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Abstract: This work determined the resistance of paint formulations containing TiO2

particles to fungal growth. Siloxane, acrylic and silicone paints were placed outdoors, and
the fungal species growing thereon were recorded after 3, 6 and 9 months. In addition,
three paint types containing TiO2 with/without biocide were inoculated with fungal
spores and irradiated using UV. Acrylic paints were also doped with different metals and
were inoculated and incubated under fluorescent light. Following outdoor incubation,
the silicone paint was the least colonised by different fungal species. The species most
recovered from the surfaces were Aspergillus spp. and Penicillium spp. Following UV
irradiation on different paints containing biocide and/or a photocatalyst, no fungal growth
was demonstrated on some of the paint combinations. When the paint samples were doped
with different metals and incubated using light, the sample most efficient at preventing
fungal growth contained lanthanum (0.004%). The paint samples containing praseodymium
(light:1.72) facilitated the densest fungal colonies. Most of the surfaces demonstrated
heterogeneous coverage by the fungi. The most clustered fungal colonisation was on
surfaces incubated in the light. This work demonstrated that fungal colonisation on paints
changed over time and that the antimicrobial efficacy of TiO2 was affected by the chemical
composition, biocide and doping of the paint.

Keywords: titanium dioxide; photocatalyst; fungi; Aspergillus; paint; multifractal analysis

1. Introduction
Biological corrosion or biodeterioration is a complex process that involves the de-

struction of materials by living organisms which include fungi, and these phenomena are
problematic in both old and new buildings [1]. The most common culturable airborne
fungi, both indoors and outdoors and in all seasons and regions, have been demonstrated
to be Cladosporium, Penicillium, nonsporulating fungi and Aspergillus [2]. The most versatile
fungal strains involved in polymer degradation are Aspergillus, Penicillium and Aureoba-
sidium spp. [3]. Among the most harmful pathogens to humans are fungi of the genera
Alternaria, Aspergillus, Cladosporium, Penicillium, Fusarium, Rhizopus and Stachybotrys [1].
Exposure to fungi has been reported to cause several types of human health problems,
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primarily irritations, infections, allergies and toxic effects, and it has been suggested that
toxigenic fungi can be the cause of additional adverse health effects [2].

In recent decades, there has been a great deal of commercial interest and extensive
development of light-stable surface coatings with the ability to actively catalyse the degra-
dation of harmful organic pollutants into environmentally acceptable waste products.
Self-disinfecting thin films have become particularly attractive in places such as hospitals
and care facilities to reduce the spread of infections, as well as in public facilities such
as commercial centres, schools, kitchens, baths and floors [4]. Therefore, for example, an
important application of TiO2 in the nanoparticle size is the disinfection of surfaces by
photocatalytic oxidation [5,6].

Titanium dioxide is a white pigment used in the paint industry. Generally, TiO2

is an n-type wide band gap semiconductor material which the absorption of light can
chemically activate. Conventional TiO2 pigments comprise discrete particles of a mean
crystallite size of around 0.2–0.3 µm. Particles of this size reflect all the wavelengths of
visible light, producing the effect of whiteness on the human eye. Over the last five decades,
new applications of TiO2 as a photocatalyst have appeared; the aim is to use the TiO2

photocatalyst in a surface matrix, which, when irradiated with light, will decompose dirt
and microorganisms [7–11]. This is more commonly now referred to as Nano-TiO2.

During the photocatalytic process, the illumination of a TiO2 semiconductor with UV
generates an electron–hole pair that takes part in creating a subsequent redox environment
at the surface of the TiO2 [1]. Two crystalline forms of TiO2 have photocatalytic activity,
anatase and rutile, with the former being more active. The TiO2 photocatalytic process
involves several chemical steps that produce reactive species, which, in principle, can
cause fatal damage to a microbial cell. After absorption of radiation equivalent to the band
gap energy of the semiconductor (λ < 388 nm for anatase), electrons (e) are excited from
the valence band to the conduction band of the semiconductor and holes are left in the
valence band. These electron (e)/hole (h+) pairs that form within the particle can undergo
subsequent oxidation and reduction reactions with any species that might be adsorbed
on the surface of the semiconductor, and h+ and e− are powerful oxidising and reducing
agents, respectively. Excited-state conduction band electrons and valence band holes can
recombine and dissipate the input energy as heat, or they can react with electron donors
and acceptors that are adsorbed on the semiconductor surface, depending on the reaction
conditions and molecular structures of the semiconductor [12]. In the presence of the
appropriate redox couples, these charge carriers induce reduction reactions and oxidation.
The strong oxidation power of photogenerated holes on the catalyst’s surface enables
it to react with physisorbed water or chemisorbed OH− at the catalyst/water interface.
This produces highly reactive hydroxyl radicals (•OH) that are also powerful oxidants.
In the conduction band, the reducing power of the electrons can induce the reduction
of molecular oxygen (O2) to form the superoxide ion (O2

•−). This reaction prevents
e−/h+ recombination in the absence of other electron acceptors [13]. The superoxide ion
and its protonated form subsequently dismute to form stable products. The effects of
photocatalytic degradations can result from H2O2 being present, which may enhance or
decrease photocatalytic degradation [14].

The chemical steps in the photocatalytic process occur after the absorption of radiation
equivalent to the band gap energy of the semiconductor (λ < 388 nm for anatase). Then,
electrons (e−) are excited from the valence band (VB) to the conduction band (CB) of the
semiconductor, and holes are left in the valence band. These electron (e−)/hole (h+) pairs,
formed within the particle [Reaction (1)], can undergo subsequent oxidation and reduction
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reactions with any species that might be adsorbed on the surface of the semiconductor. In
this reaction, h+ and e− are powerful oxidising and reducing agents, respectively.

TiO2 + h ν → TiO2 + e−CB + h+
VB (1)

In the presence of the appropriate redox couples, these charge carriers are able to
induce reactions and oxidations, and the strong oxidation power of the photogenerated
holes (Reaction (1)) on the catalyst surface enables it to react with physisorbed water or
chemisorbed OH− at the catalyst/water interface. This produces highly reactive hydroxyl
radicals (•OH) that are also powerful oxidants (Reactions (2) and (3)).

TiO2(h+
VB) + H2Oads → TiO2 + HO•

ads + H+
aq (2)

TiO2(h+
VB) + OH−

ads → TiO2 + HO•
ads (3)

In the conduction band, the reducing power of the electrons can induce the reduction
of molecular oxygen (O2) to form the superoxide ion (O2

•−) (Reaction (4)). This reaction
prevents e−/h+ recombination in the absence of other electron acceptors [13].

TiO2(e−CB) + O2 → TiO2 + O2
•− (4)

The superoxide ion and its protonated form subsequently dismute to form stable
products (Reactions (5)–(9)) [15]:

TiO2(e−CB) + O2
•− + 2H+ → TiO2 + H2O2 (5)

O2
•− + H+ → HO2

• (6)

O2
•− + 4 HO2

• → 2HO• + 3O2 +H2O2 (7)

HO• + HO2
• → O2 +H2O (8)

2 HO2
• → O2 +H2O2 (9)

The presence of H2O2 can increase photodegradation due to the production of HO•

radicals (Reaction (10)) or the reduction of H2O2 (Reaction (11)) [14]. In addition, irradiated
TiO2 can be degraded over the band gap (Reaction (12)).

H2O2 + O2
•− → O2 + OH− + HO• (10)

TiO2(e−CB) + H2O2 → TiO2 + OH− + HO• (11)

H2O2 + h ν → 2HO• (12)

Upon absorption of the UV spectrum of light, photocatalysis has been found to
decompose organic materials and inactivate bacteria, algae, filamentous and unicellular
fungi, mammalian viruses, bacteriophage, protozoa and viruses [7–10]. The reactive oxygen
species that are generated may disrupt or damage the cells or structures adsorbed on the
TiO2 surface, resulting in the death of the microorganisms. Among all the active species
generated, the hydroxyl radicals are thought to be the most important oxidant species
responsible for microbial inactivation [15]. There is evidence that the •OH that is generated
by hole transference does not diffuse from the surface of the TiO2 into the bulk aqueous
phase; thus, the inactivation of Escherichia coli (a bacterium) by hydroxyl radicals that are
generated by photocatalytic action is dependent on the mass transfer limitations through
the cell wall or cell membrane and the short half-life of the radical. Hydrogen peroxide
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can enter the cell and be activated by ferrous ions via the Fenton reaction, thus possibly
contributing to the acceleration of bacterial inactivation (Reactions (13) and (14)) [11,15].

Fe2+ + H2 O2 → Fe3+︸ ︷︷ ︸
(FeOH)2+

+OH− +HO• (13)

Fe(OH)2+ + h ν → Fe2+ + HO• (14)

Therefore, while the TiO2 is being illuminated and the membrane perforated by the
reactive oxygen species, ferrous (Fe2+) and ferric ions (Fe3+) could be released. The positive
effect of irradiation on the deterioration of the cell is due to the chemical regeneration of
ferrous ions by photoreduction of aqua complexes of ferric ions, which leads to additional
OH• being formed (Reaction (14)). The Fenton reaction may take place in vivo, producing
more damaging hydroxyl radicals [13]. The newly generated Fe2+ reacts with H2O2,
generating a second OH• and ferric ion (Reaction (13)), and the cycle continues [15].

Most surfaces are tested using UV, and one drawback of TiO2 is its wide band gap,
as it does not absorb light in the visible region of the spectrum. Only 5–8% of sunlight is
composed of UV light, and with the photonic efficiency of TiO2 being less than 10%, it is
important to find ways in which to reduce the band gap energy to enable visible absorption,
thus enhancing photocatalytic efficiency. Metal ion doping reduces the band gap and
also shifts the absorption into the visible spectrum. In addition, TiO2 is a semiconductor
whose photocatalytic properties deteriorate under visible light due to its wide band gap.
The doping of TiO2 with various elements increases its photocatalytic activity due to the
formation of new energy levels near the conduction band, and it is known that doping
increases the photocatalytic activity of TiO2 upon irradiation with visible light. Hence,
testing samples in real-world environments under fluorescent lights provides further
information on the antimicrobial efficacy of TiO2, which is relevant when increasing the
technology readiness level of the product.

This work aimed to identify the key fungal species that colonised paint surfaces over
time when exposed to the outdoor environment for nine months. Using a selected key
coloniser species, paint samples were also tested using UV to determine the efficacy of
fungal kill on paints containing TiO2 with and without commercial biocide. Finally, TiO2

paints doped with metal ions were irradiated with fluorescent light to determine the efficacy
of the paints as a deterrent to fungal colonisation.

2. Methods
2.1. Paint Preparation

The water-based acrylic formulation (Rohm and Haas, Bensalem, PA, USA) was based
on two components, part A and part B. Part A consisted of water (75 g), Primal AC-337
(61.3 g), Texanol (2.3 g), BYK-ammonia (0.3 g) and 024 (0.1 g). Part B was composed of
water (95 g), Acrysol RM-12W (12 g) and Acrysol 2020 (3.5 g). Part A and part B were
mixed, B and the additives were added, and then the suspension was stirred for 10 min.
Part B (50% w/w) was added and mixed for 5 min. The silicate paint used in this study was
a standard commercial (Wacker Chemie, Munich, Germany) AG SILRES BS45 water-based
emulsion. The siloxane paint was a standard paint obtained from Tronox, UK. The nano-
titania particles (Ultrafine and Speciality Titanium dioxide: CristalACTiV™ Anatase PC-500
surface area 300 m2/g) were dispersed throughout the paints using a high-speed laboratory
mixer (2000 rpm) to remove any conglomeration. In cases where the formulations did not
work, they were not tested with fungal species. The control paints comprised the base paint
with no added titania or biocides.
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2.2. Determination of Fungal Species Following 9 Months of Outdoor Exposure

Three replicates of each paint (siloxane, acrylic and silicone) in standard dispersions
were drawn down onto 5 cm × 10 cm aluminium substrates using a K bar, dried overnight
and fixed to a stainless-steel frame. The paint samples were placed at angles of 45◦ outdoors
in Manchester, UK, from March to December, where the temperatures ranged from 3 ◦C to
25 ◦C. The 45◦ angle was determined to allow water runoff but also so that the surfaces
were not shielded from the environment. The fungal colonisation on the paints was tested
at 3, 6 and 9 months by removing the plates and using direct contact by pressing the paint
sample for 10 s onto a Sabouraud agar plate (Oxoid, Basingstoke, UK) or by swabbing the
paint 10 times from top to bottom, then left to right, and transferring it to a Sabouraud agar
plate. The plates were incubated for up to 1 month at 25 ◦C until good growth of all species
potentially present had occurred. The fungal samples were identified by subculturing the
fungal isolates onto Sabouraud agar and potato dextrose agar (Oxoid, UK). These samples
were again incubated for up to 1 month at 25 ◦C until good growth had formed. Any
pigmentation of the fungal growth on the agar was noted. Drop slides were produced by
pacing a 100 µL drop of molten agar onto a glass slide that had been previously sterilised
with 70% ethanol (BDH, Bury, UK). The agar was set for 30 min in a class 2 cabinet. The
agar drop was cut in half using a sterile scalpel, and a small sample of the purified fungal
culture was removed from the agar plate using the scalpel and placed in between the
segmented agar droplets. The inoculated glass slide was placed inside a sterile Petri dish
and incubated at 25 ◦C until observable growth had formed (up to seven days or until good
growth had formed). The fungal growth was examined using light microscopy (Nikon,
Surrey, UK) and imaged using Cell F software v1 17. The fungi were identified using a
method based on pigmentation and hyphal and conidial shape and size.

2.2.1. Preparation of A. niger Spores

The preparation of the A. niger spores was carried out in accordance with the standard
test method for determining the resistance of paint films and related coatings to fungal
defacement using the accelerated four-week agar plate assay [16] by taking an inoculum
from a fungal slope in long-term storage and streaking it onto potato dextrose agar (Oxoid,
UK) using a swab that had been pre-wetted in Sabouraud broth (Oxoid, UK). This was
incubated at 30 ◦C for 5 days. Sabouraud broth (5 mL) was pipetted onto the culture using
a sterile glass Pasteur pipette, which was rubbed across the surface up and down and side
to side to free the conidia from the fungal mat. The resultant fungal spore suspension was
collected and stirred for 30 min, then filtered using glass wool (VWR, Dorset, UK) under
sterile conditions. The spores were harvested using centrifugation (1721 rpm for 10 min),
then washed in sterile distilled water 3 times and finally re-suspended to an optical density
of 1.0 ± 0.1 (610 nm). This equated to 1.0 ± 0.45 × 106 spores cm2, and these were stored at
4 ◦C until use for up to 1 month. The spore count was determined using a haemocytometer
(Thermo Fisher Scientific, Warrington, UK) [17–19].

2.2.2. Exposure of Different Paint Formulations Containing Commercial Biocide, TiO2
(Nano-Titania) or Commercial Biocide and TiO2 Seeded with A. niger Spores

Different paint formulations (siloxane, acrylic, silicate) were produced containing
commercial biocide (Cavasol Cyclodextrin biocide formulated by Wacker Chemie AG),
TiO2 (Nano-Titania PC-500 Tronox PLC, Stallingborough, UK) or commercial biocide. The
paints were drawn down using a K bar onto a 30 mm × 30 mm polymer film and placed
facing paint-side upwards onto Sabouraud agar. One hundred microliters of A. niger spore
suspension was placed onto the surface and spread using a sterile spreader across the
paint surface, taking care not to spill it onto the agar. The paint samples were incubated at
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25 ◦C. Two replicate sets were placed into the incubator, and on each day of the experiment,
one was removed and irradiated daily for 10 min. The second set remained in the dark
(control) (n = 3). A high-pressure mercury lamp, which emits primarily in the blue-green
wavelengths UV-A (around 400 nm), UVB (280–315 nm) or UV-C (around 250 nm) was
used to irradiate the samples, providing a light intensity in the region of 27 W/m2. Binary
images were obtained from the original images, and the percentage coverage was computed
for the irradiated and doped surfaces.

2.2.3. Effect of Chemical Doping on A. niger Growth on the Paint Surfaces

Acrylic resin (Tronox, Grimsby, UK) was used as the paint base formulation with nano-
titania. The nano-titania was mixed with no metals (control) or praseodymium, lanthanum,
manganese, iron, chromium, niobium, lithium, tungsten, molybdenum or neodymium
(Tronox, Grimsby, UK). Then, they were fired for 1 h at 400 ◦C to retain the crystal phase of
the anatase and to maintain the high surface area. The nano-titania with/without dopant
was then added to the acrylic paint at 0.25% w/v.

The samples were cut into 30 mm × 30 mm pieces, and 100 µL of the prepared A. niger
spore suspension was added to the surfaces (n = 3). The inoculated samples were incubated
at 20 ◦C for four weeks under fluorescent lamps (Silvania Italia, Winnipeg, Canada), which
were fitted in an Illuminated Cooled Incubator (Gallenkamp, Cambridge, UK), which had
an energy output of 8 W and a wavelength of 300–700 nm and were 150 mm from the
samples. Pictures were taken of the samples after 4 weeks of incubation. Binary images
were obtained from the original images, and the percentage coverage was computed for the
irradiated and doped surfaces. A multifractal analysis was applied to measure the density,
dispersion and clustering of the binary images.

2.2.4. Multifractal Analysis

Using packages such as Python v3 [20] and MATLAB® vR2024b [21], binary images
were obtained, and a multifractal analysis was applied to measure the density, dispersion
and clustering of fungal growth on different paint surfaces. The q’th moment (or partition
function) Zq was defined by:

Zq = ∑n
i=1 pq

i (l),

where pi were the weights (or probabilities) that sum to one, lwas the length scale, and q
was a parameter. A scaling function labelled τ(q) satisfied the equation:

∑n
i=1 pq

i rτ(q)
i = 1,

with ri fragmentation ratios, and this was defined by:

τ(q) =
loge

(
Zq(l)

)
−loge(l)

,

where loge was the natural logarithm. The multifractal f (α) curve can be plotted using the
parametric equations:

f (α) = qα(q) + τ(q)and α = −dτ

dq
.

To illustrate the analysis, consider the binary images given for two examples. The f (α)
curve gives the following information, as demonstrated in the binary images displayed in
Figures 1 and 2.

The fractal dimension density D0, (D0 = f (α0)), is a measure of how densely the
material covers the surface. In Figure 1A, the image gives rise to a f (α) curve and a
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dispersion across the surface where D0 = 1.239, whereas for Figure 2A, the corresponding
f (α) curve gives a D0 = 1.849.
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Figure 2. (A) Binary image of fungal growth on a surface. (B) Multifractal f (α) curve. The density is
high, the dispersion is low, and the clustering is positive, representing the clustering of dark matter
on a white background.

The width of the f (α) curve gives the value of the dispersion across a surface, and the
dispersion is given by the blue double-arrowed line.

∆α = αmax − αmin,

The dispersion ( ∆α) is how evenly or unevenly the points are dispersed over the
surface. In Figure 1, ∆α = 1.256, whereas in Figure 2, the corresponding f (α) curve gives a
density of ∆α = 0.809.

The asymmetry in the f (α) curves give a measure of clustering, where

∆ f (α) = f (αmin)− f (αmax),
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and this is depicted by the red double-arrow line. In Figure 1, ∆ f (α) = −0.314, and for
Figure 2B, the corresponding f (α) curve gives a clustering value of ∆ f (α) = 0.263.

3. Results
Comparisons were made of a range of paint formulations to withstand fungal coloni-

sation; in the outdoor environment, following irradiation with UV on paints containing
photocatalysts and/or biocides and on paints doped with a range of metals irradiated
using fluorescent light.

3.1. Growth and Identification of Fungal Species Following 9 Months of Outdoor Exposure

The outdoor paint trial on the acrylic paint took place over 9 months to determine
the number and changes in the colonisation of the fungal species on the paints over time.
Following removal of the paints from the outdoor environment, the fungal species were
recovered after 3 months (Figure 3A) and 9 months (Figure 3B). Following the recovery of
the fungal species, the fungi were isolated so that their genus could be determined using
traditional microbiological techniques. The most prevalent genera were Penicillium spp.
(Figure 3C,E) or Aspergillus spp. (Figure 3D).
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The number of different fungal species was assessed following recovery from the
outdoor paint samples (Table 1). Following 3 months of outdoor exposure, the number of
different fungal species recovered varied between 14 (siloxane), 16 (acrylic) and 10 (silicone)
(Table 1A) compared to the control, with seven species recovered. However, following
6 months of outdoor exposure, the number of different fungal species recovered had
decreased on all the surfaces (12 siloxane and acrylic, eight silicones and four control)
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(Table 1B), with the exception of the acrylic surface, on which the numbers of fungal species
recovered remained the same as for the 6-month period (12 on acrylic surfaces). The
number of fungal species increased again on the different paints (13 siloxane, 11 silicone
and 10 control) (Table 1C). Overall, fewer fungal species were recovered from the silicone
paint at all time points.

Table 1. Fungal species recovered from the outdoor paint formulations following (A) 3 months,
(B) 6 months and (C) 9 months of outdoor exposure. Pen = Penicillium spp., Asp = Aspergillus spp.,
Gli = Gliocladium spp., Y = Yeast, Hun = Humicola spp., Pae = Paecilomyces spp., Gli = Gliocladium spp.
and Cla= Cladsporium spp. Grey boxes indicate recovered species, and white boxes indicate that the
fungal species was not recovered.

Type of Paint Fungal Species Recovered Total

(A) Pen1 Asp1 Gli Asp2 Asp3 Asp4 Pen2 Asp5 Asp6 Y1 Hun Pae Y2 Gli Cla Total
Siloxane 14
Acrylic 16
Silicone 10
Control 7

(B) Pen1 Asp1 Gli Asp2 Asp3 Asp4 Pen2 Asp5 Asp6 Y1 Hun Pae Y2 Gli Cla Total
Siloxane 12
Acrylic 12
Silicone 8
Control 4

(C) Pen1 Asp1 Gli Asp2 Asp3 Asp4 Pen2 Asp5 Asp6 Y1 Hun Pae Y2 Gli Cla Total
Siloxane 13
Acrylic 12
Silicone 11
Control 10

The fungi were identified to the genus level following their recovery from the outdoor
paint samples (Table 1). The fungal species that were recovered from each paint were
different at different time points. At month 3, all the fungal species were recovered from
the siloxane paint apart from the Humicola spp. and Cladsporium spp., whilst, on the acrylic
paint, only the Cladsporium spp. was not recovered. The silicone did not demonstrate the
recovery of Aspergillus 2 or 5 spp., Penicillium spp. 2, Paecilomyces spp. or Cladsporium spp.
The control paint demonstrated the least number of fungal species and did not recover
the growth of Aspergillus spp. 1, 2 or 6, Penicillium 2 spp., Humicola spp., Paecilomyces spp.,
yeast 2 or Cladsporium spp.

Following 6 months of environmental exposure, on the siloxane paint, Penicillium 2 spp.,
Aspergillus 6 spp. and the Humicola spp. were not recovered, whilst on the acrylic paint,
Aspergillus 2 spp., Humicola spp., Gliocladium spp. and the Cladsporium spp. were not
recovered. On the silicone paint, Aspergillus 3, 5 and 6 spp., Penicillium 2 spp., Humicola spp.,
Paecilomyces spp. and Cladsporium spp. were not recovered. On the control surface, only four
fungal species were recovered: Gliocladium spp., Aspergillus 2 spp., yeast 1 and Humicola spp.

After 9 months of outdoor exposure, yeast 2 and Cladsporium spp. did not grow on
any of the paints or control surfaces. On the siloxane paint, Penicillium 2 spp. was also
not recovered, whilst on the acrylic paint, Aspergillus 6 sp. and Humnicola spp. were not
recovered. On the silicone paint, Gliocladium spp. and Aspergillus 3 and 6 spp. were not
recovered, whilst on the control paint surface, Penicillium 1 and 2 spp., Gliocladium spp. and
Aspergillus 6 spp. were not recovered. The most recovered species from the surfaces were
Aspergillus spp. and Penicillium spp.
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3.2. Exposure of Different Paint Formulations Seeded with A. niger Spores and Exposed to UV

Different paint formulations were used to determine how the growth of fungi was
reduced using UV compared to the reduction of fungal growth under dark conditions
(Figure 4). The different paint formulations (siloxane, acrylic and silicate) were prepared
containing commercial biocide, TiO2 or commercial biocide and TiO2. The paint formula-
tions were seeded with fungal spores, and the growth was determined using multifractal
analysis. The results demonstrated that a number of surfaces showed no growth (siloxane
with a photocatalyst in the dark, siloxane with a photocatalyst and biocide in the light,
acrylic in the light or dark, acrylic with a photocatalyst and biocide in the dark, and silicate
in the dark). Low fungal growth was demonstrated on the siloxane in light (0.004) or dark
conditions (0.005), siloxane with a photocatalyst and biocide in the dark (0.004), acrylic
with a photocatalyst in the light (0.003) or dark (0.001), or silicate in the light (0.003). Paint
samples that demonstrated a high degree of fungal growth included siloxane with biocide
in the light (0.15) or dark (0.09), acrylic with biocide in the light (0.08), or acrylic with a
photocatalyst and biocide in the light (0.04).
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Figure 4. Coverage of fungi on paint surfaces with commercial biocide, TiO2 or TiO2 and commercial
biocide. Results following UV irradiation or in dark conditions. Silox = siloxane paint, Acr = acrylic paint,
L = light conditions, D = dark conditions, PC = addition of photocatalyst and Bio = addition of biocide.

3.3. Effect of Chemical Doping on A. niger Growth on the Paint Surfaces Under Fluorescent Lights

When the paint samples were doped with different elements and incubated under flu-
orescent lights or kept in the dark (Figure 5), the doped surfaces that developed the least
fungal growth in the light were manganese (0.03%), molybdenum (0.03%) and lanthanum
(0.04%), whilst in the dark, they were molybdenum (0.01%), iron (0.03%), lanthanum (0.04%)
and tungsten (0.07%).

The samples that resulted in the most fungal growth in the light were those surfaces
doped with chromium (0.99%), tungsten (0.91%) and lithium (0.64%), and in the dark,
lithium (0.3%), neodymium (0.14%) and manganese (0.13%). It was also demonstrated that
some of the samples grown in the dark generally demonstrated less fungal growth than
those grown under the light conditions.



Micro 2025, 5, 5 11 of 18

Micro 2025, 5, x FOR PEER REVIEW 11 of 20 
 

 

some of the samples grown in the dark generally demonstrated less fungal growth than 
those grown under the light conditions. 

 

Figure 5. Percentage of no fungal growth on paint surfaces doped with 0.25% of the elements: Con 
= control, Cr = chromium, Fe = iron, La = lanthanum, Li = lithium, Mn = manganese, Mo = molyb-
denum, Nb = niobium, Nd = neodymium, Pr = praseodymium and W = tungsten. 

The results of the density of the fungi across the surfaces demonstrated that paints 
doped with praseodymium (1.72), tungsten (1.62) and molybdenum (1.37) incubated in 
the light produced more dense fungal colonies that those incubated in the dark (Figure 6). 
The surfaces incubated under dark conditions demonstrated more dense fungal colonies 
for most of the doped paints, with the greatest differences observed for those surfaces 
doped with chromium (1.20 light:1.65 dark), lithium (1.54 light:1.85 dark) and manganese 
(1.43 light:1.69 dark). 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Con Cr Fe La Li Mn Mo Nb Nd Pr W

Pe
rc

en
ta

ge
 n

ot
 c

ov
er

ed
 

Element used for doping

% Coverage Light % Coverage Dark

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Con Cr Fe La Li Mn Mo Nb Nd Pr W

De
ns

ity

Element used for dopimg

Density f(⍺0) Light Density f(⍺0) Dark

Figure 5. Percentage of no fungal growth on paint surfaces doped with 0.25% of the elements:
Con = control, Cr = chromium, Fe = iron, La = lanthanum, Li = lithium, Mn = manganese,
Mo = molybdenum, Nb = niobium, Nd = neodymium, Pr = praseodymium and W = tungsten.

The results of the density of the fungi across the surfaces demonstrated that paints doped
with praseodymium (1.72), tungsten (1.62) and molybdenum (1.37) incubated in the light
produced more dense fungal colonies that those incubated in the dark (Figure 6). The surfaces
incubated under dark conditions demonstrated more dense fungal colonies for most of the
doped paints, with the greatest differences observed for those surfaces doped with chromium
(1.20 light:1.65 dark), lithium (1.54 light:1.85 dark) and manganese (1.43 light:1.69 dark).
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Figure 6. Density of fungal growth on paint surfaces doped with 0.25% of the elements Con = control,
Cr = chromium, Fe = iron, La = lanthanum, Li = lithium, Mn = manganese Mo = molybdenum,
Nb = niobium, Nd = neodymium Pr = praseodymium and W = tungsten.

Following incubation of the doped paint surfaces, the surfaces that demonstrated
more heterogeneous dispersions of fungi across the surfaces included those that contained
the metals iron (dark: 1.32), lithium (dark: 1.31), manganese (Light: 1.26), molybdenum
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(dark: 1.26) and iron (light: 1.25) (Figure 7). Most of the surfaces demonstrated heteroge-
neous surface coverage by the fungi. The most homogeneous dispersion of the fungi across
the surfaces was with praseodymium (light: 0.48), whilst with lithium (light: 0.5), growth
was dispersed across the surface in a symmetrical fashion.
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Figure 7. Dispersion of fungal growth on paint surfaces doped with 0.25% of the elements: Con = control,
Cr = chromium, Fe = iron, La = lanthanum, Li = lithium, Mn = manganese, Mo = molybdenum,
Nb = niobium, Nd = neodymium, Pr = praseodymium and W = tungsten.

Tungsten (light: 0.64), praseodymium (light: 0.51), lithium (light: 0.48) and chromium
(light: 0.38) demonstrated the most clustering of the fungal species on the surfaces, whilst
iron (dark: −0.56), lanthanum (dark: −0.52) and tungsten (dark: −0.46) demonstrated the
least clustering of the fungi across the surfaces (Figure 8). Overall, surfaces incubated in
the dark demonstrated less clustering than those incubated in the light.
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Figure 8. Clustering of fungal growth on paint surfaces doped with 0.25% of the elements: Con = control,
Cr = chromium, Fe = iron, La = lanthanum, Li = lithium, Mn = manganese, Mo = molybdenum,
Nb = niobium, Nd = neodymium, Pr = praseodymium and W = tungsten.
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4. Discussion
4.1. Effect of Paints on Outdoor Colonisation by Fungi

Comparisons were made of a range of paint formulations to withstand fungal coloni-
sation from the outdoor environment. Different paint formulations were placed outside
and included TiO2. These included acrylic, siloxane and silicone paints. It was found that
a wider range of fungal species was observed on the acrylic and siloxane paints than on
the silicone paint. This suggests that the chemistry of the paint formulation enabled the
growth of more different fungal species over time. In agreement with the results from this
work, Cappitelli et al. [22] tested 29 synthetic resins that were used as paint-binding media,
including acrylic, alkyd and poly (vinyl acetate) polymers, for their potential susceptibility
to fungal degradation, and found that within a few days of inoculation, Aspergillus niger
was the most copious fungus on the biodegraded resins. Wirth et al. [23] demonstrated
that over periods of 4 and 10 weeks, the results showed more severe deterioration of the
samples coated with acrylic paint, and at 10 weeks, the worst case reached a grade below.
Further, they found Aspergillus spp. and Aureobasidium fungi were the most dominant
species, whereas epoxy paint favoured the growth of Penicillium spp. and Aspergillus spp.
In agreement, our results, which were carried out on different paints, identified mainly
Aspergillus spp. and Penicillium spp. as the main types of colonising fungi, which is perhaps
to be expected since they are very common in the environment.

Although some fungal species were persistent throughout this work, there was a
change in the total number of species over time. This may be due to the degradation of the
paint over time, resulting in a change in available nutrients to support the fungi, although
this would need further investigation. If the paint surface were damaged in any way, the
resultant change in surface properties might also affect colonisation. In addition, the types
of fungi identified also changed over time, which may suggest the replacement of pioneer
species with secondary colonisers. At month 3, Cladsporium sp. was not recovered from any
of the surfaces, and by month 9, Cladsporium sp. and yeast 2 were not recovered. Shirakawa
et al. [24] reported that Aureobasidium was present on the surfaces at the beginning of
their tests, but the numbers reduced during the fourth week and recovered in the next
weeks, hence suggesting that the presence and concentration of fungi undergo changes as
time passes.

4.2. Different Paint Formulations in Light and Dark Conditions on Fungal Growth Using UV

Different paint formulations were used to determine whether the growth of fungi
was reduced using UV irradiation compared to a reduction in fungal growth under dark
conditions. Following UV irradiation, the least growth was demonstrated on the siloxane
with a photocatalyst (dark), siloxane with a photocatalyst and biocide (light), acrylic (light
or dark), acrylic with a photocatalyst and biocide (dark), and silicate (dark).

The results indicate that the irradiation of the surfaces with UV increased fungal
growth for a number of environmental conditions. Fungal UV tolerance is a function of
their high melanin content, which can absorb damaging UV photons [25]. It has been
shown that A. niger spores were highly resistant to high levels of UV-C radiation [26],
and previous studies have also reported the presence of melanin in A. niger spores as an
adaptive trait conferring resistance toward UV-A (315–400) [27]. In addition, exposure to
8 h of natural sunlight for 10 consecutive days was found to increase the UV resistance of
A. niger spores [28]; thus, it may be that the long-time span of incubation increased their
tolerance to UV. It would be interesting to compare the survival of melanin-free spores with
the results observed here.

Although a number of surfaces yielded no growth, the addition of biocide to the
siloxane and acrylic surfaces under light conditions also increased growth. It may be
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suggested that the commercial biocide had an antagonistic effect against the antifungal
efficacy of the TiO2. The catalyst loading and surrounding matrix is an important factor
for an effective photocatalytic process. Acrylic polymers and formulations are proprietary
and are used widely as an emulsion resin because they provide coatings with excellent
colour retention and have good exterior weathering and durability. Siloxane paints contain
straight-chain or cyclic Si-O bonds, often with alkyl groups such as methyl. Silicones
are polymeric versions of the siloxane structure. It has also been found that there is an
optimal TiO2 loading [8], whereby the photocatalytic activity rate initially increases with
the catalyst loading as the number of active sites increases. However, beyond the optimum
loading, certain negative effects come into play [8]. It may be that the addition of the
commercial biocide reduced the availability of the TiO2 to the fungal species, or it may also
have acted as a nutrient, thus enabling the additional growth. It is, therefore, important
to consider any synergistic characteristics of potential biocide/biocidal combinations in
surface modifications.

4.3. Antifungal Efficacy of Doped Paints with Fluorescent Lights

Although titania is itself a good candidate for controlling fungal growth, the paint
samples were additionally doped with metals to determine if this would increase the
photocatalytic activity of the paint. The metal doping of samples works because the energy
of excitation of visible light is too small to directly excite TiO2, but it can excite an electron
from the valence band across the band gap of the dopant to the conduction band [17].
The hole produced in the valence band stays in the dopant particle, while the electron is
transferred to the conduction band of the TiO2. The electron transfer from the dopant to
the TiO2 increases the charge separation and efficiency of the photocatalysis process. The
separated electron and hole are then free to undergo electron transfer with adsorbates on
the surface. Bickley et al. [29] suggested that the recombination lifetime depends on the
different preparation methods of the samples that result in crystal structures and surface
morphologies with varying defects.

When the paint samples were doped with different elements, the most efficient samples
at preventing fungal growth were those surfaces doped with lanthanum, molybdenum or
manganese. Although, to the authors’ knowledge, there is little or no work on the effect of
photocatalytic compounds against lanthanum-based antifungal compounds, such materials
have assorted photocatalytic uses [30]. In semiconductors, they can modify the adsorption
capabilities of the surface and the complexation of organic pollutants via the lanthanides’
f-orbitals, resulting in an improved photocatalytic reaction since they possess an electron
configuration of [Xe], i.e., 4f15d16s2 that has incomplete d- and f-orbitals, which reduces
electron trapping and constrains their recombination [31]. Molybdenum ions have been
found to be aggressive, and the selective capture of photogenerated electrons of Mo6+ gives
Mo5+, which produces an increase of holes and, therefore, OH• radicals at the pigment
surface [32]. Molybdenum trioxide nanoparticles used with photocatalysis have further
demonstrated enhanced antifungal activity against A. niger and Aspergillus fumigatus [33].
Manganese has shown photocatalytic activity when used as manganese (II) divanadate
nano pebbles against A. niger [34].

The results also demonstrated that there was low growth of A. niger on some samples
that were incubated in the dark. Although the lack of light may reduce fungal growth, some
metals have shown antimicrobial activities, and so this may have influenced fungal growth.
However, the efficacy of the antifungals is very much dependent on the metal complex
and concentrations used. For example, metal complexes of La (III) with amino Schiff
base ligands, tested against Aspergillus flavus, were not found to be antifungal [35]. These
differences can be explained by the complexes that such metals are used in and the chemical
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availability to which they become available to the fungi. Antifungal activity using coatings
of molybdenum trioxide against Aspergillus fumigatus has also been demonstrated [36],
and metal complexes of tungsten with penicillinate complexes have been shown to have
antimicrobial activity against Aspergillus flavus [37]. The antifungal activity of MnTeO3 [38],
iron oxide nanoparticles [39] and tungsten oxide nanocomposites has also further been
shown against A. niger [40].

The results also found that some of the doped paints increased fungal growth under
light conditions. All fungi depend on certain metals for growth and proliferation; however,
in the cell, as redox-active metals cycle between two oxidation states, the redox properties
can make excess transition elements toxic due to highly reactive oxygen species, which
damage lipids, DNA and proteins [41]. In addition, once an organism is exposed to metals,
antioxidant defence systems are activated in fungi, and tolerance of A. niger to Cd (II)
has been shown to be correlated with the heavy metal uptake, reactive oxygen species
generation in the cells and the efficiency of an antioxidative defence system [42]. Fungi
may have the ability to extract valuable metals such as lithium, allowing the fungi to
grow at lower concentrations of the metal, but at higher concentrations, the toxicity of the
extracted metals can inhibit fungal growth and result in organic acid production [43]. For
example, although the growth of A. niger has been shown to be inhibited by chromium
(VI) ions, it can also grow in lower levels [44]. In addition, some metals can protect the
organisms. Kemp et al. [32] showed that the presence of Cr3+-coated TiO2 in a sunscreen
preparation protected DNA from enhanced degradation. Fungal tolerance can also be
demonstrated by some fungal species. Shumilov et al. further showed that Aspergillus
niveoglaucus demonstrated tolerance to neodymium.

Multifractal analysis (MFA) of the density, dispersion and clustering of the fungal
growth across the metal-doped paint surfaces demonstrated that, following incubation in
light, more dense fungal colonies were observed, but only for the paint samples containing
praseodymium, tungsten and molybdenum, whereas under dark conditions, more dense
fungal colonies were demonstrated for chromium, lithium and manganese. Most of the
surfaces demonstrated heterogeneous surface coverage by the fungi, but the most hetero-
geneous dispersion of fungi was demonstrated on the paint samples with an addition of
iron, lithium, manganese or molybdenum, whilst the most homogeneous dispersion of the
fungi was observed on paint surfaces containing praseodymium. For lithium containing
paint surfaces, fungi growth was dispersed across the surface in a symmetrical fashion. The
surfaces that were incubated in the dark demonstrated less clustering than those incubated
in the light. The most clustering of the fungi was found on the paint samples doped with
tungsten, praseodymium, lithium and chromium, whilst the least clustering of the fungi
was demonstrated on the surfaces that were doped with iron, lanthanum and tungsten.
Work on the binding of A. niger conidia to anionic and cationic surfaces demonstrated that
surface wettability affected the density and dispersion of fungal conidia, whilst clustering
on the surfaces was affected by the spore shape [45]. This suggests that the differences in
the surface properties and in the fungal species, if affected by the addition of metal ions,
also affected the density, distribution and clustering of the fungal growth on the surfaces;
but, further work would be needed to investigate this phenomenon. The use of multifractal
analysis to evaluate fungal growth on surfaces provides a novel approach to describe the
nature of the surface coverage and merits further investigation.

5. Conclusions
Following work on the resistance of paint surfaces to colonisation by fungi, it was

demonstrated that the composition of the paint influenced the amount of growth (coverage)
and range of species (number) of fungi. The growth, following UV irradiation, was
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influenced by the composition of the paint and the addition of biocide. This was important
since the addition of biocide increased fungal growth in certain conditions. Doping of the
paints with different elements, in some cases, increased the antifungal effect of the paints
and indicated that consideration of the impact of combinations of biocides should be made
prior to implementation. Multifractal analysis revealed that the light exposure and paint
composition affected the density of the fungal growth across the surfaces, although most of
the surfaces demonstrated heterogeneous surface coverage. The clustering of the fungal
colonies was influenced by whether it was grown in light or dark conditions. Thus, this
work demonstrates the multifactorial influences that result in the fungal colonisation of
paint surfaces. Since the addition of biocides and dopants affects the type, species and
amount of fungal growth, a single solution for the prevention of all fungal colonisations
on all different types of paints may not be possible; complete prevention of fungal growth
is unlikely, and thus, a more controlled/targeted approach might be more useful. Thus,
a much deeper understanding of how fungi colonise and can be controlled on painted
surfaces is required because using the incorrect combinations of biocidal approaches may
result in increased fungal colonisation.
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