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Abstract. Microorganisms inhabit building materials from the
first days of their use. They cause biodeterioration and contribute
to economic losses, and in the case of building interiors, they may
negatively affect the health of residents. Early detection of fungi
and algae on building materials is important. The following
article contains a literature review of research methods for
detecting fungi and algae on building materials and presents a
new method for assessing the resistance of coatings against
fouling.
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Streszczenie. Mikroorganizmy zasiedlaja materiaty budowlane
od pierwszych dni ich uzytkowania. Powoduja biodeterioracje
1 przyczyniaja si¢ do strat ekonomicznych, a w przypadku wne-
trza budynkdéw moga negatywnie oddzialywac na zdrowie miesz-
kancow. Istotne jest wczesne wykrywanie grzybow i glonow
na materiatach budowlanych. Ponizszy artykut zawiera przeglad
literaturowy metod wykrywania grzybow i glonow na materia-
tach budowlanych oraz przedstawia nowa metodg oceny trwato-
$ci powtok przed porastaniem.

Stowa kluczowe: grzyby; glony; analiza mykologiczna; analiza
algologiczna; biodeterioracja materiatow budowlanych.

Igae appear on building mate-

rials from the first days of

use, as their growth is only

activated by light and air hu-
midity. In the next stage, fungi begin to
grow, requiring small amounts of or-
ganic matter and material moisture.
Both microbial groups cause biodete-
rioration of building materials: aesthe-
tic (e.g. formation of discoloration,
slimy surfaces, patinas), chemical
(e.g. excretion of metabolites, assimi-
lative and dissimilatory processing of
material) and geophysical (e.g. mecha-
nical stress, water binding, change in
the volume of biofilms and bound
water) [1, 2] contributing to significant
economic losses [3]. In the case of the
building interiors, they may also have
a negative impact on the health of resi-
dents and cause the so-called sick bu-
ilding syndrome [4]. Therefore, early
detection of fungi and algae on buil-
ding materials using modern and accu-
rate research methods is particularly
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important. Their use should allow for
quick threat elimination or enable de-
termination of the coating resistance
against the growth of harmful microor-
ganisms. So far, studies on the growth
of microorganisms have been per-
formed in accordance with standards
PN-EN 15457:2022-08 [5] and
PN-EN 15458: 2022-08 [6] in order to
evaluate the effect of active substan-
ces in protective coatings applied to
building materials. However, these
methods do not indicate the efficacy
of the coating in protecting itself or
the material beneath and do not take
into account the influence of environ-
mental conditions, especially washing
out, as well as UV radiation, which
may accelerate the wear of the coating
and determine the effectiveness of
photoactive compounds (e.g. TiO,)
[7, 8]. Due to the lack of considera-
tion for coating wear occurring with
atmospheric factors and lack of stan-
dardization methods, the development
of a new procedure for assessing
the durability of building materials is
necessary. The following article con-
tains a literature review of research
methods for detecting fungi and al-
gae on building materials and pre-
sents a new procedure for assessing

the durability of coatings against
fouling.

Methods for assessing
fungal growth on building
materials

Mycological analysis can assess
the susceptibilityof new building ma-
terials to fungal growth, especially
those with the addition of biocides [5].
It can also quantitatively and qualita-
tively evaluate the growth of fungi in
used buildings to determine the degree
of their contamination [9]. In quantita-
tive assessment, the most frequently
used are the classical cultivation me-
thods along with their modifications,
which use microbiological media to
obtain fungal growth and count the
so-called cfu/100 cm? of material sur-
face. The use of different media is
recommended, in order to increase
the chances of detecting all species
present on the tested materials. This
especially applies to xerophilic fungi
(growth under low water activity) [10].
In the next step, the obtained fungal
colonies are identified to the species
level, using the comparison of mor-
phological features with taxonomic
keys [11]. Currently, identification is
carried out using molecular methods
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with various genetic markers (ITS1,
ITS2, rpb1, rpb2, mcm7, tefla, benA,
cmd, hogA, h3-h4 etc.) [12]. However,
the most reliable identification method
is full genome sequencing. For identi-
fication, determining the profile of
volatile organic compounds (VOCs),
characteristic for individual species, is
also used [13]. Quantitative analysis
also uses chemical methods, which
have many advantages compared to
cultivation methods, such as: short
analysis time; high accuracy and
assessment of both live and dead fun-
gi that may have an allergenic effect.
These techniques involve the extrac-
tion of mycelium components (ergo-
sterol, glucans) from the building
material with organic solvents and
their determination using chromato-
graphic techniques (HPLC, GC) [14].
So far, no standards have been de-
veloped for the interpretation of my-
cological tests on building mate-
rials, both quantitatively and qualitati-
vely. However, the literature contains
recommendations on how to interpret
results obtained using the cultivation
method (<104 ¢fu/100 cm? — no fun-
gal growth; 104 — 106 cfu/100 cm?
—warning levels, active fungal growth,
>106 cfu/100 cm? — warning levels,
very active fungal growth, hazar-
dous for human health). The ergoste-
rol content in a building material
sample > 4 mg/m? means high fungal
infection of the material [15]. In rela-
tion to quality, fungi identified in
terms of species should be classified
according to the so-called BSL classi-
fication (bio-safety level) and divided
into hazard groups according to the
Regulation of the Minister of Health
on harmful biological agents [16].
These classifications indicate the
harmful impact of fungal species on
the health of residents or employees
living and working in moldy buil-
dings. If it is necessary to confirm
diseases related to the presence of
fungi and the mycotoxins they pro-
duce, mycotoxins in building ma-
terials can be determined by per-
forming immunological analyzes
using monoclonal antibodies (ELISA
tests). Blood serum testing and skin
tests for the presence of fungi isola-

ted in rooms may confirm the occur-
rence of allergic reactions in residents
[17].

Methods for assessing
algal growth
on building materials

In a temperate climate zone, aecrophy-
tic algae are represented primarily by
green algae, which constitute an equal-
ly common threat to building facades as
molds. Until recently, qualitative analy-
sis of the so-called green biofilms was
performed primarily using traditional
microscopic methods by distinguishing
morphological features using light
microscopy (LM) [18] or more advan-
ced scanning (SEM) and transmission
electron microscopy (TEM) [19, 20].
Due to the fact that many species of
aerophytic algae show high morpho-
logical similarity [21] and some charac-
teristic features may depend on envi-
ronmental conditions [22], current iden-
tification is based on molecular analysis
and gene sequencing [23, 24]. Micro-
scopic methods can also be used in
quantitative analysis [25], allowing the
determination of algal cell number pre-
sent on the fagade surface. Another bio-
marker used is chlorophyll-a, the basic
assimilation pigment of green algae,
which concentration is proportional to
the number of photoautotrophic cells
[26, 27]. The measurement technique
involves a relatively simple extraction
procedure, spectrophotometric measu-
rement or chromatography. Unfortuna-
tely, the collection of biofilm, especial-
ly from very porous materials, may be
difficult, reducing the accuracy of the
analysis. Moreover, this method may
be ineffective in detecting early signs
of facade colonization [28, 29]. As an
alternative, measurement of chlorophyll
fluorescence is used, allowing for the
quantitative analysis of green biofilms
and the examination of their photosyn-
thetic activity. Traditionally, it is based
on microscopic methods, but modern
devices use Pulse Amplitude Modu-
lation (PAM) allowing for non-invasive
analysis of facades, also in situ [30, 31].
The main undesirable effect of algae
growth on building materials is most
often green or yellow-green discolo-
ration. The change in the color of the
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substrate related to the production of
pigments, such as chlorophylls and
carotenoids, measured using colorime-
ters or spectrophotometers can be an
effective indicator of the degree of the
fouling [32]. Such measurement
does not require a complicated procedu-
re, is non-invasive and can be used in
field conditions, while modern measu-
ring devices allow the recording of
large quantities of data. On the other
hand, the complexity of the method and
interpretation of the results increases in
the case of materials and facades with
non-homogeneous surfaces. Appropria-
te adjustment of the spectrophotometric
color change measurement may allow
early detection of changes indicating
undesirable algae growth, even before
they are visible to the human eye. Con-
sidering the functionality of facades,
the most practical is a visual assessment
of the growth, most often expressed as
a percentage of surface coverage. The
effectiveness of the method decreases
in the initial stages of biofilm develop-
ment and may require a qualified
employee. However, it can be success-
fully used in laboratory tests of the du-
rability of building coatings. Currently,
in order to reduce the subjectivity of the
assessment, digital image analysis tech-
niques are being additionally introdu-
ced [33], which in the future may be
even supported by machine learning
methods [34].

A novel method for testing
the durability of building
materials against algae
and fungi growth

The effectiveness of the abovemen-
tioned methods in relation to building
coatings was analyzed in laboratory
tests presented in [29, 35]. Increasing
the assessment efficacy often requires
specialized equipment, reduces the wi-
despread use and increases the analysis
time. For producers of building mate-
rials and their users, standardization
plays an important role in reliable war-
ranty of durability. The key information
is how long the coating will remain re-
sistant to the growth of microorganisms.
This will depend on many factors, inc-
luding: type of materials and conditions
of use (figure). Unlike methods for
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assessing the degree of coating fouling,
no method has been developed so far to
determine its durability. Normative
methods, e.g. [5, 6], make it possible to
check whether the protection of the
tested material is effective or not, but
they do not enable determining the time
during which the coating will not be
colonized. This parameter is most often
determined by manufacturers internal
tests and is rarely subjected to model
and environmental tests. Therefore,
differences in individual methods make
it impossible to compare them reliably.
In recent years, the Department of Envi-
ronmental Biotechnology of the Lodz
University of Technology has been con-
ducting research concerning methods
allowing to assess the degree of buil-
ding materials fouling and their antimi-
crobial resistance. The result of over
three years of research conducted in
laboratory and environmental condi-
tions was the development of a new
method for assessing the durability of
building coatings against algae and fun-
gal growth [29, 35, 36].

The basis of the method are model
tests, repeated cyclically until the
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material subjected to the test is covered
in at least 10% of the surface. One test
cycle is divided into 4 distinct stages,
including: (1) sample conditioning; (2)
inoculation of materials; (3) incubation
and (4) evaluation. Material samples
prepared in accordance with EAD
040083-00-0404, 2020 [37] in the form
of discs with a diameter of 50 mm are
used as the test material. During the
conditioning stage, samples are soaked
and exposed to UV light. This is
intended to reduce the resistance of the
coating, which in natural conditions
occurs as a result of atmospheric
precipitation and sunlight. So far, the
impact of environmental factors on the
antimicrobial resistance of the coating
has not been taken into account in the
normative methods [5, 6], achieving
higher protection than in reality.
Conditioning parameters, e.g. water
volume, were selected based on the
analysis of climatic data provided by
the Institute of Meteorology and Water
Management, National Research

Institute and the Chief Inspectorate of
Environmental Protection. The amount
of water should be selected so that
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it creates a layer above the sample that
is at least 4 cm high. The exact volu-
me can be calculated based on the
average annual rainfall and the area of
samples of a given material e.g. the
average annual rainfall of 500 mm of
water column corresponds to 500 1 of
water falling on an area of 1 m? and
50 ml of water for each cm? of material
surface. Samples with an area of 20 cm?
should therefore be washed in at least
1 liter of distilled water. According to
the method, the washing process lasts
for 24 hours, and then the samples are
exposed to UV light for 3 hours on each
side. This approach allows for easy
adaptation of the model to demanding
ecological niches or ongoing climate
changes.

The species of molds and algae used
in the inoculation process were selec-
ted on the basis of quantitative and
qualitative analysis of the species most
commonly colonizing building facades
in Central Europe. The algae mixture is
prepared in liquid Bold’s Basal Medium
(BBM) by mixing equal volumes of
actively growing strain suspensions of
Coenochloris signiensis (environmental
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isolate), Pseudochlorella signiensis
(environmental isolate), Stichococcus
Bacillaris (collective strain) and Nostoc
commune (collective strain). The cell
density of the mixture is determined by
counting cells using a hemocytometer
(e.g. Thoma chamber) and adjusted to
106 cfu/ml. The fungi inoculum mixture
includes mold species of Penicillium
citrinum  (environmental isolate),
Cladosporium cladosporoides
(environmental isolate), Apergillus
niger (collective strain) and yeasts
Rhodotorula mucilaginosa (collective
strain). The mixture is made in 0.85%
saline solution with the addition of
Tween80 (0.01% v/v). The density
of individual suspensions is determi-
ned by densitometric measurement,
and the density of the fungi inocula-
tion mixture should correspond to
10* cfu/ml. Agar medium is
applied to the surface of each
material sample and spread
gently with a soft brush before it
solidifies (BBM in the case of
algae and maltose medium in
the case of fungi). For samples
with an area of 20 cm?
approximately 1 ml of semi-
-liquid medium is used. The
prepared surface is inoculated
by applying 1 ml of a previously
assembled, well-blended mix-
ture. The samples are pla-
ced in Petri dishes and left for
24 hours to absorb the inocu-
lum, then parafilmed and left
to incubate. To determine
antifungal durability, samples
are incubated for 21 days at a
temperature of 25 + 2°C and air
humidity of 50%. The algae
incubation time was extended
to 28 days, with the same humi-
dity, air temperature of 22 = 1°C
and artificial lighting with an
average intensity of 1200 Lux in
a cycle of 16 hours of the day
and 8 hours of the night. The
parameters of the incubation
process were developed based
on the analysis of literature data,
supported by environmental
research conducted on expe-
rimental plots and long-term
exposures [29, 35].

After the incubation process, each
cycle ends with an assessment of the
degree of the tested materials fouling.
Due to the high correlation with actual
conditions of use and the low
complexity of the analysis, the
assessment is performed on the basis of
visual assay or visual assay supported
by digital image analysis techniques. In
this approach, a trained laboratory
technician independently or using image
analysis techniques (e.g. programs such
as Image J [38]) determines the surface
area of the sample that has been
colonized. If the degree of fouling is less
than 10% the tested sample passes the
test. The samples are then carefully
cleaned to remove any biofilm formed
and sent for the next cycle of tests. The
number of cycles in which the sample
passed the visual inspection corresponds
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to the number of years the material will
remain resistant to fouling (Figure 1).
Unlike methods based on the extraction
of characteristic compounds (e.g.
determining the concentration of
chlorophyll -a), which require more
time-consuming  procedures  and
interference in the tested substrate
(related to, inter alia the method of
biofilm collection, grinding of the
material or the use of organic solvents)
[29], the described evaluation method
allows for reduction of analysis time and
the number of samples necessary to
carry out the tests.

The developed procedure is one of
the first documented techniques
enabling determination of the resistance
of building coatings exposed to

microbial colonization [36]. The method
does not require complicated, expensive
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Samples tested for antialgal (A) and antifungal (B) resistance after 8 research cycles: Al, B1 —
samples non-resistant to biofouling; A2, B2 — samples resistant to biofouling for more than 8 years
Probki  poddane analizie odpornosci przeciwglonowej (4) i
8 cyklach badawczych: Al, BI — prébki nieodporne na porastanie; A2, B2 — probki wykazujqce odpornosé
diuzszq niz 8 lat

przeciwgrzybowej (B) po
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research equipment and takes into
account the often overlooked simulation
of environmental conditions, the
parameters of which can be easily
adjusted to different geographical areas.
The analysis is not invasive and
therefore does not require a larger
number of samples. Additionally, the
procedure is based on the species
of microorganisms confirmed by
biodiversity studies and includes both
collective strains and environmental
isolates. The development of traditional
and modern methods for assessing
the degree of colonization on materials
and their long-term resistance to fouling
creates a real potential for procedures
standardization, beneficial from the
perspective of consumers of con-
struction solutions and fair trade
competition.
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