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Abstract

:

This study was undertaken to determine the in vitro antifungal activities of super-hydrophobic nanoparticles (SHNPs), essential oils (EOs), and their mixtures (SHNPs/EOs). We have applied a thin layer of SHNPs in combination with various concentrations of three EOs: Arborvitae (Thuja plicata), Oregano (Origanum vulgare L.), and Thyme (Thymus vulgaris). The mixtures were spread on the surface of different materials: whitewood, sandstone, and paper. The antifungal and protective properties of these SHNP and EO mixtures were evaluated. The parameter Rr (ratio of reflectivity) was determined to identify the color changes of substrates. Digital microscopy was used to measure the colonization area of molds and also their penetration in the analyzed materials. Surprisingly, the use of SHNPs alone showed a balanced compromise in order to inhibit the mold growth on assayed surfaces.






Keywords:


super-hydrophobic nanoparticles; essential oils; fungi; antifungal activity; growth inhibition; penetration












1. Introduction


The super-hydrophobic nanoparticles (SHNPs) can self-assemble and form the superhydrophobic surfaces with hierarchical, micro-, and nano-scale roughness [1,2,3,4]. The superhydrophobic surface is defined as the one with a water contact angle larger than 150° [5]. Air trapped in the roughness reduces the effective contact area on the liquid/solid interface and can give rise to very large contact angles of up to 177° [1]. Those extremely water-repellent surfaces are scientifically interesting in many applications, including self-cleaning surfaces, in the automotive and aircraft industry (drag reduction), as well as in preparation of special coating materials for antimicrobial applications [6].



Plant extracts and secondary metabolites, such as essential oils, tannins, alkaloids, and flavonoids, have been reported to have promising fungicidal activities [7,8,9]. Essential oils (EOs) are complex mixtures comprising many compounds. A number of studies have been performed in order to determine the antimicrobial activity of many essential oils, including those from oregano, thyme, and arborvitae [9,10]. Their strong antimicrobial activity could be used as a natural safe protection of material surfaces, for example the arborvitae EO have been traditionally used as a natural insect repellent and wood preservative [11,12]. Oregano and thyme EOs are able to inhibit growth of pathogenic microorganisms [13,14].



Molds are ubiquitously distributed in nature and their spores can be found in the atmosphere even at high altitudes, carried and disseminated by wind and air currents, as well as can be spread by insects and animals [15]. The metabolic activities accompanying the growth and mold development decompose organic substrates, and because of their powerful arsenal of hydrolytic enzymes, molds are responsible for the deterioration of several materials [16,17].



Aspergillus fumigatus has lignocellulolytic abilities [18], as well as its presence on various types of historical documents having been detected [19]. They also belong to the group of indicator microorganisms typical of moisture-damaged buildings [20,21].



Another type of fungus is Exophiala xenobiotica, so-called black yeasts. The members of this genus belonged to the slow-growing rock-inhabiting microfungi group [22]. The occurrence of this fungus on the stones is reported to be combined with unaesthetic spoiling due to color changes, such as patina or black spots. There is strong evidence that these microorganisms are able to colonize deeper cracks, and induce crater shaped lesions that leads to chipping and exfoliation of the rock surface combined with the loss of materials. These fungi belong to major agents of microbial deterioration of building stones, such as marble, granite, sandstone, and mortars [23]. For this reason, many efforts are spent to remove the already established microbial community, and to some extent to reduce the rate of recolonization [24,25,26,27].



Our study is focused on the fungi A. fumigatus and E. xenobiotica, which are responsible for the deterioration of several materials. This paper deals with the evaluation of the antifungal effect against the abovementioned fungi, of three EOs (arborvitae, oregano, and thyme) and various mixtures of SHNPs with these selected EOs in varying concentrations. The SHNPs are able to create a superhydrophobic surface that could provide a barrier to limit the fungal growth on the surface or in the structure of the material. In this way we suppose to improve the antifungal effect of EOs.



Here, the surface functionalization of commercial silica nanoparticles with octadecyltrichlorosilane was used to prepared SHNPs according to Siffalovic et al [5]. To monitore the antifungal effect, the EOs and EO/SHNP mixtures were used to treat sandstone, whitewood, and paper. The antifungal and optical properties on the surfaces of selected materials were evaluated using digital optical microscopy and UV/Vis/NIR (Ultraviolet–Visible-Near-InfraRed) spectrophotometry.




2. Materials and Methods


2.1. Superhydrophobic Nanoparticles


Aerosil fumed silica was purchased from Evonik (Hanau-Wolfgang, Germany), and toluene (anhydrous, 99.8%) and octadecyltrichlorosilane (OTS, 90%) from Sigma Aldrich (Bratislava, Slovakia). Aerosil fumed silica (1.5 g) was annealed in a beaker at 120 °C for 24 h. After annealing, the aerosil was dissolved in toluene (50 mL) and functionalized with an organic surfactant OTS (2 g). The reaction took place while stirring the solution at a temperature of 50 °C for 24 h. The functionalized particles were centrifuged 3-times in toluene to remove the unbound surfactant. The final particles were dried at 150 °C for 5 h and dispersed in chloroform at a concentration of 0.1 mg/mL. Whole reaction (annealing and functionalization) was carried out in a glove box under argon atmosphere.The size of SHNPs is 14 nm in diameter with a specific surface area of 150 ± 15 m2/g.



The water contact angle of SHNPs and SHNP/EO mixtures was measured on silicon wafer, wood, and sandstone substrates by a sessile drop-shape method, using KSV CAM 200 (KSV Instruments, Helsinki, Finland).




2.2. Essential Oils


Arborvitae, oregano, and thyme essential oils were supplied by dōTERRA International LLC company (Pleasant Grove, UT, USA). The main constituents are: arborvitae, methyl thujate; oregano, carvacrol, thymol; thyme, thymol, para-cymene, γ-terpinene. The producer guarantees the chemical composition of each EO based on gas chromatography–mass spectrometry (GC/MS) analysis.



For experiments, the oils were diluted in ethanol (99.9%, Merck; Darmstadt, Germany) in concentrations of 10, 30, and 50%.




2.3. Antifungal Ability of SHNPs and SHNP/EO Mixtures: Disc Diffusion Assay


Saprotroph A. fumigatus, obtained from achistorical paper document [19], and E. xenobiotica, isolated from soil, were used in the experimentation.



It was applied by the same approach proposed by Puškárová et al [9]. Briefly, conidia suspensions (A. fumigatus and E. xenobiotica) were adjusted using a Neubauer’s chamber to 106 conidia per mL. Then, 300 μL of each fungal suspension was applied to Malt Extract Agar (MEA; Himedia, Mumbai, India) plates. Filter paper discs (6 mm diameter; Whatman No.1) were placed on the agar surface of the Petri dishes and each mixture SHNPs and EOs, dissolved in ethanol at different concentrations (50, 30, and 10%) of EOs, was individually added. For each dilution, the same volume as the full-strength sample was placed on the sterile disc.



Discs impregnated with 10 μL of ethanol were used as controls. Petri dishes were incubated at 26 °C for 5 days. Inhibition zone diameters were measured in mm. An inhibition zone larger than 1 mm was taken to indicate a positive effect. The assays were performed in triplicate.




2.4. Antifungal Ability of SHNPs and SHNP/EO Mixtures on Selected Materials


For laboratory experimentation, sandstone, whitewood, and Whatman filter paper (Munktell, Falun, Sweden) were cut into rectangular units. The size of these units were approximately 30 mm long and 20 mm wide; sandstone and whitewood samples were also 10 mm deep. All sides of materials were exposed to UV irradiation (UVC-508 UV crosslinker, Ultra-Lum, Inc.; Paramount, CA, USA) for 10 min.



After UV disinfection, 200 µL of EOs in ethanol and mixture of EOs/SHNPs (200 µL of SHNPs in chloroform and 200 µL EOs in ethanol) were applied by micropipette to whole surface of sandstone and whitewood plate, while 100 µL was applied to paper. In the case of the mixture of EOs/SHNPs application, the EOs were applied as a final coating of material when the chloroform was evaporated from the surface of substrates after treatment with SHNPs.




2.5. Application of Fungal Strains on the Surface of Selected Materials


Fungal strains were cultivated on MEA at 28 °C. After growth, the fungi were suspended in a physiological solution (pH 7.2) to obtain a concentration of 106 spores/ml. Two-hundred µL of this suspension was used to inoculate sandstone, whitewood, and paper in the center of the surface. The incubation period was one month at 28 °C. According to the environment of isolation of the fungi, Aspergillus fumigatus was inoculated on whitewood and paper, while Exophiala xenobiotica was used on sandstone (Figure S1).




2.6. Measurement of Antifungal Activities


The antifungal activities (localized fungal area on surface and penetration depth of fungi into material) of the EOs and EO/SHNP mixtures on the above-mentioned materials were monitored on their surfaces and in the cross-section after the incubation period (one month) by digital optical microscopy with a long working distance zoom objective (Keyence, Osaka, Japan). The penetration depth of fungi into the material was analyzed only for whitewood samples. In terms of paper thickness and sandstone structure, it was not possible to determine the exact penetration depth of fungi into these materials.




2.7. Measurement of Optical Properties


The spectral reflectivity measurements took place in SolidSpec-3700 UV-VIS-NIR spectrophotometer from Shimadzu (Kyoto, Japan). It is a grating type double monochromator that uses and automatically switches between a total of four blazed holographic diffraction gratings (type Shimadzu), depending on the wavelength. The pre-monochromator is equipped with two concave diffraction gratings (1000 and 250 lines/mm) and the main monochromator is a Czerny-turner type with two flat diffraction gratings (1200 and 300 lines/mm). The photometric system is a double beam, direct ratio measuring system, and the light sources were a deuterium and halogen lamp (50 W) used with automatic position alignment. The geometry of diffuse reflection measurement using an integrating sphere is shown in Figure S2. The integrating sphere is equipped with three detectors: a photomultiplier, InGaAs, and PbS. The slit width was set to 32 nm during the measurements. Spectra were recorded in the range: 200–1000 nm. The Baseline correction prior to reflectivity measurement was performed using a standard white plate composed of BaSO4.





3. Results and Discussion


To our knowledge, in this study the protection ability of SHNPs/EOs combination was evaluated for the first time. Firstly, the antifungal properties of SHNPs and the combination SHNPs/EOs were assessed using a disc diffusion assay. The SHNPs alone did not display any antifungal properties. The growth inhibition of A. fumigatus and E. xenobiotica was displayed when the mixtures, SHNPs/EOs, were assayed. Generally, the degree of fungal inhibition was directly dependent on the amount of EOs; the greatest percentage of EOs produced the largest inhibition zone (Table 1; Figures S3 and S4). The combination of SHNPs and oregano was the most effective one.



We have checked the water contact angles of the EOs, SHNPs, and SHNP/EO mixtures on each surface (Figure S5). In some cases, the water contact angles were not detected due to the wettability of the surface (EOs of 10% on whitewood and sandstone, EOs on paper). Usually, the high values were obtained with the SHNPs alone or with the mixtures with 10% of EOs. The water contact angles decreased with the increasing amount of EOs for the mixtures on both whitewood and sandstone (Table 2). It indicates that the increasing percentage of EOs has a negative influence on the hydrophobic properties of the coating film (SHNPs/EOs). These results have a certain similarity with previous research, where the contact angle, and consequently also the hydrophobicity, decreased when whitewood was treated with thyme EOs [28]. On the contrary, the hydrophobicity increased with an increasing percentage of the oil in the mixture of SHPs/EOs on the paper surface. For some authors [29,30], a surface is hydrophobic if the contact angle is greater than 65°, but in general, a surface is hydrophobic when its water static contact angle is >90°, while angles <90° reveal hydrophilic surfaces [31]. The values greater than 65° were measured mainly on sandstone samples (Table 2). In available literature, we did not find any data concerning the contact angle measurements of SHNP/EO mixtures, hence our findings can be considered as novel.



The mixtures of SHNPs and EOs have to protect the materials against molds, but they should also preserve the material’s characteristics, such as appearance and color. A good way to determine the color change of a material is to measure the integral surface reflectivity, which includes the diffuse and specular reflectivity components. First, we measured the reflectivity of clean substrates (without coating of SHNPs/EOs) and subsequent reflectivity after deposition of the SHNPs, Eos, and their mixtures. To emphasize the spectral reflectivity changes after layer application, we introduced the reflectivity ratio parameter Rr in visible spectral region (400–700 nm), as follows


Rr=R(coating)R(substrate),



(1)




where Rcoating is reflectivity after application of the layer on the substrate and Rsubstrate is reflectivity of the clean substrate.



Figure 1 shows the Rr values on the whitewood plates. Parameter Rr was calculated for all sample types and for all concentrations (10%, 30%, and 50%) of arborvitae (A), oregano (O), and thyme oil (T), with or without SHNPs. In the cases of whitewood samples coated only with EOs (without SHNPs), the deviations from the original reflectance of the clean uncoated substrate have increased in the following order: A, O, T 10% < A, O, T 30% < A, O, T 50%. The general trend for all surfaces with applied EOs is a decreased substrate reflectivity in the blue-green part of the visible spectrum due to a substantial absorption cross-section of EOs in the UV spectral region. The Rr parameter for the lowest concentration was close to 1, which means that using a 10% solution of EOs does not considerably alter the color appearance of the treated surface for naked eye observation.



On the other hand, after deposition of SHNPs onto a clean substrate, we observed a significant reflectivity increase in the blue-green part of the visible spectrum when compared to uncoated samples. This observation can be understood in terms of increasing the Rayleigh scattering cross-section (~λ−4) of SHNPs towards the UV spectral region. This result suggests that the application of SHNPs can mitigate the undesirable absorption of EOs in the blue-green spectral region. This was validated for coatings of SHNPs with 10% of EOs. Only small deviations of Rr parameters in the violet part of the visible spectra, close to 400 nm, suggest nearly unchanged color appearance of supporting substrates. To summarize, when the substrates with SHNP layers were coated by EOs, the reflectance was reduced in the following order: A, T with SHPs 10% > 30% > 50%. This order was not confirmed for oregano oil. This is probably due to the fact that the substrates where oregano oil was applied have larger deviations in surface roughness, which results in a different penetration depth into the substrate structure.



The same procedure was used for the sandstone samples as well (Figure 2). The absence of lowered blue-green reflectivity of sandstone samples when compared to whitewood can be ascribed to the high capillary absorption of sandstone towards EOs due to its intrinsic porosity. However, saturation of the sub-surface pores of sandstone was observed for some samples, especially for the sandstone samples treated with 50% of arborvitae EO. Deviations from original reflectance of the pure sandstone have increased in the same order as the whitewood samples, except for 30% and 50% thyme. This discrepancy can be related to the difference in porosity between various samples, which contributes to a different penetration depth of oil into the bulk structure of sandstone. However, the samples with oregano oil of concentration of 10% and 30% showed a minimal change in reflectivity when compared to the pristine substrate.



The application of SHNPs has identical influence on the spectral reflectivity, as in the case of whitewood. The enhanced Rayleigh scattering cross-section of SHNPs for smaller wavelengths increases the reflectivity of sandstone samples in the blue part of the visible light spectrum. The high vapor pressure of chloroform solvent used in application of SHNPs contributes to significantly reduced capillary absorption of SHNPs into the bulk structure of sandstone. Due to this fact the SHNPs were trapped on the surface and in sub-surface regions of sandstone, and hence contributed to its enhanced reflectivity in blue part of visible spectrum. The samples coated with SHNPs/EOs layer decreased in reflectivity in the order of increasing concentration of EOs. The reflectance values fluctuated significantly for arborvitae oil with SHNPs, but in the case of 50% arborvitae oil with SHNPs, the reflectance was very similar to the sample prepared by 50% oil without SHNPs. The best results in terms of unchanged reflectivity for the sandstone samples were achieved when oregano oil was used. There was a minimum difference in spectral reflectivity before and after coating application.



The reflectivity results confirmed that the Rr values are intimately correlated with the characteristics of the surface of two different investigated materials, sandstone and whitewood (Figure 1 and Figure 2).



The color changes of given surfaces after application of EOs or SHNPs can be evaluated using CIE 1931 (International Commission on Illumination) color space [32]. In order to calculate the chromaticity coordinates x and y from the reflectivity spectra, we employed the CIE standard daylight illuminant D65 [32], which represents average daylight with the correlated color temperature of 6500 K. Figure 3 shows color space chromaticity diagram with color points plotted for whitewood, whitewood with thyme 50%, and whitewood with SHNPs. The identical data are plotted in CIE L*a*b* color space in Figure S6.



These samples were selected to illustrate the color changes upon application of EOs and SHNPs. The addition of other EOs and SHNPs on sandstone samples yielded similar results. As can be seen from the reflectivity changes (Figure 1) after application of EOs on whitewood substrates, the lowered reflectivity in the blue-green spectral region results in an overall shift of color appearance towards orange color. On the other hand, the application of SHNPs resulted in enhanced reflectivity in the blue-green spectral part (Figure 1), which makes the surface appearance whiter. It is noteworthy to mention that all color changes proceed along a virtual line in the chromaticity diagram. This is due to the fact that the reflectivity changes of EOs as well as SHNPs are primarily located in the same spectral region. For reference, the ideally reflecting surface with the reflectivity equal to one at all wavelengths is depicted by square black symbol.



Using the digital optical microscope, we were able to exactly localize the fungi on the surface, and thus to calculate the area of their growth (Table 3). We have compared the treated materials with the corresponding control sample without any treatment. Considering the whitewood samples, such comparison confirmed that the fungal growth on their surfaces was negligible. The highest fungal growth along the surface was observed for the samples with 50% of arborvitae oil. Presumably due to a higher density of oil, it showed slower permeation into the wood and partial evaporation of volatile compounds from its surface. These conditions potentially lead to a decreased antifungal activity. This fact was observed also for thyme and oregano oils. However, we have achieved 100% antifungal activity on the whitewood surface coating with 30% of thyme oil. The EO’s inhibition of wood-decaying fungi and molds on beech surface was also reported by Pánek et al. [33].



A different trend was observed for the mixtures of SHNPs and EOs. For the combination of EOs and SHNPs, the antifungal activity was directly linked to the higher content of EOs (Table 3).



Silica-based SHNPs were already used for coating wood [34], but they were not tested to our knowledge against the growth of molds. Surprisingly, our study revealed a limited growth of A. fumigatus at only 0.9 mm2, when the SHNPs were used alone.



For the protection and consolidation of stone materials and inhibition of their capillary absorption, different silica nanoparticles or hybrid nanocomposites were developed and also tested on cultural heritage objects [35,36,37,38]. In our study, the antifungal properties, which were not treated before, were investigated as well. Generally, the antifungal activity on sandstone samples decreased with the increasing percentage of EOs. Significantly better results were achieved using 10% of EOs and 10% of EOs with SHNPs. The 100% antifungal activity on sandstone surface was achieved for the following samples: 10% arborvitae and thyme oils, and 10% oregano and thyme oils with SHNPs. Again, the SHNPs alone were able to limit the growth of E. xenobiotica, which spread to an area of 3.5 mm2.



The correlation between surface hydrophobicity and antifungal activity was not evident in all treated samples. However, such correlation was displayed on several sandstone samples when they were treated with the mixtures of 10% O/SHNPs or T/SHNPs and no fungal growth was observed, and water contact angles of 108 and 133 were measured, respectively. On paper samples, this correlation was evidenced when the mixture 50% T/SHNPs inhibited the fungal growth (16.2 mm2) and the value 98 for the water contact angle was recorded. In order to explain this discrepancy regarding the coating systems and the treated materials, other studies are necessary, which can be focused on other antifungal compounds of natural origin that perhaps will produce a satisfactory correlation among specific materials, surface hydrophobicity, and antifungal activity.



Some attempts were already performed to use silica SHNPs for the protection of paper [39,40], but as far as we know nobody has paid attention to the preservation against fungal contamination. This study validates that the antifungal activity trend of EOs on paper samples was opposite to the previous sandstone samples. An increasing concentration of EOs reduced the fungal area on the paper surface. This effect is most likely promoted by the paper thickness and its good absorption properties. In this case, the samples with a high concentration of EOs significantly reduced the fungal growth area compared to the control sample.



The fungal penetration into the structure of the coating substrate was monitored by means of cross-sectional cuts in the digital optical microscope. Unfortunately, it was not possible to prepare contamination-free cross-sectional cuts for the paper and sandstone samples due to the thickness and composition of these materials, therefore the fungal penetration was determined only for whitewood samples using wood cleaving techniques. The fungal penetration was measured in the cross-section plane of the wood perpendicular to the substrate surface. In terms of fungal penetration, the results are unambiguous (Table 4, Figure 4); the penetration decreased with the increasing concentration of EOs. The lowest penetration was achieved for SHNPs without EOs. This was assumed because SHNPs form a hydrophobic barrier. Hence, the conditions for the fungi penetration are worsened. The fungal penetration up to a depth of 315 μm was detected for a mixture of 10% arborvitae and SHNPs. This is a profound difference when compared to the control sample. This may be due to a higher volume of ethanol in 10% EO samples and its rapid evaporation from the surface, together with the volatile active components of EOs. The lower penetration of EOs into the structure of materials can lead to a higher penetration of fungi into the bulk of the materials.



On the whitewood surface coated with 50% of EOs, it was observed that the largest localized fungal area corresponds to the lowest fungal penetration depth into the structure.




4. Conclusions


In terms of material protection, the use of EOs as potential surface preservation coadjuvants is highly promoted. Our results demonstrated that the antifungal effect of EOs alone or in combination with SHNPs depends on the type of EOs and on the type of targeted material as well. EO/SHNP combinations are more suitable for wood protection, although the A. fumigatus was able to penetrate inside the model samples. In addition, it necessary to emphasize that a satisfactory hydrophobicity of treated wood is guaranteed only for a low concentration of EOs.



The same situation was also displayed for the sandstone; in fact, the use of 10% EOs (thyme or oregano) with SHNPs conferred a total protection of the tested material. Moreover, it is possible to consider the use of SHNPs alone; interesting results were obtained regarding the inhibition of fungal growth in both wood and sandstone, with the lowest value of fungal penetration in wood.



The color change of the material after application of EOs and SHNPs was at an acceptable level, which is important, especially for the surfaces that require the preservation of original color appearance. Generally, the application of studied EOs onto surfaces shifts the color saturation towards orange-yellow. On the contrary, the application of SHNPs shift the color towards white due to enhanced Rayleigh scattering in the blue part of the visible spectrum.



This investigation has demonstrated a possible application of SHNPs, alone or with EOs, for preservation of interior building materials or furniture against the colonization of molds. The use during the experimentation of a high fungal concentration, which generally is not possible to encounter in a normal indoor environment, is further evidence of their antifungal properties.



In the future, it would be worth to assay their inhibition effect on the growth of specific microbial communities.
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Figure 1. Dependence of the reflectivity ratio Rr as a function of wavelength for whitewood samples. (a) 10%, 30%, 50% Arborvitae EO; (b) 10%, 30%, 50% oregano EO;.(c) 10%, 30%, 50% Thyme EO; (d) 10%, 30%, 50% Arborvitae EO with SHNPs; (e) 10%, 30%, 50% Oregano EO with SHNPs; (f) 10%, 30%, 50% Thyme EO with SHNPs. 
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Figure 2. Dependence of the reflectance ratio Rr as a function of wavelength for sandstone samples. (a) 10%, 30%, 50% Arborvitae EO; (b) 10%, 30%, 50% oregano EO;.(c) 10%, 30%, 50% Thyme EO; (d) 10%, 30%, 50% Arborvitae EO with SHNPs; (e) 10%, 30%, 50% Oregano EO with SHNPs; (f) 10%, 30%, 50% Thyme EO with SHNPs. 
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Figure 3. The CIE 1931 color space diagram with the calculated colors for selected whitewood samples (blue circle symbols). The black square symbol shows the ideally reflecting surface. 
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Figure 4. A. fumigatus penetration into wood structure treated with 10% of thyme and SHNPs (a) and SHNPs exclusively (b). The numbers (1, 2, 3) indicate the order of penetration depth (µm) into the structure of the whitewood. 
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Table 1. Antifungal activity of different combinations of EOs and SHNPs.
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	A. Fumigatus *
	E. Xenobiotica *





	SHNPs
	-
	-



	SHNPs/Oregano 10%
	20
	18



	SHNPs/Oregano 30%
	22
	20



	SHNPs/Oregano 50%
	30
	30



	SHNPs/Thyme 10%
	15
	10



	SHNPs/Thyme 30%
	22
	12



	SHNPs/Thyme 50%
	25
	20



	SHNPs/Arborvitae 10%
	10
	10



	SHNPs/Arborvitae 30%
	20
	15



	SHNPs/Arborvitae 50%
	22
	20







* Mean of zone inhibition (diameter) in mm; -: no inhibition.
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