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ABSTRACT

The photocatalytic disinfection (PCD) properties of TiO2 have attracted the attention in the 

research communities because the produced reactive oxygen species (ROS) allow destruction 

of different types of microbes, like fungi, bacteria, viruses, algae, unicellular organisms, etc. 

on surfaces, in water and air. However, TiO2 requires UV irradiation to produce the ROS 

species, which limits its photoactivity in indoor environments. Surface-modified TiO2 with 

small Ag and CuO-nanoclusters in core-shell structure exhibits antifungal properties under 

dark and visible conditions, possibly because of the interaction between Ag-CuO 

nanoclusters and the fungi membrane and their penetration, and the co-presence of Cu2+ and 

Ag+ ions. Therefore, a synergetic effect is obtained with co-modification of TiO2 with silver 

and copper and the sample Ag@CuO/TiO2 (core-shell structure of Ag-Cu at the ratio of 1:3) 

exhibits the highest antifungal activity, i.e., fungi growth inhibition is observed for 

Aspergillus melleus (A. melleus) and Penicillium chrysogenum (P. chrysogenum). Moreover, 

significant inhibitions of the sporulation and generation of droplets, possibly containing 

mycotoxins and sclerotia under dark and visible exposition, are also obtained.

KEYWORDS

Photocatalytic disinfection, TiO2, Antifungal properties, Ag@CuO, Aspergillus melleus, 
Penicillium chrysogenum,

INTRODUCTION 

TiO2 is the most often used material in photocatalysis because of its various features: It is 

highly photoactive, it is also abundant, cheap and stable. TiO2 is commonly used and studied 

for different applications, such as degradation of organic pollutants, hydrogen production, 
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CO2 reduction and self-cleaning surfaces (glass, concrete, textile and paints). Also, self-

cleaning surfaces have excelled in recent years in environmental fields, and therefore TiO2 

has been frequently used for self-cleaning coatings, due to its photo-induced super-

hydrophilicity and photocatalytic activity.1 TiO2 presents also the ability to destroy microbes. 

Most of the studies on the antimicrobial activity of TiO2 had been performed with the most 

accessible microorganisms, such as viruses and bacteria.2,3,4,5,6 Matsunaga et al. described in 

1985, the photocatalytic activity of TiO2 for the elimination of Escherichia coli, 

Saccharomyces cerevisiae and Lactobacillus acidophilus with possible applications in water 

and air disinfection.7 Protozoa algae, and fungi have been shown to be vulnerable to 

photocatalytic disinfection (PCD), though fungal spores demonstrated more stability 

inactivation than other vegetative microorganisms.8 Nevertheless, TiO2-based photocatalysts 

can be used in liquid phase or immobilized on surfaces to degrade pollutants found in indoor 

environment spaces, such as homes, hospitals and offices. It is known that the dusts contain 

a high number of microorganisms (around 70%), and the principal group of microorganisms 

presents in bioaerosol are filamentous fungi. They can be a risk to human health, causing 

respiratory diseases, fungal infections and allergic reactions. Therefore, to face issues with 

indoor environment quality (IEQ), the fungal contamination must be studied, treated and 

controlled.9

Because of the value of its energy band gap (3.0 eV for rutile and 3.2 eV for anatase), TiO2 

is photoactive only under UV irradiation (which constitutes 4% of the solar spectrum).10 An 

indoor environment free of microorganisms is highly desirable to avoid infections in our 

daily lives. Therefore, intensive studies have been conducted to modify TiO2 to extend its 

photoactivity toward the visible range, and thus utilize indoor light sources, without exclude 
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the use of solar light. The rational design and development of plasmonic photocatalysts, in 

particular surface modified TiO2 with plasmonic nanoparticles (NPs), such as Au, Ag and Cu, 

offers an interesting option.11,12,13,14,15 The use of chemical compounds or various materials 

that present antimicrobial and antifungal properties can improve the environmental quality, 

e.g., in hospitals, where infections are the most common complications, which can even cause 

the death of patients. Antibacterial effects of TiO2 can be enhanced by its surface 

modification with Ag or CuO NPs, which are also well known for their own antibacterial and 

antifungal properties.9,16,17,18

There is evidence that the modification of TiO2 with Ag or/and CuO NPs might improve 

the environmental quality under dark and visible light, as a result of: (i) the formation of ROS 

species under visible light attributable to the localized surface plasmon resonance (LSPR) of 

Ag NPs;2,8 (ii) the narrower bang gap of CuO (1.7 eV),11,15 and, (iii) the TiO2-based NPs can 

penetrate inside the microorganism cells, or that the NPS may attach to the surface of the cell 

membrane perturbing its permeability and breath functions of the cell;19 (iv) the presence of 

Ag+ ions results in protons leakage through the microorganism membrane, reacting with 

oxygen producing reactive oxygen species O2
.-, and this phenomenon causes de-energization 

of the membrane and consequently cell death,20 and CuII-based nanoclusters that lead to the 

production of Cu+ ions, which are capable to achieve molecular oxygen reduction.21,22 These 

effects play a role in mechanisms’ killing in dark and under visible light, affecting the 

membrane permeability and the cell wall damage, thus resulting in leakage of small 

molecules, as well as larger molecules, such as proteins, and degeneracy of the inside 

components of the cells, and ultimately, the cell death. 
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In this article, the synergetic effect of silver and copper (present in the phase as Ag@CuO 

NPs, core-shell structure supported on commercial titanium dioxide TiO2-P25) is presented 

for the growth inhibition of two different fungi: (A. melleus) and (P. chrysogenum). 

EXPERIMENTAL

Materials

For the study, TiO2 powders was supplied from Degussa Evonik P25 (TiO2-P25). TiO2-

P25 is one of the most active titania photocatalysts, composed the crystalline phases of 

anatase (73-85 %) and rutile (14-17%), with a small amount of amorphous titania (0-13%).23 

As metal precursors, silver sulfate (Ag2O4S, Fulka, ACS reagent ≥ 99.4%) and copper (II) 

sulfate (CuSO4, Sigma-Aldrich, ReagentPlus®, ≥ 99%) were utilized. 2-propanol 

((CH3)2CHOH, Sigma, 99.5%), malt extract agar (MEA, Merck), NaCl (Wako Pure 

Chemical Industries, purity ≥ 99.5%) and Milli-Q water at 18.2 MΩ were used. Antifungal 

tests were performed for two kinds of filamentous fungi, i.e., (A. melleus) and (P. 

chrysogenum), isolated from the air.

Photocatalyst preparation: Surface-modification of TiO2 with Ag and/or CuO clusters. 

Aqueous solutions containing 0.1 M of 2-propanol (added to scavenge oxidative HO• radicals 

(E0(HO•/H2O) = +2.8 VNHE) generated by water radiolysis)24 and metal salts Ag2SO4 (1x10-3 

M), CuSO4 (1x10-3 M) or a mixture of the two metal precursors Ag2SO4 and CuSO4 (total 

metal concentration 1x10-3 M) were added to TiO2-P25 particles. The suspensions were 

dispersed by sonication, degassing with nitrogen gas, and then exposed to a panoramic 
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gamma irradiator 60Co at a dose rate of 4.2 kGy h-1 for 3.5 h to insure complete reduction of 

metal salts. The Ag+ and/or Cu2+ ions can be reduced by solvated electrons (E0(H2O/e-
s) = -

2.87 VNHE)) and hydroxyl radicals (E0((CH3)2CO/(CH3)2C•OH) = -1.8 VNHE), formed by the 

reaction of HO• (generated by water radiolysis) with 2-propanol.24 The applied dose is enough 

to reduce all the metal ions in solution to their zero valency.15 Three different Ag:Cu molar 

ratios were used 1:1, 3:1, and 1:3, keeping the total nominal metal content at 1 wt%. 

The modified TiO2−P25 photocatalyst powders were collected after centrifugation and 

dried at 60°C for 18 h. The supernatants were totally transparent, which indicated that all the 

Ag+ and/or Cu2+ were reduced and completely deposited on TiO2−P25.24,25

The samples were labeled as, (a) Ag/P25, (b) Ag@CuO1:3/P25, (c) Ag@CuO1:1/P25, (d) 

Ag@CuO3:1/P25, and (e) CuO/P25 and P25. 

Materials Characterization

For High angle annular dark field scanning transmission electron microscopy 

(HAADF−STEM) analysis, gold-coated holey carbon grid were used as a sample holder, one 

drop of a suspension (samples in 2-propanol) was dispersed on the grid and dried under N2 

flow. The HAADF−STEM images were acquired with angles of 70−280 mrads and camera 

length of 8 cm recorded using a Cs corrected JEOL-ARM-200F electron transmission 

microscope at 200 kV.

Mapping energy dispersive X-ray spectroscopy (EDS) measurements were taken with a 

detector from Oxford Instruments in solid state with an 80 mm2 window. X-ray photoelectron 

spectroscopy (XPS) spectra were obtained by a JEOL JPS-9010MC using Mg Kα radiation, 

with a hemispherical analyzer. The samples, supported on carbon films, were analyzed with 
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a pressure < 10-7 Torr. Five elements (Ti, O, C, Ag, and Cu) were scanned at high resolution, 

50 scans were taken for Ti and O, 300−500 scans for Ag and Cu, and 100 scans for C. Diffuse 

reflectance spectra (DRS) were registered with a Cary 5000 Series, equipped with an 

integrating sphere and using KBr as a reference sample.

Antifungal properties for the modified titania with Ag and CuO

The inhibition of fungal growth in the presence of the photocatalysts was examined for (A. 

melleus) and (P. chrysogenum) by the agar plate method supplemented with a dispersion of 

20 g dm-3 of the photocatalysts in 48 g dm-3 of MEA (Malt Extract Agar). The suspension 

was first sterilized in an autoclave at 121°C for 10 min, and then deposited in Petri dishes 

forming a gel. Ten-day old fungal cultures on MEA slants at 25 °C were used for preparation 

of spore suspensions. 5 µL of fungal spores were dispersed in 8.5 g/L of NaCl solution 

contained in a slant. The slant was then vigorously shaken by a Vortex for 3 min. Three drops 

of 5 µL of fungal spores were inoculated on Petri plates and incubated at room temperature 

under natural indoor light (intensity of ca. 120 Wm-2) and in the dark. The incubation was 

carried out for 8 days at 25 °C. The colony diameters were measured after 2, 4, 6, and 8 days 

of incubation. The daily growth rates has been estimated by fitting the linear regression 

equation:

𝑟 = 𝑎𝑡 + �                  (1)

In which r - colony radius (mm); a - daily growth rate; t - incubation time (days), and b - 

growth retardation time (lag phase; λ). This activity was analyzed, as well as the appearance 

(color, the droplets) of mycelium.
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Results and discussion

The modified TiO2 samples were characterized by HAADF−STEM, and the observations 

showed nanoclusters supported on TiO2-P25 surface for Cu/P25 and Ag/P25 samples. These 

clusters are smaller in size (between 1-2 nm) than the nanoparticles obtained with co-

modification with Ag and Cu, where bigger nanoparticles in size around 5−12 nm were 

found, as is shown in Figure 1A. The EDS analysis, represented by elemental mapping 

composition for co-modified TiO2), is described in Figure 1B. The maps show NPs in a 

core(Ag)-shell(Cu-based) structure. TiO2 is surface-modified with Ag nanoparticles 

surrounded by Cu-based nanoclusters. The contrast of the core-shell metal nanoparticles on 

TiO2 indicates that its core of the metal nanoparticles increases in size with Ag loading.

 
Figure 1. A) HAADF-STEM images of 1) CuO/P25, 2) Ag/P25, 3)Ag@CuO1:3/P25, 4) 

Ag@CuO1:1/P25, and 5) Ag@CuO3:1/P25. (B) Chemical mapping performed on 

nanoparticles of Ag@CuO1:1/P25 (Ag and Cu in red and green spots, respectively).
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The modified TiO2 samples were analyzed by XPS, as provided in Figure S1. The peaks 

Ti 2p3/2 at 459.5 eV and Ti 2p1/2 at 465.5 eV are the orbitals characteristic of Ti4+ in TiO2 and 

the peak at 530.5 eV is attributed to oxygen 1s orbital of TiO2. In Figure S2a, metallic Ag 

was represented by the position of the two reproducible components, Ag 3d5/2 at 368.3 eV 

and Ag 3d3/2 at 374.3 eV, and their separation (YBE(Ag3d5/2−3/2) = 6.0 eV).11,26,27,28,29 The 

additional, smaller  peaks at higher binding energies localized at 368.6 eV and 374.5 eV 

respectively, correspond to the interaction of Ag NPs with titania as it has been previously 

reported.11, 28,29,30 

In the Figure S2b, Cu core peaks are observed (Cu 2p1/2 and Cu 2p3/2)31,32 at binding 

energies localized in the range of 953.3 − 953.5 eV and 933.3 − 933.6 eV respectively. These 

values had been related to CuII,31,33 however the characteristic shake-up of CuII is not present. 

It has been reported by Chusue et al. that this satellite can be modified or even disappear, 

depending of the particle size CuII, and on the reduction state of Cu.34

The DRS spectra are shown in the Figure 2. The TiO2−P25 spectrum exhibits an absorption 

at around 400 nm, which is mainly related to rutile (narrower bandgap than that by anatase).35 

All the modified samples with Ag NPs and CuO nanoclusters present a small shift to higher 

wavelengths. This effect has been reported as the equilibrium between the conduction band 

(CB) of TiO2-P25 by its junction with nanoparticles (Ag NPs and CuO nanoclusters).15 The 

samples with different ratios of Ag@CuO, exhibit absorptions bands with maxima at 510 nm 

and 800 nm. The absorption at 510 nm is related to the LSPR of Ag NPs, being red-shifted. 

This red-shift of LSPR is typically seen and reported as an effect of the interaction of the 

metal NPs with the TiO2 support, showing a high reflective index.11,12,15,36 It is well known 

that the LSPR position change is dependent of the surrounding medium and the support.37 
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The broad absorption band with a maximum at 800 nm is due to CuO nanoclusters. The 

modification of titania with CuO clusters induces the extension of its absorption to the visible 

range of the solar spectrum. The absorption band of CuO/P25 in the near IR is due to the 2�


→2�2
 inter-band transitions of CuII-based clusters deposited on different phases and sites 

of titania and with strong interaction with it.33

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0
P25 P25

CuO/P25
Ag@CuO1:3/P25
Ag@CuO1:1/P25
Ag@CuO3:1/P25
Ag/P25

Wavelength (nm)

A
bs

Cu

Ag

Figure 2. Optical DRS spectra of P25, CuO/P25, Ag@CuO1:3/P25, Ag@CuO1:1/P25, 

Ag@CuO3:1/P25 and Ag/P25, showing the regions of the plasmon band of Ag and the 

absorption band of CuO.

The photocatalysts exhibit different colors, as shown in Figure 3: light green for TiO2 

modified with copper, purple for titania modified with silver and light-brown or creamy with 

co-modifications.
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Figure 3. Pictures of the modified TiO2 with Ag, CuO and Ag@CuO clusters (with different 

Ag/Cu ratios).

The antifungal activities were studied for mycelium (vegetative part of a fungus, consisting 

of a mass of branching, thread-like filamentous structure of a fungus) growth under dark and 

visible light illumination. Two fungi were used: (A. melleus) and (P. chrysogenum). The rate 

of fungal daily growth was evaluated in dark and under visible light irradiation, in media 

composed of pure and modified TiO2 (with Ag, CuO and Ag@CuO NPs).

Figure 4 and Figure S3 show the fungal daily growth for (A. melleus) and (P. chrysogenum) 

in a control media (no titania), as well as with pure and modified titania samples. The 

mycelium grew faster in the dark than under visible light irradiation in a control media 

(without titania) for both species. In the presence of TiO2-P25, the growth of (A. melleus) 

was significantly decreased under visible irradiation. Although, titania is inactive under vis 

irradiation, the presence of rutile with narrower bandgap than that of anatase might result in 

its slight vis response, as already reported by Markowska-Szczupak et al.2 It has been 

reported that the absorption of more photons (narrower bandgap) might be the reason of 
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higher activity of rutile (separated from P25) than that of anatase (also obtained from P25) 

for the methanol dehydrogenation under UV/vis irradiation. Moreover, it should be pointed 

that natural indoor light was used for this study, containing also UV part, and thus both 

polymorphs might be excited. However, (P. chrysogenum) shows the opposite behavior: An 

acceleration of the fungus growth under visible light irradiation. It has been reported that 

anatase phase can stimulate the fungal growth because of its superhydrophilic properties, 

which can change with irradiation.2 In the dark, both fungi present a decrease of growth, and 

according to Calvo et al., the inhibition of fungal growth can be due to titania adsorption on 

fungal surface, which can decrease the sporulation.38 

Regarding co-modifications with Ag and CuO, for (A. melleus), it should be pointed out 

that the presence of Ag NPs (Ag/P25 and Ag@CuO3:1/P25) accelerated the growth in the 

dark, and the presence of CuO nanoclusters (CuO/P25, Ag@CuO1:3/P25 and 

Ag@CuO1:1/P25) decreases the growth under visible light irradiation. In contrast, for (P. 

chrysogenum), an acceleration of the growth of the fungi is observed under visible irradiation 

in the presence of Ag NPs, with the exception of the sample Ag@CuO1:3/P25. In dark, all 

the modified samples show an inhibition in the growth, with the exception of CuO/P25.

Therefore, a synergistic effect is obtained with co-modification of TiO2with silver and 

copper oxide: The system Ag@CuO/P25 with the ratio1:3 presents the highest antifungal 

activity for both fungi under both dark and visible conditions (see Fig. 4).
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Figure 4. Daily growth of fungi after 8 days of incubation, under visible (vis) and in dark for 

(A. melleus) (up) and (P. chrysogenum) (bottom), accompanied by its statistical analysis 

significance compared with no titania on visible and dark fungal growth. *p (italic) < 0.05 

and **p < 0.01.

The changes of the mycelium diameters and the color of the spores in the media, with bare 

and modified (with Ag@CuO1:3) TiO2-P25 are shown in the Figure 5 and Figure S4.

Page 14 of 29

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

Figure 5. Photographs of mycelium growth of (A. melleus) (up) and (P. chrysogenum) 

(bottom) fungi after 8 days incubation of a) blank (no titania), b) TiO2-P25, and c) 

Ag@CuO1:3/P25 under visible light and in dark. The left pictures: pictures at the scale of 

the fungi growth, and the right pictures: the extension of a mycelium.

Moreover, significant inhibition of the sporulation and droplets, possibly containing 

mycotoxins and sclerotia (pink spheres structures in the case of (A. melleus)) for the sample 

Ag@CuO1:3 in dark and under visible light exposition was observed, as it can be seen in 

Figure 6. One can see clearly the reduction of the number of spores and the decrease of their 
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diameters, which is essential for the prevention against the toxic effect of mycotoxins in 

humans and animals. Mycotoxin production is associated to sporulation.38

A slight decrease of the sporulation and possible mycotoxin generation is also observed for 

TiO2-P25, as shown in the Figure 5. However, for titania modified with Ag@CuO1:3, 

mycotoxins have not been detected at all, and significant inhibition of sporulation has been 

observed.

For (P. chrysogenum), observed droplets with possibly containing mycotoxins, are only 

present in the blank sample, i.e., on the media. The presence of TiO2-P25 inhibits the 

formation of droplets under dark and visible light. In the case of Ag@CuO3:1/P25, inhibition 

of the sporulation and possible mycotoxin formation is observed after 8 days of exposition 

under visible light, but mostly in the dark. 

Different behaviors in the inhibition of fungal growth were observed for (A. melleus) and 

(P. chrysogenum). Indeed, Markowska-Szczupak et al. reported that the antifungal activity 

of TiO2-P25 depends considerably on the nature of the fungi.2 However, the best growth 

inhibition for both fungi under dark and visible light exposition was obtained for the sample 

Ag@CuO1:3/P25 showing a synergistic effect of Ag and CuO NPs. 
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Figure 6. Picture of 8-day growth of (A. melleus) and (P. chrysogenum) in the dark and 

under visible exposition. a) Under media (blank), b) with pure TiO2-P25, and c) with TiO2-

P25 surface-modified with Ag@CuO1:3.

Our results show the high antifungal activity of TiO2 co-modified with CuO@Ag NPs 

(with a Ag/Cu ratio of 1:3), and a mechanism is proposed in Figure 7. Under visible light 

irradiation, CuO nanoclusters (band gap 1.7 eV) and plasmonic Ag NPs inject electrons in 
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the CB of TiO2
15. Thus, ROS species are generated: the excited electrons reduce the 

atmospheric oxygen forming oxidative O2
-. radicals, while the generated holes can generate 

oxidative HO• radicals (reactive with water) and/or oxidize directly organic molecules. 

Interestingly, much higher activity in the dark than that under visible light was observed for 

the sample Ag@CuO1:3/P25. It was reported by Qiu et al.22 that few-nanometer size of the 

CuO clusters could be critical for high antibacterial activity. It was proposed that the Cu2+ 

ions led to the formation of Cu+ species with strong anti-pathogenic (antibacterial and anti-

viral activities) effects, even under dark conditions.21,39,40 It is also well known that Ag NPs 

exhibit antibacterial activity even in the dark.20 Ag+ ions highly react with the present –SH 

groups on biomolecules to inactivate the bacteria, and the antibacterial activities depend on 

the chemisorbed metal ions (surface oxidation), and also the size of Ag NPs plays a role, i.e., 

small Ag NPs with higher surface area available for the interaction with the membrane, 

exhibit higher activity than larger particles. Moreover, Ag NPs might adhere at the cell 

membrane impeding the breathing function of the cell and its permeability. Another 

possibility is that Ag NPs can also cross the membranes and penetrate inside the 

microorganisms.20,41,19,42 

The most interesting finding is the difference between the activity under the dark and 

visible light exposition especially for the most active sample Ag@CuO1:3/P25. Although 

activity enhancement under visible light irradiation could be simply explained by enhanced 

light harvesting by the two modifiers, the reason of much higher activity in the dark for both 

fungi is unknown and could be only speculated. For example, under visible irradiation 

positively charged plasmonic silver NPs (after transfer of hot electrons from Ag NPs to the 

CB of TiO2-P25)15 could be a desirable form for antifungal properties (along to well-known 
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antibacterial properties of Ag+). Higher inhibition of fungal growth under visible irradiation 

than that in the dark on Ag/P25 for (A. melleus) supports this hypothesis.

For the samples co-modified with silver and copper, under visible irradiation “hot” 

electrons from silver NPs migrate rather to CuO instead to TiO2, as shown by previous 

TRMC (time resolved microwave conductivity) experiments,15 resulting in reduction of 

Cu(II) to Cu(I), and thus in a decrease in activity of CuO. 

Moreover, higher antifungal activity of CuO/P25 under visible light exposition than that in 

the dark for both fungi, and at the same slightly lower than that of pure TiO2-P25 (especially 

for (P. chrysogenum)) strongly suggests us that some synergy between both modifiers is 

responsible for enhanced antifungal properties. It is proposed that fine CuO nanoclusters 

adsorbed on silver nanoparticles accelerate the attachment of the NPs to fungal cells. The 

strongest enhancement of antifungal properties is observed for Ag to CuO molar ratio of 1:3, 

where higher content of small CuO clusters, concentrated on smaller Ag cores are present in 

comparison to other co-modified samples, as observed by HAADF-STEM (Figure 1). Titania 

modified with Ag@CuO at molar ratio of 1:3 provides small Ag and Cu-based particles, 

which not only interact with the membrane of the fungi, but can also penetrate inside the 

membranes increasing more efficiently the inhibition of fungi growth. These small 

nanoparticles have higher surface area because of their size, and therefore Ag cores are more 

easily oxidized leading to Ag+ ions leaching as well as Cu2+ ions release, and therefore these 

metal ions can also be responsible of the fungi growth inhibition, as is presented in Figure 

7a. Under visible light exposition (Figure 7b), excited CuO NPs can reduce Ag+ ions to Ag0 

and, because of Ag surface localized plasmon resonance, hot electrons can reduce CuII into 

CuI, and this can explain the decrease of the activity under visible irradiation. 
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Figure 7. Mechanism proposed for photocatalytic inactivation of (A. melleus) and (P. 

chrysogenum) fungi for Ag@CuO core-shell NPs on TiO2 in a) the dark and under b) visible 

light irradiation.

CONCLUSION

Nanoparticles of CuO, Ag and Ag@CuO supported on the surface of TiO2-P25 were 

synthesized by radiolysis. HAADF-STEM and XPS characterizations showed that, in the 

case of co-modification with silver and copper, core-shell nanoparticles composed of silver 

core and CuO shell (in the form of small clusters) were obtained on titania. A synergistic 

effect of anti-fungal activity for A. melleus and P. chrysogenum was obtained in the dark and 

under visible light exposition for titania co-modified with Ag and CuO, which was observed 

as inhibition of fungal growth, and the lack of possible mycotoxin formation. The highest 

antifungal properties were obtained with the sample Ag@CuO1:3/P25, in the dark and under 

visible light irradiation. These colored photocatalysts can be applied for self-cleaning 

surfaces with anti-microbial and antifungal activities in the dark and under visible light 

irradiation, in hospitals, pharmaceutical industries, food industries etc., improving the indoor 

environment quality. 
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