554 12.236 11.469 5.772 9.170 10.675 8.001 6.024

S4 42 7.459 7.413 8.236 7.683 5.855 8.803 10.737 7.653 5.107

4.3 10.497 11.178 11.892 10.872 5.653 9.413 10.455 6.860 2.470

Q\l 51 10.108 11.419 11.495 11.465 3.940 3.824 2.785 2.548 1.174

Z S5 52 11.179 12.050 12.203 12.373 4.156 4.924 3.481 2.968 2.540

5 53 11.221 11.889 12.238 12.173 3.336 3.286 2.480 1.791 1.357

= 6.1 11.032 11.821 11.375 11.639 4.641 7.134 7.942 7.192 3.878

S6 6.2 10.610 10.679 12.078 13.352 5.040 7.884 8.043 6.391 3.114

6.3 12.960 11.989 11.615 14.625 4.982 5.870 5.427 4.533 2.445

o) 10.1 15.324 15.290 15.325 16.314 5.585 2.672 2.299 0.763 0.589

= S10 10.2 15.928 16.198 15.446 15.384 8.446 2.237 3.148 0.669 1.060

s 10.3 15.837 16.011 16.961 16.668 5.547 2.238 4.569 0.337 1.322
=]

:q? 11.1 15.437 13.382 17.464 25.551 3.976 4.735 16.991 13.425 10.571

§ S11 11.2 13.881 15.122 14.693 14.923 2.293 0.226 1.556 1.494 1.699

11.3 15.389 15.459 15.932 15.168 1.712 1.907 0.968 1.080 1.227

The higher the AE* value, the greater the color difference from the initial measurement.
Up until measurement (M5-M1), according to Table 3, the samples, in general, presented
an increase in the color difference, but this behavior resulted from the application of the
inoculum in a liquid medium, which, by moistening the surface of the samples, led to a
greater color difference compared with the initial measurement. From (M6-M1), when the
lamps are switched on, the samples’ surfaces dry up, reducing the values calculated for the
AE*. For samples 54, S5, and S6 (with nTiO,), generally, the AE* increases through (M7-M1)
and (M8-M1) (already with an easily visible colony growth) and decreases at (M9-M1)
(photoperiod of 4 h/day of UVA light), until (M10-M1), with the lowest AE* values.
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Table 4. Luminosity and a* and b* coordinate variation for samples, with and without photocatalyst.

Sample AL* Aa* Ab*
Sample (M7-M1) (M10-M1) (M7-M1) (M10-M1) (M7-M1) (M10-M1)
41 —2.859 —3.109 —0.637 0.210 —1.380 5.156
sS4 4.2 —0.587 2.002 —0.695 0.276 —1.100 4.691
“ 43 —3.153 0.430 —0.460 0.077 —1.308 2.431
8 5.1 —2.114 —0.505 —0.004 0.190 —1.054 1.042
é S5 52 -3.177 —2.113 0.046 0.186 —0.834 1.398
= 53 —1.552 —1.057 —0.027 0.159 —0.962 0.836
6.1 —2.655 —2.593 —0.614 0.075 —1.568 2.883
S6 6.2 —2.008 —0.260 —0.442 0.074 —1.167 3.102
6.3 —4.027 —1.916 —0.235 0.068 —1.181 1.517
10.1 —0.842 0.457 0.063 —0.192 —3.844 —0.319
o) 510 10.2 —0.743 0.814 0.069 —0.241 —3.821 —0.636
i 10.3 —0.928 1.187 0.182 —0.104 —3.817 —0.574
§ 111 —4.697 —10,503 —0.546 —0.378 —4.259 1.134
g S11 11.2 0.062 1.492 —0.086 —0.232 —4.215 —0.779
11.3 —1.756 0.285 —0.272 —0.259 —4.354 —1.165

20

M5

AVERAGE OF COLOR/TIME VARIATION

M6

As for samples S10 and S11, it is probable that the points previously selected for the
sample measurements coincided with the growth of the A. niger colonies only in S11.1, reaching
the maximum AE* value at (M8-M1), and presenting a slight reduction by (M10-M1).

According to Table 4, for the Aa* values in samples 54, S5, and 56, at (M7-M1) (maxi-
mum colony growth), values in the green color scale (-a) were measured, while at (M10-M1),
with the maximum reduction of growth, color coordinates in the red scale (+a) were mea-
sured. Samples S10 and S11 (without nTiO,) had Aa* values mainly in the green color
scale (-a). As for the Ab* values, it was detected that in the samples with nTiO,, the color
measurement alternated from blue (-b) to yellow (+b), while the samples without nTiO,,
in general, presented color coordinates in the blue spectrum (-b) between (M7-M1) and
(M10-M1).

Figure 10 shows the behavior of the samples with nTiO; (a) and without nTiO; (b)
regarding AE, always in relation to M1, according to the values presented in Table 4.

AVERAGES OF COLOR/TIME VARIATION

——54 |55 ——56 ——510 —x-S11

20

M7 M8 M9 M10 M5 M6 M7 M8 M9 M10
(a) (b)
Figure 10. AE* over (M5-M1) to (M10-M1) measurement means: (a) with nTiO,; (b) without nTiO,.

Figure 11 presents the result of the variance analysis, done with the Statistica 8.0
software [52], for the samples with and without photocatalyst, regarding the growth of
A. niger, with a 95% confidence interval. A significant difference was detected in the color
variation between the samples with photocatalyst, effectively reducing the AE between
the measurement at greatest fungal growth (M7-M1) and the final measurement (M10-
M1). In the samples without the photocatalyst, there was no significant difference in color
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variation between the same measurements, indicating that this result is not due only to the
application of UVA, but also to the effectiveness of nTiO, against A. niger.

color variation

O =~ N W H U ON O @
— T T T — T — 71—

F

with nTiO2 without nTiO2

Photocatalyst

—o= Lecture M7
-0~ Lecture M10

Figure 11. ANOVA (factorial) of the color variation (AE) as a function of the application or not of the
photocatalyst for A. niger (0.95 confidence intervals).

3.3. Image Analyses

Figure S1 in the Supplementary Materials shows the images obtained from sample 54,
with the application of nTiO,. The sequence presents the photo obtained from the sample,
the transformation to 8 bits in the gray scale and, lastly, the binarization in black and white
pixels, allowing the quantification of the growth area based on the relation between the total
of the black pixels and the total sample area. With the aid of a selection tool, it is possible
to demarcate the areas to be quantified, corresponding to the fungal growth. It should be
noted that the binarization of the images transforms the void areas on the surface of the
samples into black pixels, which might distort the quantification, as they do not correspond
to the fungal growth. Hence, the use of this tool allowed the exclusive demarcation of the
areas pertinent to the quantification, excluding the void areas.

With regards to sample S4, based on Figure S1 (Supplementary Materials), an effective
reduction in the staining can be detected. Although the initial staining (M7) corresponds to
only 6.06% of the total surface of the sample, in measurement M10, the staining suffered a
100% reduction.

Figure S2 (Supplementary Materials) shows the images of sample S5, with the applica-
tion of nTiO,. This sample presented a total staining reduction of 97% of the fungal growth
detected between M7 and M10. Sample S6 (Figure S3 in Supplementary Materials) allowed
the detection of a staining reduction of 95%.

As for the samples without the application of nTiO,, the quantification of the staining
was done only for sample S11 (Figure S4 in the Supplementary Materials) as it presented the
most effective growth of all the samples without the photocatalyst. The difference between
measurements M7 and M10 was 41%, showing a small staining reduction when compared
with the images with superficial spraying of nTiO,. Figure 54 in the Supplementary Materials
also shows the occurrence of a fungal growth demarcated in the images that probably does
not correspond to the A. niger fungus. This staining area was excluded from the quantification.

3.4. Images in the Stereoscopic Magnifier

The analysis based on the observation of the biological growth on the samples’ surface
detected different behaviors in the morphology of the colonies of the A. niger isolate,
depending on whether the sample had been sprayed with nTiO,.

In Figure 12, obtained from sample 11, without the application of nTiO,, it is possible
to detect the growth from aerial structures and dark coloration. The hyphae are fine,
hyaline, dense, and very ramified, with the presence of white structures deposited on the
mycelium, possibly fragments carried by the sample itself.
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Figure 12. A. niger colonies’ growth in mortar sample 11 without nTiO, application: (a) 1000 um
scale; (b) 500 pm scale; (c¢) 100 um scale.

In comparison with Figure 12, Figure 13 shows that in the presence of TiO,, the
structures produced a morphology characterized by greater agglomeration along the
samples’ surfaces and apparent adherence, without presenting any aerial structures. The
observation also allowed the detection of a shiny layer over the entire growth structure. Op
De Beeck et al. [53] mention that fungi and bacteria create highly specialized environments
around their cells by secreting extracellular polymeric substance matrices (EPS). It is
possible that the substance involving the structures visualized through the equipment
correspond to the composition of EPS. According to Flemming and Wingender [54], EPS
are mainly polysaccharides, proteins, nucleic acids, and lipides. They provide mechanical
stability to biofilm and mediate its adhesion to surfaces, forming a cohesive film. Biofilm
can act as an external digestive system, keeping extracellular enzymes close to the cells,
allowing them to metabolize dissolved, colloidal, and solid biopolymers.

Figure 13. A. niger colonies” growth in mortar sample 4 with nTiO, application: (a) 1000 um scale;
(b) 500 um scale; (c) 100 um scale.

Considering the conditions of the presence or absence of nTiO; in the samples, the
probable morphology of the biofilm may have resulted in the strongly adhered and coated
aspect of this shiny film, as a reaction of the growing colonies to an environment unfavorable
to their maintenance due to the presence of the photocatalyst, which is evidence of a possible
stress situation and an effort towards environmental adaptation for biological survival.

Sun et al. [55] highlight that A. fungi produce a rich extracellular matrix consisting of
polysaccharides, melanin, and other compounds, with the aim of protecting the mycelium
from adverse external factors, including oxidative stress. The same authors point out that
the A. niger fungus intensely produces melanin as a protective layer for the mycelium
when under light illumination. Considering the importance of melanin production in the
formation of biofilm, the experiment in this study showed that the colonies presented a
different growth behavior when nTiO, was activated. That indicates that the production
of oxidative radicals resulting from photocatalysis, in joint action with the incidence of
light, induced greater production of melanin because of the stress caused by the action of
the photocatalyst.
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In relation to historic buildings, having verified their efficiency against the devel-
opment of the fungi capable of causing changes in the mortars of these buildings, the
evaluation of simple ways of applying the photocatalyst, including in interior environ-
ments, is relevant and of great interest to the professionals responsible for the conservation
of these buildings. To La Russa et al. [29], TiO; is characterized by chemical stability, non-
toxicity, high photoreactivity, antibiosis and low cost, and has been widely used as a biocide
against various microorganisms as bacteria, fungi, and viruses. The limitation in the use is
due its reactivity in a restricted wavelength in the UV region, and therefore, its application
may be limited in certain circumstances (for example, indoors). Recently, alkaline earth
metal ions have been considered promising, efficient, and economical approaches to doping
TiO,, as they have a larger photocatalytic spectrum.

Our study was initially based on effectiveness in relation to the proposed mortar
substrate, for an isolate of fungus that recurs in historic Brazilian buildings. New analyses
are being conducted to adapt the study conditions to the selected sample.

Finally, this work did not evaluate the mechanisms of interaction between the pho-
tocatalysis and the fungus investigated, resulting in the regression of the stain surface,
probably due to cell death. Photocatalysis is characterized as an advanced oxidative process
(AOP), presenting diverse applications due to the generation of strong oxidizing species.
According to La Russa et al. [29], efficiency in relation to microorganisms is related to
the competition between the recombination (nanoseconds) of photo-excited charges and
electrons and their transfer to the interior of the cells. According to Mitoraj et al. and
Ilkhechi et al. [56,57], the mechanism for the antifungal activity of photocatalytic com-
pounds may be based on the formation of high levels of reactive oxygen species (ROS) that
disrupt the integrity of the fungal cell membrane, which aids in the damage of microbial
enzyme bodies, thus killing the fungi. The interaction between the photocatalysis reac-
tion and fungal cells has not yet been sufficiently investigated, although several studies
report fungal cell death when interacting with the TiO, photocatalyst, including the fungus
A. niger under analysis in this study. According Mitoraj et al. [57], there is a direct depen-
dency between increasing the formation of reactive oxygen species (ROS) and the fungicide
of nanoparticles.

4. Conclusions

Based on the analyses presented, and considering the adopted conditions of study, it
is possible to conclude that:

e  When performing controlled tests in Biological Oxygen Demand (BOD), it is crucially
important to control the RH and the temperature as to minimum, medium, and
maximum values for spore germination and growth of the mycelium of the fungal
isolate under investigation, so as to allow its adequate growth and the subsequent
evaluation of the effectiveness of the photocatalyst under study;

e  Although the spectrophotometer readings are efficient at quantitatively determining
the color variation and luminosity of the samples over time, they are still limited when
it is necessary to predetermine the reading points, since fungal growth occurs in a
non-uniform/heterogenous manner, according to the samples’ surface features;

e  The readings performed with the spectrophotometer allowed the verification of ef-
fectiveness of nTiO; against the A. niger fungus regarding reduction of growth and
clearing the staining on mortar samples exposed to UVA light with a daily photope-
riod of 4 h during seven months, after the colonies” growth had been established;
however, considering the reduced number of samples, more studies may help confirm
the behavior;

e  The quantification of the reduction in the staining area through counting the number
of pixels in the samples’ images showed there was a reduction of up to 100% in the
staining in the samples sprayed with nTiO,;

e It was observed that the previous application of nTiO; on the mortar samples may
have been responsible for alterations in the morphology of the A. niger fungus struc-
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tures, evidence of a disturbance in the growth of the colonies or even their reduction
over time.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/buildings13112751/s1, Figure S1: percentage of staining in sample
4 with TiO;,: (a) JPEG image format, (b) image in gray scale, (c) binarized image (black and white
pixels), (d) demarcation of the quantified area in red, Figure S2: percentage of staining in sample
5 with TiOy: (a) JPEG image format, (b) image in gray scale, (c) binarized image (black and white
pixels), (d) demarcation of the quantified area in red, Figure S3: percentage of staining in the sample
6 with TiO,: (a) JPEG image format, (b) image in gray scale, (c) binarized image (black and white
pixels), (d) demarcation of the quantified area in red, Figure S4: percentage of staining in the sample
11 without TiO;: (a) JPEG image format, (b) image in gray scale, (c) binarized image (black and white
pixels), (d) demarcation of the quantified area in red.
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