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Introduction: Biodeterioration is a big challenge for the preservation of cultural heritage objects and for the community’s safety, fostering the search for novel methods effective in removing microbial biofilms and subsequent biodeterioration. In this context, nanoparticles (NPs) are considered an interesting alternative, based on their unique physico-chemical and biological properties.
Methods: The present study aimed to evaluate the antimicrobial efficiency of Ag, Au, Cu, and ZnO NPs against a significant number of filamentous fungi and bacterial strains isolated from wooden and stone cultural heritage objects from different Romanian regions, as well as from museum collections, with the final goal to establish their potential to develop novel preservation strategies, which have high efficiency and low ecotoxicity.
Results: Six types of nanoparticles (NPs) based on Ag, Au, Cu, and ZnO were synthesized and characterized for their physico-chemical properties, ecotoxicity, and efficacy against 75 filamentous fungi and 17 bacterial strains isolated from wooden and stone cultural heritage objects (15th–19th century). The results showed that all synthetized NPs are homogeneous, demonstrating a good stabilizing coating, and have spherical or triangular shapes, with sizes between 9 and 25 nm. The highest antifungal efficiency has been recorded for Ag NPs, followed by Cu NPs and ZnO NPs, with the most susceptible strains being Aspergillus montevidensis, Penicillium commune, Penicillium corylophilum, Bacillus megaterium, and B. cereus. The Cu NPs and ZnO NPs decreased the capacity of microbial strains to adhere to the inert substratum. The influence of the tested NPs against enzyme/organic acid production varied depending on the NP types and by species.
Conclusion: The obtained results are promising for the development of efficient and economical alternative solutions for heritage preservation, showing high antimicrobial activity against the prevalent fungal and bacterial strains involved in the biodeterioration of Romanian heritage objects.
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1 INTRODUCTION
The cultural heritage of each country represents a bridge between its past, present, and future, not only being a testimony of the way in which human civilization has evolved but also an important source of income for the national economy by capitalizing on the tourism potential. The physical, chemical, and biological degradation of cultural heritage objects represents a real societal challenge, leading to both cultural and economic loss (P. et al., 2018). Biodeterioration can be caused by macro-organisms such as lichens, plant mosses, plants or insects, and various microorganisms (including bacteria, archaea, fungi, and microalgae), which are directly responsible for altering the appearance and integrity of different materials such as paper, leather, textiles, wood, glass, or stone due to their versatile metabolism (Carpino et al., 2023). The objects may be fully damaged and lost if the biodegradation process is not stopped in time. Due to the activity of certain enzymes (cellulases, proteases, and collagenases) and organic acids, materials based on cellulose and collagen are especially vulnerable to fungal and bacterial degradation under certain circumstances (Bella et al., 2015).
Among the microorganisms responsible for deterioration, fungi are more likely to be identified. They belong to two major categories: a) opportunistic fungi, that can colonize nearly any material in a properly humid environment but are unable to depolymerize the materials’ structural components and b) cellulolytic and keratinolytic fungi, which have specific enzymatic abilities to break down various polymers (leather, hair, and feathers—keratinolytic; wood, paper, and parchment—cellulolytic) and to alter the object structure. Amid the most prevalent deteriogenic fungal genera are different species of Penicillium, Cladosporium, Alternaria, Aspergillus, Chrysosporium, Fusarium, Geotrichum, and Paecilomyces (Sterflinger and Pinzari, 2012). Among bacteria, the most often isolated species from cultural heritage items are heterotrophic bacteria, belonging to Bacillus, Micrococcus, Staphylococcus, Paenibacillus, Flavobacterium, Pseudomonas, Nocardia, Mycobacterium, and Streptomyces genera. In general, they express a variety of enzymes, such as cellulases, keratinases, and esterases, active in the degradation of textiles (Bacillus spp.), or lipases, amylases, proteases, having solventogenic activity, involved in the degradation of paintings and icons (Pseudomonas spp.) (Sterflinger and Piñar, 2013; Pyzik et al., 2021).
Disinfection is the most efficient method to prevent biodeterioration, the most used chemical agents being quaternary ammonium salts, ethylene oxide, alcohols, aldehydes, halogen compounds, dyes, peroxides, surfactants, and heavy metals (like silver, copper, and gold). Ethylene oxide is the most popular method for sanitizing historical artifacts; its exceptional efficacy is unmatched by any other fumigant. Unfortunately, the gas is mutagenic, carcinogenic, and causes allergic responses in addition to irritating the respiratory system (Pietrzak et al., 2016). Since mechanical methods may cause prejudices to fragile cultural heritage objects, and chemical methods may contribute negatively to pollution, new strategies to prevent their deterioration are urgently needed. Nanotechnology has shown significant potential in the field of preservation, offering novel instruments and techniques to achieve higher consolidation and safeguarding efficiency. Due to their small particle size, nanomaterials (NMs) (1–100 nm) may be able to penetrate deeper into damaged artifacts compared to larger-scale materials (S. et al., 2018). In recent years, inorganic nanoparticles (NPs) (Cu, Au, Ag, TiO2, ZnO, SiO2, and CuO) have been used for strengthening various artifacts and artworks (Blee and Matisons, 2008; Ion et al., 2018; David et al., 2020) and also for protecting the surfaces of various buildings against biofilm formation, acting by assuring surface self-cleaning, by improving the surface of the material, or by exhibiting biocidal activity (Reves-Estebanez et al., 2018). Due to their small particle size, NPs may be able to penetrate deeper into damaged artifacts compared to larger-scale materials (Mourdikoudis et al., 2018).
Oxide materials such as TiO2 and SiO2 have been successfully used in the process of strengthening ceramic artifacts, forming a transparent, uniform, and hydrophobic layer on the artifacts’ surface; moreover, the NPs penetrated the surface of the artifacts, providing them with a greater resistance, without inducing any chemical, physical, or aesthetic changes (Barberio et al., 2015). The performance of Ag, Cu, ZnO, and TiO2 NPs has been studied for their anti-termite, rot, mold, fungal, and UV degradation activity, with the results showing that these NPs have significantly improved the resistance and prevented the degradation of wooden artifacts.
The MgO NPs inhibited the fungal contamination of paper objects, particularly with Aspergillus niger, Cladosporium cladosporioides, and Trichodernma reesei strains, without affecting the paper quality (Castillo et al. (2019). The MgO NPs inhibited the cellulase production in T. reesei and A. niger, two of the main deteriogenic agents of cellulosic materials (Castillo et al., 2019). There are various additional studies on the use of Ag NPs applied to cotton textiles for antibacterial finishing or of ZnO NPs to inhibit fungal biofilms (Balakumaran et al., 2016; Gambino et al., 2017). Moreover, Ag NPs alter the formation and morphology of the mycelium, affecting the development and germination of conidia as well as the pigmentation of Penicillium brevicompactum, Aspergillus fumigatus, C. cladosporioides, Stachybotrys chartarum, and Chaetomium globosum conidiophores and conidia (Ogar et al., 2015). CuO NPs and different plant extracts (Azadirachta indica, Pongamia pinnata, Lantana camara, and Citrus reticulata) have shown the capacity to cure and preserve wood degraded by deteriogenic bacteria and by the activity of termites (Shiny et al., 2019). A study conducted by Fouda et al. in 2019 proved that Ag NPs and ZnO NPs are efficient for paper preservation (Zhang et al., 2016). Motelica et al. (2021) have shown that ZnO NPs can be successfully used to protect manual paper from old books, removing the pathogens and preventing any further growth. ZnO NPs are intensively studied for outdoor antimicrobial applications since this type of NPs is characterized by high stability and corrosion resistance when they are exposed to different environmental conditions (Abdel-Daim et al., 2019). Due to their antibacterial and antibiofilm activity, Au NPs in association with hydroxyapatite (HAp) proved to improve the structure of hazel wood (Ion et al., 2018).
Very few studies have been carried out in Romania regarding the antimicrobial efficiency of alternative solutions against deteriogenic microorganisms of tangible cultural heritage (Fierascu et al., 2014; Corbu et al., 2021, 2022; Gheorghe et al., 2021; Ilies et al., 2021). The wooden and stone churches from the 14 to 19 centuries are a recognizable representation of Romanian national history, serving as significant locations for the founding communities’ secular as well as spiritual individual and communal gatherings (Gheorghe et al., 2021). The purpose of the current study was to demonstrate the antimicrobial efficiency of several metal and metal oxide nanoparticles (Ag, Au, Cu, and ZnO NPs) against a significant number of filamentous fungi and bacterial strains isolated from wooden and stone cultural heritage objects, for further developing novel preservation strategies, with good efficiency and low ecotoxicity, adapted to the characteristics of tangible heritage objects.
2 MATERIALS AND METHODS
2.1 Materials
Zinc acetate dihydrate (Zn(CH3COO)2·2H2O), 99.9% was purchased from Merck. Silver nitrate (AgNO3), sodium borohydride (NaBH4), copper (II) sulfate (CuSO4·5H2O), sodium hydroxide (NaOH), and gold (III) trichloride (AuCl3) were purchased from Sigma Aldrich; polyvinylpyrrolidone (PVP), hydrazine (N2H4), L-ascorbic acid (HC6H7O6), and polyethylene glycol (PEG 400) from Roth; hydrogen peroxide (30% H2O2) from Silal Trading; lecithin (C42H80NO8P) and trisodium citrate (Na3C6H5O7) from Alfa Aesar; and 1-butanol from Merck. All reagents and solvents were used without further purification.
2.2 Methods
2.2.1 Synthesis of Ag NPs
2.2.1.1 Synthesis of Ag NPs by the classical method, at room temperature (Ag NPc)
Approximately 500 ml of 0.0001 M AgNO3 solution was introduced into a Berzelius beaker, then 30 ml of 0.02999 M trisodium citrate was added. The solution thus obtained was left under continuous agitation (600–700 rpm) for 12 min, at room temperature. After 12 min, 30 ml of 0.00007 M PVP was added. The solution was stirred for 1 min (200 rpm), after which 3 ml of 0.1 M sodium borohydride solution was added. The final mixture was stirred for 5–7 min, after which 1.2 ml of 30% hydrogen peroxide was added. After adding H2O2, the obtained solution was stirred until a blue or emerald blue color appeared. The concentration of the obtained NPs was 10 ppm.
2.2.1.2 Synthesis of Ag NPs by the Turkevich method (Ag NPt)
Approximately 0.01 g of AgNO3 was dissolved in 500 mL of H2O. The obtained solution was kept at 70°C–75°C under magnetic stirring for 75 min. To this solution, a solution containing 0.30 g of sodium salt of citric acid was added dropwise, which acted as the reducing agent. When the solution became slightly yellowish, 10 mL of PVP was added. The concentration of the obtained NPs was 100 ppm.
2.2.1.3 Synthesis of Ag NPs by the hydrothermal method (Ag NPsol)
Approximately 0.888 g of PVP K 30 was added to 80 mL of PEG 400. The mixture was stirred and heated to 80°C until the obtained solution became transparent. When the temperature reached 80°C, 2 mL of AgNO3 with a concentration of 0.5 M was quickly added to the mixture, under stirring. A dark yellow color was observed, and the mixing was continued at 80°C until the appearance of a dark brown color. The mixture was poured into a Teflon vat, and the temperature was increased to 220°C while maintaining a constant pressure of 1 bar for 2 h. The reddish-brown mixture was cooled and then removed from the vat. The concentration of the obtained NPs was 1,000 ppm.
2.2.2 Synthesis of ZnO NPs
ZnO NPs were prepared using the solvothermal method described in Motelica et al. (2021). Briefly, 5.000 g of Zn(Ac)2·2H2O was mixed with 50 ml of 1-butanol and refluxed at boiling point for 48 h. After the reflux time, the flask was removed from the heater and allowed to rest for another 24 h at room temperature. The obtained white precipitate was centrifuged at 9,000 rpm, washed three times with C2H5OH, and dried in an electrical oven at 105°C. ZnO NPs with an average size of ∼20 nm were obtained.
2.2.3 Synthesis of Cu NPs by the hydrothermal method
In a Berzelius glass, an amount of 20 g of CuSO4·5H2O was dissolved in 200 ml of distilled water. The obtained mixture was heated on a hot plate at 60°C for 10 min. After heating, a solution of 0.2 g of NaOH (0.5 M) in 20 ml of distilled water was added to the aforementioned mixture, with the appearance of a black precipitate. Afterward, hydrazine (70 ml) was added dropwise, maintaining the temperature, and stirring was continued for another 30 min. After the addition of hydrazine, the color changed to brown. After this treatment, the recovered/formed Cu NPs (cooled) were purified by washing them twice with distilled water and ethanol and then dried at 60°C for 2 h.
2.2.4 Synthesis of Au NPs by the hydrothermal method
The synthesis of Au NPs was carried out according to the literature with slight modifications (Aziz et al., 2017). An aqueous solution of gold salt (AuCl3, 30 mL, 1 mM) was added in a Berzelius beaker and maintained at 50°C under stirring, and then an aqueous solution of lecithin (4.5 mL, 20 mM) was added. Then, l-ascorbic acid (0.75 mL, 100 mM) was added under continuous stirring. Finally, trisodium citrate (0.75 mL, 100 mM) was added to this solution and stirred for 2 h at 50°C. The AuNP colloidal solution was centrifuged at 7,000 rpm for 15 min. The settled particles were collected and dispersed in water. The purification process was repeated three times with deionized water.
2.2.5 NP characterization
The NPs obtained were characterized by specific physico-chemical methods: X-ray diffraction (XRD), infrared spectroscopy (FTIR), dynamic light scattering (DLS), scanning electron microscopy (SEM), and UV–Vis spectroscopy. X-ray diffraction patterns (XRD) were recorded on a PANalytical X'Pert Pro MPD analyzer using Cu-K radiation; IR spectroscopy measurements were performed using a Thermo NicoletTM iS50 FTIR spectrometer equipped with a diamond crystal-based ATR module capable of recording spectra over a range of 400–4,000 cm−1. To obtain a better signal-to-noise ratio, the spectra were obtained by summing 16 scans recorded at a resolution of 8 cm−1. The acquisition time was set to 3 scans/s using a DTGS type detector and an automatic beam splitter (beam splitter) for the ability to record the spectrum, especially in the transmission mode, in the range 10–25,000 cm−1, i.e., from far IR to near IR. The DLS measurements were carried out using a DelsaMax PRO light scattering analyzer, with reusable PEEK flow cells, BCI-3216-DMP, and a DLS detector angle (degree) of 163.5°. The acquisition parameters for this technique were as follows: acquisition time(s): 5 s acquisition time, 1 s read interval, with a 15-s collection period for three acquisitions, at 10 Hz electric field frequency, with auto-attenuation set at 0% level, normal laser mode, with the temperature set at 20°C. SEM images were recorded using a Quanta Inspect F; FEI microscope equipped with an EDS spectrometer, the samples being covered with a thin film of silver. A JASCO (Easton, PA, United States) V-560 spectrophotometer equipped with a 60-mm integrating sphere (ISV-469) was used to record the diffuse reflectance spectra (UV–Vis). All the measurements were made in the domain 200–900 nm, with a speed of 200 nm min−1.
2.2.6 Evaluation of antimicrobial activity against the deteriogenic microbial strains
2.2.6.1 Microbial strains
The antimicrobial activity of the synthesized NPs was tested against a total of 75 filamentous fungi belonging to Aspergillus spp. (seven A. niger, five Aspergillus spp., three A. sydowii, two A. versicolor, two A. pseudoglaucus, two A. flavus, one A. terreus, one A. nidulans, one A. ustus, and one A. montevidensis), Penicillium spp. (17 Penicillium chrysogenum, 11 P. corylophilum, four Penicillium expansum, three Penicillium spp., two P. digitatum, two P. nalgiovense, two P. commune, one P. italicum, and one P. glabratum), Purpureocillium lilacinum (two), Fusarium incarnatum (two), Trichoderma longibrachiatum (one), Mucor circinelloides (one), and Alternaria alternata (one) and 17 bacterial strains belonging to Bacillus spp. (eight Bacillus megaterium, four B. pumilus, two Bacillus spp., one B. subtilis, one B. cereus, and one B. atrophaeus) isolated from wooden (Troas, Savarsin; Barzava, Grosii Noi; Julita, Arad; Lunca Motilor, Hunedoara; St. Hierarch Nicolae, Bucharest; and Dragoș Vodă” Putna, Suceava) and stone cultural heritage churches/monasteries (Ostrov; Orlea; Prislop Monastery, Silvasu de Sus; Paros; Densus; Nucsoara; and Sinpetru, Hunedoara; Arbore; Sfântu Ilie; Sucevița Monastery; Moldovita Monastery, and St. Ioan cel Nou, Suceava), as well as paper objects, textiles (linen, cotton, hemp, wool, etc.), wood, and ceramics from the Romanian Peasant Museum in Bucharest and the Museum of History and Archeology in Tulcea. The selection criteria for the churches were represented by age (14–19 centuries); diversity of construction materials, i.e., wood (oak wood, beech wood, softwood, pinewood, mural paintings in oak wood, etc.); stone (mountain rock, construction gravel, mural Byzantine painting, etc.); and textiles (linen, cotton, hemp, wool, etc.). Regarding the investigated churches, with the exception of St. Hierarch Nicolae from Bucharest, all wooden churches belonged to class A cultural heritage monuments of national importance, while the stone churches were included in the class B of local importance, the majority being in an advanced stage of deterioration and requiring restoration work (Gheorghe et al., 2020).
The selected buildings and objects were damaged by several physical, chemical, and biological factors (such as temperature and humidity fluctuation between different seasons, natural or artificial lighting, surface erosion or granular breakdown, black crusts, salt crystallization cycles, hygroscopic absorption, and micro- and macro-organism activity), with the effects being profound and irreversible (Gheorghe et al., 2020; Bogdan et al., 2022). The average values of relative humidity for all churches were between 67% and 79%. At the time of sampling, the temperature varied between 21°C and 27°C. An area of approximately 10 cm2 of the discolored, altered walls of the narthex, nave, and altar and the surface of museum object samples were sampled by swabbing, followed by swab submersion in sterile distilled water, ten-fold serial dilutions, and inoculation onto three different culture media: PDA (potato dextrose agar) supplemented with chloramphenicol (0.05 g/L), Rose Bengal, and SDA (Sabouraud dextrose agar), incubated at 22°C ± 1°C for 5–7 days. The microbial strains were identified by classical methods and taxonomically confirmed by MALDI-TOF mass spectrometry.
2.2.6.2 Qualitative antimicrobial activity
The qualitative screening of the antimicrobial activity was performed by an adapted diffusion method on Sabouraud agar (SDA) for fungal strains and Mueller–Hinton agar medium for bacteria. Standard fungal cell and bacterial suspensions (1 and 0.5 McFarland) were prepared using fresh cultures of fungi (5–7 days of growth at room temperature on SDA media) and bacterial strains (24 h bacterial culture cultivated on plate count agar medium). Each suspension was evenly spread on agarized culture media, and 10 μL of each NP solution was spotted over. The plates were incubated for 5–7 days at room temperature for fungi and for 24 h at 37°C for bacterial strains. At the end of the incubation time, the growth inhibition diameter zone was measured, and the values were converted into arbitrary units using the following convention: 0 value for no inhibition zone, 1 for a growth inhibition diameter zone up to 10 mm, and 2 for a growth inhibition diameter zone of 11–20 mm.
2.2.6.3 Quantitative antimicrobial activity
All strains for which positive results were recorded after the qualitative screening of the antimicrobial activity were used for the quantitative evaluation of the antifungal and antibacterial activity. Quantitative determination was performed using the microdilution method in 96-well (multi-well) plates. The serial two-fold microdilutions of the compounds were achieved in 100 μL of RPMI (Roswell Park Memorial Institute) 1640 medium for fungi and Mueller–Hinton broth for bacteria, and each well was subsequently inoculated with 10 μL of microbial suspensions made according to the protocol described for qualitative testing. After 5–7 days of incubation at room temperature (for fungi) and 24 h at 37°C (for bacteria), the microbial growth and multiplication were determined spectrophotometrically by monitoring the optical density at 600 nm. The minimum inhibitory concentration (MIC) values were established in correspondence to the lowest concentration, at which the tested plant extract inhibited the multiplication of the microbial cultures.
2.2.7 The influence of NPs on the microbial adherence capacity to the inert substratum
To determine the influence of the tested NPs to inhibit microbial adherence to the inert substratum (96-well plate, untreated polystyrene), the crystal violet microtiter method was used. Each microbial strain was cultivated in the presence of MIC/2 concentrations of the tested NPs, and after 5 days in the case of fungi and 24 h for bacteria, the adhered cells were fixed using methanol and stained with 1% crystal violet solution. After staining, the adhered cells were resuspended in 33% acetic acid solution and quantified by measuring the absorbance at 490 nm. Appropriate negative and positive controls were used to determine the influence of the NPs on microbial adherence. The formula used for the evaluation of the microbial adherence capacity was IIBG% = 100 − (ANp × 100)/Ac, where ANp = the absorbance of the biofilm formed and treated with a sub-inhibitory concentration of NPs and Ac = the absorbance of the biofilm formed untreated.
2.2.8 The influence of NPs on metabolic activity
Selected microbial strains (both fungi and bacteria) able to produce and secrete biodegradative enzymes such as cellulase, esterase, amylase, and caseinase, as well as organic acids, were used for determining the influence of the NP solution at sub-inhibitory concentrations on their metabolic activity. Each strain was cultivated in the presence of sub-inhibitory concentration of NP solutions (MIC/2) for 7 days in the case of fungi and 24 h for bacteria, and subsequently, 1 McFarland standard suspensions were prepared in sterile 0.7% sodium chloride solution. Each specific culture medium (Corbu et al., 2022) was spotted with 10 µL of treated and untreated microbial suspensions and then incubated at 26°C–28°C for 5–8 days in the case of fungi and 24 h for bacterial strains. The NP solution’s impact on the metabolic profile was semi-quantitatively evaluated by measuring the ratio of the colony diameter (C) to the diameter of the specific inhibition zone occurring around the colony (D) and then applying the following formula:
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where C1—colony diameter of the control strain, D1—inhibitory effect zone diameter of strain control, C2—colony diameter of the treated strain, and D2—inhibitory effect zone diameter of the treated strain.
2.2.9 Ecotoxicity of NPs
The ecotoxicity of the tested NP solutions was investigated using the Allium assay (Datcu et al., 2020). Thus, bulbs of Allium cepa var rubra selected based on macroscopic observation of morphological characteristics and integrity were used. These were divided into six sets. The healthy bulbs were maintained in tap water for 6 days to form roots at room temperature. A set of control samples were introduced into distilled water. An equal volume of NP was added, and the bulbs were analyzed after 24 h of contact. For the fresh biomass determination, the bulbs were weighted using an analytical balance. The daily weight gain of the bulbs was calculated for the pre-test (before adding the tested solutions) and post-test (after 24 h of contact) periods. The differences were evaluated with the t-test (p < 0.05).
2.2.10 Statistical analysis
Data were expressed as mean ± SD, and statistical analysis was performed using GraphPad Prism v9. Data were analyzed using ordinary two-way ANOVA using post hoc tests (Sidak’s correction) for multiple comparisons, with individual variances calculated for comparison between the biological activities of NPs and the control strain. In the case of ecotoxicity, the differences were evaluated with the unpaired t-test by the Holm–Sidak method for comparison between the pre-test (before adding the tested solutions) and post-test period (after 24 h of contact). The significance level was set at p < 0.05.
3 RESULTS
3.1 The obtaining and characterization of the NPs
Six types of NPs were synthesized: Ag NPs by the classical method (Ag NPc), Ag NPs by the Turkevich method (Ag NPt), Ag NPs by the hydrothermal method (Ag NPsol), Cu NPs, ZnO NPs, and Au NPs. The obtained NPs were characterized by XRD, FTIR, DLS, SEM, and UV–Vis methods.
3.1.1 XRD
The formation of the zinc oxide phase using the solvothermal method was confirmed using an X-ray diffractogram. X-ray diffraction was used to establish the formation of ZnO NPs as a pure phase. The recorded X-ray diffractograms (Figure 1A) indicate the presence of ZnO NPs as a single phase. In the XRD diffractograms, the characteristic peaks of the Wurtzite-type hexagonal structure ZnO NPs can be observed at the 2θ angle values 31.72° (100), 34.39° (002), 36.23° (101), and 47.44° (102) (Suresh et al., 2016; Oprea et al., 2011).
[image: Figure 1]FIGURE 1 | XRD diffractogram recorded on ZnO NPs (A) and Cu NPs (B). Experimental data in red dots, refined data in blue lines, background in green lines, and the difference plot in red lines (below each diffractogram).
The XRD diffractogram (Figure 1B) recorded on Cu NPs showed an intense peak at 43.30, which has a (111) plane, and two low-intensity peaks at 50.42 and 74.03, characteristic of (200) crystallization planes (220). The peaks observed in the XRD diffractogram correspond to the findings in Suramwar (2012), demonstrating that the prepared Cu NPs are extremely pure, crystalline, and well-arranged in a specific orientation. No other peak due to impurities was observed.
The characteristics data provided by XRD, by using Rietveld refinement from HighScore Plus 3.0 software (Maqbool et al., 2022) and the COD database, are presented in Supplementary Table S1. In the case of copper powder, the formation of the pure cubic Cu (COD#: 96-900-8469) has been proved. This metallic powder has a crystallinity of 43.67% and a crystallite size of 34.18 ± 14.68 nm. In the case of ZnO (COD#: 96-900-4182), hexagonal particles are obtained (P63/mc) having a crystallinity of 65.27% and a crystallite size of 35.88 ± 6.49 nm.
3.1.2 FTIR
In the FTIR spectrum (Figure 2A) of ZnO NPs, the characteristic bands of the stretching vibration of the Zn-O bond from approximately 415 to 480 cm−1 can be observed. The frequencies are consistent with the reported literature (Handore et al., 2014; Motelica et al., 2021) and correspond to the Zn-O characteristic stretching vibration. The weak peak from 677 cm−1 is due to Zn-OH bending vibration, while the peak from 875 cm−1 can be assigned to Zn2+ ions in tetrahedral symmetry. The weak peaks from 1,572 to 1,426 cm−1 are characteristic of the carboxylate group, asymmetric νas (COO) and symmetric νs (COO) vibrations. When the Δν between the values of these two peaks falls in the interval 100–200 cm−1, the carboxylate is in ionic form. This implies that some acetate ions remain adsorbed on the surface of NPs.
[image: Figure 2]FIGURE 2 | FTIR spectrum for ZnO NPs (A), Cu NPs (B), Au NPs (C), and Ag NPs (D).
The spectrum recorded on Cu NPs (Figure 2B) is characterized by the presence of several absorption bands in the range 592–420 cm–1 caused by the νCu(II)-O stretching vibrations of copper oxide CuO. The absorption bands with maxima at 675 cm–1 can be attributed to νCu(I)-O vibrations, indicating the presence of some traces of Cu2O oxide in the sample composition (Bharathi et al., 2020; Amali et al., 2022). As the XRD spectrum proves the purity of the sample, the presence of characteristic CuO and Cu2O bands is due to the weak oxidation of Cu NPs upon contact with air, with their content probably up to 2%, and this is why even in FTIR the aforementioned peaks have low intensity. The absorption band with maxima in the range 2,190–2050 cm–1 is due to CO2 absorption from the atmosphere. These results are consistent with the UV–Vis results.
The FTIR spectra recorded on the Au NPs synthesized using the hydrothermal method (Figure 2C) exhibit the characteristic bands being close to those reported by Khademi-Azandehi and Moghaddam (2015). The band at 1,636 cm−1 is characteristic of C=O and C=C stretching vibrations characteristic of the adsorbed organic compounds (citrate, lecithin, and ascorbate) (Stuart, 2004). The broad band centered at 3,416 cm−1 is characteristic of the O-H stretching vibration group (Alvarez-Ordónez and Prieto, 2012; Jabbar et al., 2020).
The FTIR spectra recorded on the Ag NPs synthesized using the Turkevich method (Figure 2D) exhibited characteristic bands centered at ∼450, 1,636, and 3,320 cm−1, these results being in good agreement with those reported by Jabbar et al. (2020). The band at 1,636 cm−1 is characteristic of C=O stretching vibrations () specific to the used PVP capping agent. The broad band from 3,420 cm−1 is characteristic of the associated hydroxyl stretching vibrations.
3.1.3 DLS
DLS is the most used method for determining the hydrodynamic diameter of particles suspended in solution. Particles with zeta potential between −10 and 10 mV are considered neutral and prone to aggregation, while particles with 10 mV ≤ |ζ|≤ 30 mV can repel each other and ensure incipient agglomeration; however, if |ζ| continues to increase, stability increases considerably, and aggregation is minimal or does not occur (Danaei et al., 2018). If we look at the zeta potential values (Table 1), they indicate that Au NPs are slightly electrically charged and prone to aggregation. The DLS method can be used to determine the degree of polydispersity of the particles. A polydispersity index (PI) of approximately 0.35 indicates moderate variations in particle sizes. In the case of Au NPs, the average diameter is approximately 285.76 nm, which probably means that these NPs are agglomerated (Table 1).
TABLE 1 | DLS results obtained for Ag NPs.
[image: Table 1]The values of the zeta potential indicate a reasonable-to-good stability of Ag NPs, the zeta potential being −19.60, −29.79, and −35.45 mV, which leads to a sufficiently high repulsion (Table 1), and the values of the PI 0.25 or 0.57 indicate that the particles are quite monodispersed for PI = 0.25 and highly dispersed in the case of PI = 0.57. Thus, Ag NP (c, t, and sol) samples present diameter values much smaller than 100 nm (Table 1). The diameters of the particles have almost similar sizes (Table 1), demonstrating that even when we use three different concentration, of over 2 magnitude (from 10 to 1,000 ppm), constant sizes of Ag NPs could be obtained with a quite narrow size distribution, with an average diameter of 32–44 nm.
The zeta potential values (Table 1) indicate that Au NPs have a low zeta potential (−8.97 mV), are slightly electrically charged, and thus are prone to aggregation. Moreover, during the synthesis, these NPs are also able to agglomerate, and this is why their hydrodynamic size is much larger than that of Ag NPs. The DLS method can be used to determine the degree of polydispersity of the particles. A polydispersity index (PI) of approximately 0.35 indicates moderate variations in particle size. In the case of Au NPs, the average diameter is approximately 285 nm, which probably means that these NPs are agglomerated (Supplementary Table S1).
In the case of Cu NPs, the values of the zeta potential indicate a reasonable stability, the zeta potential being −9.41 mV, which leads to a sufficiently high repulsion and a mean diameter of ∼950 nm (in good agreement with the microscopy data), and the values of the PI 0.571 indicate that the particles are quite monodispersed. Considering the large size and the low zeta potential, it is obvious that these particles will be the least stable ones.
In the case of ZnO NPs, the average diameter is ∼115 nm, and the value of the zeta potential is ∼21 mV. The PI = 0.204 indicates that the particles are quite monodispersed. Based on these data, an incipient agglomeration of the ZnO NPs can be expected.
3.1.4 SEM
The recorded SEM images (Figure 3A) provided additional information on the size and morphology of the synthesized NPs. Based on these results, we can conclude that the obtained NPs are quite uniform, with a quite sharp size distribution and the size of the particles in the nano range (30–40 nm), comparable with the DLS data presented previously. The image shows ZnO NPs spherical in shape with a smooth surface.
[image: Figure 3]FIGURE 3 | SEM images of metallic nanoparticles.
The SEM images recorded on the Au NPs (Figure 3B) show the spherical shape and size of the NPs, which varies in the range of 9–25 nm. In addition, the SEM images confirm the agglomeration tendency of the Au NPs, being consistent with the DLS analysis.
In the SEM images (Figure 3C) recorded on Ag NPs, it can easily be observed that the size of NPs varies between 10 and 20 nm, and the results are consistent with the DLS data. Although the density of the NPs has significantly increased from the less concentrated colloidal solution (Ag NPc—10 ppm) to the most concentrated one (Ag NPsol—1,000 ppm), by corroborating these data with the DLS, it can be concluded that the particles remain independent, without concerning coalescence.
The SEM images recorded on the Cu NPs (Figure 3B) reveal the formation of the copper particles. These particles have polyhedral morphologies and are in the micrometric range, their size varying from 50 to ∼1,000 nm (Figure 3D), and the results are in good agreement with the DLS data (Shantkriti, 2014).
3.1.5 UV–Vis
The shape of the spectrum (Figure 4A) is typical for white ZnO NPs. In the visible range, the absorbance of the sample is very low (white color), but below the range of 400 nm, the sample shows a strong absorbance, in the form of a single band, with the maximum value at 366 nm. To determine the width of the forbidden band, the Tauc method was applied, the experimental value being 3.227 eV, lower than the theoretical one of 3.37 eV, due to the existence of lattice defects. These lattice defects (most likely on the surface of the nanoparticles) generate and introduce additional energy levels inside the bandgap, ultimately leading to a decrease in its value. This is beneficial, as less energy is required to promote electrons from the bandgap valence in the conduction band and the generation of positive hole–electron pairs, responsible for the generation of reactive oxygen species (ROS). A higher level of ROS naturally leads to a high antimicrobial activity.
[image: Figure 4]FIGURE 4 | UV–Vis spectrum for ZnO NPs (A), Cu NPs (B), Au NPs (C), and Ag NPs (D, E).
The UV–Vis spectrum for Cu NPs (Figure 4B) shows a broad absorption band, with the maximum located between 450 and 550 nm due to the surface plasmon resonance (SPR). The position is not clearly defined because the spectrum is recorded on powder and not as a colloidal solution. The surface plasmon resonance is influenced by the refractive index of the surrounding medium, in this case air; the stabilizing coating; and other Cu NPs, which leads to a broad band.
The UV–Vis spectra recorded on the pink Au NP colloidal solution present a single band in the UV–Vis spectrum (Figure 4C), NPs with spherical morphology and dimensions lower than 20 nm. The shape of the absorption band at 517 nm (generated by the SPR) indicates that the solution is stable and the NPs are not agglomerated, demonstrating a good stabilizing surface coating.
The blue Ag NPc sample obtained by reduction with sodium borohydride has a UV–Vis spectrum (Figure 4D) with a broad absorption band, centered at 818 nm. The positioning of the SPR, at a wavelength higher than 800 nm, is specific to silver nanoparticles with triangular morphology (Condorelli et al., 2021). For the yellow Ag NPt sample, the UV–Vis spectrum (Figure 4E) indicates the position of the band corresponding to the SPR at 426 nm. The shape of the band is specific to spherical Ag NPs, with dimensions below 20 nm (Le et al., 2012). For the brown Ag NPsol, multiple dilution was necessary to allow measuring the absorbance, which was higher than the limit of the device. Figure 4E shows the spectra recorded after the 125-fold dilution and identified the band corresponding to the SPR at 406 nm, a value close to those reported in the literature for Ag NPs with spherical morphology and dimensions below 10 nm (Panda et al., 2018).
3.2 Antibacterial activity
The qualitative testing of NP solutions analyzed against a total number of 17 bacterial strains, isolated from stone (six), wood (four), and paper objects, textiles, wood, and ceramics from two museum collections (seven), evidenced a generally low and similar efficiency of the two types of Ag NPs, i.e., Ag NPt and Ag NPsol solutions (p > 0.05, Figure 5C), with the exception of one strain (B. subtilis MTR33U) being more susceptible to the Ag NPt solution (Supplementary Table S2, Figure 5B). The precentage of inhibited strains by NPs related to the isolation source could be found in Figure 5A. The mean of DIZs (diameters of inhibition zones) was significantly higher for Cu NPs than for Au NPs (p < 0.0001), Ag NPc (p < 0.0001), and ZnO NPs (p < 0.05).
[image: Figure 5]FIGURE 5 | Inhibitory activity of NPs against bacterial strains expressed as a percentage of inhibited strains and related to the isolation source (A) and arbitrary units (B). Statistical analysis between NPs (C) (where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
3.2.1 Quantitative evaluation of the NP antibacterial activity against bacterial strains
Most of the bacterial strains tested were sensitive to Ag NPt and Ag NPsol solutions, with values of 0.19–0.78 (µg/mL) and 0.9–19.5 (µg/mL), respectively. The best antibacterial activity was observed for Ag NPt against B. pumilus strains. Ag NPc showed weaker activity than the rest of the Ag NPs (Table 2).
TABLE 2 | Of MIC values (µg/mL) of NP solutions against deteriogenic bacterial strains.
[image: Table 2]The Au NP solution showed antimicrobial activity at MIC values of 7.1–228 (µg/mL), being more active on the Bacillus spp. S6RA strain (isolated from textile material), and B. cereus encoded C16156 (isolated from a stone object). The ZnO NP solution inhibited the development of bacterial strains at concentrations of 39–10,000 (µg/mL), having a moderate activity against B. atrophaeus BB and B. pumilus OS7C strains (MIC = 39 μg/mL), both isolated from stone heritage objects and inactive against B. pumilus B11, B. pumilus S2R, and B. cereus C16156. The Cu NPs proved effective at MIC values of 1,250–117 μg/mL (Table 2), the strain of B. megaterium S23D (isolated from a textile material) being the most sensitive. Among the strains tested, the most resistant was the B. pumilus strain coded B11, isolated from a wooden museum object.
3.3 Antifungal activity
The qualitative screening of the antifungal activity of Ag NPc, Ag NPt, and Ag NPsol, Au NPs, Cu NPs, and ZnO NPs was determined on a total number of 75 microfungal strains isolated from different heritage objects: stone (38), wood (25), and museum collections (13) (Supplementary Figure S1).
The efficiency of the NP solutions was in descending order: Ag NPt = Ag NPsol > Cu NP > ZnO NP > Ag NPc > Au NP (Figure 6A). The Ag NPt and Ag NPsol solutions showed the highest efficiency (arbitrary unit identification 3) (Figure 6B). The efficiency of the NP solutions on the microfungal strains tested related to the isolation source demonstrated that Ag NPt and Ag NPsol showed high activity regardless of the origin of the strain, inhibiting more than 50% of the tested strains. The efficiency of ZnO NPs and Cu NPs was higher on strains recovered from wooden heritage objects, followed by those isolated from museum objects. In the case of Ag NPc and Au NPs, respectively, the efficiency was limited regardless of the origin of the strains. The strains sensitive to Ag NPt were isolated mainly from the stone heritage objects (Figure 6A). The mean of DIZs (diameters of inhibition zones) was significantly higher for Ag NPt and Ag NPsol than for Au NPs (p < 0.0001), Ag NPc (p < 0.0001), Cu NPs (p < 0.0001), and ZnO NPs (p < 0.0001) (Figure 6C).
[image: Figure 6]FIGURE 6 | Inhibitory activity of NPs against microfungal strains expressed as a percentage of inhibited strains and related to the isolation source (A), arbitrary units (B), and statistical analysis between NPs (C) (where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
Quantitative evaluation of the antifungal activity of the NPs against deteriogenic strains isolated from wooden and stone buildings and museum collection objects demonstrated that seven strains of Aspergillus showed sensitivity to Ag NPc action (mean MIC value = 1.05–5.3 μg/mL) (Figure 7A). Ag NPts demonstrated their effectiveness against strains of Penicillium (n = 32; mean MIC value = 0.19–8.59 μg/mL), Aspergillus (n = 17; mean MIC value = 0.39–4.36 μg/mL), and P. lilacinum (mean MIC value < 5 μg/mL) (Figure 8C). The Ag NPsols were active against Aspergillus strains (average MIC values = 0.97–23.76 μg/mL) and P. commune (MIC value < 1 μg/mL) and inactive on P. chrysogenum strains (mean MIC value >200 μg/mL). In the case of Purpureocillium spp., the average MIC value was below 5 μg/mL (Figure 8B).
[image: Figure 7]FIGURE 7 | Graphical representation of the MIC values of the Ag NPc (A), Ag NPsol (B), Ag NPt (C), ZnO NPs (D), Cu NPs (E), and Au NPs (F) against different microfungi strains.
[image: Figure 8]FIGURE 8 | Graphical representation of the inhibitory effect on the adhesion capacity of filamentous fungi strains treated with MIC/2 of Ag NP (A), Cu NP (B), ZnO NP (C), and Au NP (D) solutions.
The Au NPs inhibited the mycelial development of a limited number of microfungal strains belonging to the Penicillium genus (Figure 7F). The Cu NPs were effective on 42.66% of the strains belonging to the Penicillium (18), Aspergillus (13), and Purpureocillium (1) genera, the most sensitive being A. flavus strains (312.5 μg/mL) (Figure 7E). The ZnO NPs demonstrated their effectiveness against P. corylophilum strains (MIC = 32.55 μg/mL) (Figure 7D). In Figures 7B, C were highlighted the MIC mean for AgNPsol and AgNPt.
3.4 Influence on the microbial adherence to the inert substratum
The Ag NPc were active against 60% of the strains at a concentration of 6.25 μg/mL, Ag NPt at 0.78 μg/mL–0.19 μg/mL against 40%, Ag NPsol at 3.9–0.9 μg/mL, while the Au NPs inhibited the adhesion capacity of 50% of the tested strains, at 0.85 – 0.425 μg/mL, much lower than the MIC values. Cu NPs and ZnO NPs were active at concentrations similar to the MIC values, except for two strains of B. pumilus, for which ZnO was active at 9.75 μg/mL.
In order to highlight the impact of NPs on the adhesion capacity of filamentous fungi strains to the inert substrate, a total number of 17 strains isolated from stone and wooden churches or museum heritage objects were selected. Among these, it was highlighted that the strains encoding P. corylophilum Julita 2B, P. corylophilum BLLM12, Aspergillus spp. NS11c, P. digitatum OS16, P. brevicompactum CP2, P. corylophilum Julita 29, P. lilacinum Ghe 6a, and P. corylophilum BLLM 32 did not show adhesion capacity to the inert substrate.
In the case of Ag NPs, it can be observed that Ag NPsol showed the highest efficiency, followed by Ag NPc. In contrast, Ag NPt solutions showed a lower effect, in some cases even promoting microbial adhesion (in the case of P. chrysogenum MTR l3, A. montevidensis S617, and P. nalgiovense 2SFI strains). The best inhibitory effect was observed in P. lilacinum Ghe 4 and A. versicolor NS4-2B strains for all three Ag NP solutions (Figure 8A).
The Cu NPs significantly reduced the adhesion capacity of the tested microfungal strains to the inert substrate, with the percentage of MBEC values being below 10% (Figure 8B).
The ZnO NP solutions reduced the adhesion capacity to the inert substrate of the microfungal strains, except for P. nalgiovense 2SFi, A. montevidensis S617, and A. niger BLLM cross B strains, in which the percentage of MBEC was significantly higher compared to the control (Figure 8C). Similarly, the Au NP solution showed an inhibitory effect, the best results being obtained in the case of P. expansum Corabie Sf. Ghe and P. lilacinum Ghe 4 strains, respectively (Figure 8D).
3.5 The effect of NPs on microbial strain metabolic activity
The evaluation of the influence of Au NPs, Ag NPs, Cu NPs, and ZnO NPs on the production of enzymes and acids was carried out on specific culture media monitored during 6 days to record the occurrence of a positive reaction.
3.5.1 Bacterial strains
The detection of esterases was investigated on Tween 20 and Tween 80 supplemented media, the positive reaction being evidenced by the appearance of insoluble Ca2+ oleate crystals formed by the released fatty acids with the Ca2+ ions (Figure 9A). The cultivation in the presence of subinhibitory concentrations of Au and Cu NP solutions stimulated the production of Tween 80 esterase in the case of the B. pumilus S2R strain and inhibited it in the case of the B. pumilus B11 strain. The amylase was evidenced on starch-supplemented media, the positive reaction being highlighted by the appearance of a halo around the culture spot (Figure 9C), which has been inhibited by the Cu NPs and Au NPs in the case of B. megaterium S3R and B. cereus C16156 strains. The caseinase and cellulase expression has not been influenced by the analyzed NPs (Figure 9E). In Figure 9B is the aspect of positive reaction for production of esterase, using Tween-80. The aspect of casein production is highlighted in Figure 9D.
[image: Figure 9]FIGURE 9 | Aspect of positive relations for the analyzed enzymes specific to strains of Bacillus spp.
3.5.2 Microfungal strains
Regarding the production of organic acids, it was highlighted that the inhibitory action of Ag NPs varies depending on the analyzed species. Thus, the best results were obtained for one Aspergillus strain encoded NS11C in which the three types of Ag NPs reduced its ability to secrete extracellular organic acids. In the case of the other strains, the inhibitory effect was low (Figure 10A). The cultivation of microfungal strains in the presence of Cu NPs even at subinhibitory concentrations affected their ability to grow on the specific agar medium for acid production. In the case of the P. digitatum OS16 strain, exposure to subinhibitory concentrations of Cu NPs stimulated the production of organic acids into the culture medium (Figure 10C).
[image: Figure 10]FIGURE 10 | Graphic representation of the inhibitory effect of Ag NP (A), Au NP (B), Cu NP (C), and ZnO NP (D) solutions and plate aspect (E) on the ability of filamentous fungi strains to secrete organic acids.
Exposure of the strains to subinhibitory concentrations of Au NPs did not influence their ability to secrete organic acids, except for the A. versicolor NS4-2B strain, in which the effect was stimulatory (Figure 10B). Similarly, in the case of ZnO NPs, the inhibitory effect was not highlighted (Figure 10D). The plate aspect on the ability of filamentous fungi strains to secrete organic acid is presented in Figure 10E.
The Ag NPs stimulated the proteolytic activity exhibited by the two Aspergillus strains, the strongest stimulatory effect being induced by Ag NPsol (Figure 11A). In the case of Penicillium strains, although the values are higher compared to the control, the differences are not statistically significant, and therefore, it can be considered that they do not have a significant influence. The Cu NPs did not significantly influence the ability to hydrolyze casein, except for the P. expansum A5-52 strain, in which they induced a strong inhibitory effect (Figure 11B). In addition, Au NPs (Figure 11C) and ZnO NPs (Figure 11D) did not influence the ability of the strains to hydrolyze casein, except for P. expansum A5-52 and A. versicolor NS4-2B strains, respectively, in which the stimulation of caseinase production was observed. The plate aspect on the ability of filamentous fungi strains to hydrolyze casein is presented in Figure 11E.
[image: Figure 11]FIGURE 11 | Graphic representation of the inhibitory effect of Ag NPs (A), Cu NPs (B), Au NPs (C), and ZnO NPs (D) and plate aspect (E) on the ability of filamentous fungi strains to hydrolyze casein.
Regarding amylase, in the case of the P. expansum A5-52 strain, exposure to subinhibitory concentrations of Ag NPsol, Au NP, and ZnO NP solutions stimulated the strain’s ability to hydrolyze the α-1,4-glycosidic bonds in the starch structure (Figures 12A, C, D). From the Figure 12B, it can be seen that CuNPs intensify amylase activity in the case of P. chrysogenum MTR3 strain. The plate aspect on the ability of filamentous fungi strains to hydrolyze starch is highlighted in Figure 12E.
[image: Figure 12]FIGURE 12 | Graphic representation of the inhibitory effect of Ag NP (A), Cu NP (B), Au NP (C), and ZnO NP (D) solutions and plate aspect on the ability of filamentous fungi strains to hydrolyze starch.
3.6 Ecotoxicity
The ZnO NPs (10 mg/mL) and the control did not influence the Allium cepa var rubra bulbs growth; a non-statistically significant stimulation of the growth was observed in the case of Cu NPs (10 mg/mL) and Ag NPt (0.1 mg/mL), respectively, and a reduction of the growth was revealed in the case of Ag NPsol (1 mg/mL) (Table 3). An increase in weight gain was observed for all variants. Non-significant differences between the pre-test and post-test period for the same type of NPs were observed.
TABLE 3 | Daily average weight gain of the bulbs for the pre-test and post-test periods.
[image: Table 3]4 DISCUSSION
Most of the organic and inorganic artifacts are susceptible to different phenomena such as discoloration caused by climatic factors, surface powdering, cracking, reduced strength, increased porosity, microbial colonization, and degradation (Fistos et al., 2022). Microbial communities grown on organic and inorganic artifacts increase substrate deterioration through physico-chemical processes and cause destructive effects on the integrity of the monument itself and the objects inside; at the same time, they also pose a danger to the health of visitors and those attending the religious services (Marcu et al., 2021). Previous data have shown the strong potential of Ag, Au, Cu, ZnO NPs, and TiO2 to develop next-generation strategies for wood and stone artifact preservation (Nair et al., 2013; Moya et al., 2014; Borges et al., 2018; Khadiran et al., 2022; Nair et al., 2022; Alfieri and Canosa, 2023; Pietka et al., 2022), due to their bactericidal and antibiofilm effects, high stability, and low volatility, ensuring long-term usage and good biocompatibility (Arreche et al., 2017; Becerra et al., 2018; Aldosari et al., 2019; Schifano et al., 2020). According to a recent study, the most recurrently applied NMs for the preservation and treatment of the deteriorated cultural heritage object substrates (stone, glass, wood, paper, and textiles) are in the decreasing order of the frequency TiO2 NPs, Ag NPs, ZnO NPs, SiO2 NPs, Cu NPs, MgO NPs, zinc-derivatives, carbon NMs, and layered double hydroxides (Franco-Castillo et al., 2021).
In the present study, we aimed to assess the capacity of Ag, Au, Cu, and ZnO NPs to inhibit microbial growth, biofilm development, and metabolic activity (cellulase, protease, esterase, phenoloxidase, and organic acid production) for their potential application in the preservation of the cultural heritage objects in Romania. For validating their potential, we have used a significant collection of microbial strains isolated from historical Romanian wooden and stone churches dating back to the 17th century, which were in a poor state of conservation. Most of the investigated churches face the problem of heating and do not have a ventilation and air conditioning system; therefore, the indoor microclimate is mostly conditioned by the external weather conditions, which can lead to the chemical and biological deterioration with a potential risk on the health of parishioners. The NPs have been first obtained by classical, solvothermal, and Turkevich wet chemical synthesis methods and characterized by X-ray diffraction (XRD), infrared spectroscopy (FTIR), dynamic light scattering (DLS), scanning electron microscopy (SEM), and UV–Vis spectroscopy. ZnO NPs were obtained by precipitation, while Au and Ag NPs were obtained by reduction in the presence of proper stabilization agents. In fact, in the case of Au NPs, the size in DLS is much larger than that determined in SEM, which means that the agglomeration is high, a result also supported by zeta potential. In the case of Ag NPs, for all the three used concentrations, from 10 to 1,000 ppm, the diameter was in the nanometric range and had a good stability, predicted by the zeta potential being below ∼ −20 mV.
The increasing concentration of precursors was directly proportional to the NP size, similar to other studies. For instance, Usman et al., starting from a precursor solution of 0.05 M, obtained particles of 2–350 nm (also depending on the concentration of the capping agent), while, in this study, at a precursor concentration of 0.4 M, the size increased up to ∼1,000 nm. It is important to mention that considering the final application, a higher concentration can assure longer protection and thus require only one application to treat the monument’s surface. There are several physical, chemical, and hybrid processes that may be used for developing various kinds of NPs. Although the use of harmful chemicals severely restricts the biomedical uses of NPs, particularly in the clinical domains, physical and chemical approaches are still more common in their manufacturability. Therefore, it is crucial to create trustworthy, non-toxic, and environmentally acceptable technologies for synthesizing NPs in order to facilitate their biological uses (Li et al., 2011). Several green synthesis techniques of NPs have been reported using bacterial strains, various plants, or derived reducing agents (Sidorowicz et al., 2023). For instance, Sastry et al. described the extracellular manufacture of Au NPs by the actinomycete Thermomonospora spp. and the filamentous fungi F. oxysporum, respectively (Mukherjee et al., 2002; Ahmad et al., 2003). When using fungi, such as Verticillium, Fusarium oxysporum, or Aspergillus flavus, Ag NPs have been produced as a film, in solution, or collected on the surface of the cell (Li et al., 2011). Additionally, microalgae are currently being used as a source of metabolites that can contribute to the ecologically friendly and less expensive production of a variety of NPs. Due to their abundance of secondary metabolites that act as capping and reducing agents, microalgae make great candidates for the synthesis of a range of NPs (Sidorowicz et al., 2022). Over the classical wet synthesis technique, these methods present some advantages such as, for instance, eliminating the use of synthetic chemicals. Unfortunately, a major drawback is related to the lower productivity of green synthesis methods. In addition to difficulties to be adapted for large-scale production, the NP solutions obtained by green methods could contain compounds that may induce degradation, coloring of the surface, or promote the adhesion of other unwanted products (Sidorowicz et al., 2022; Ying et al., 2022).
The antimicrobial efficiency of the obtained NP solutions was tested against 17 bacterial and 75 fungal strains isolated from stone and wood heritage buildings and museum collection objects. The bacterial adhesion to the inert substratum is the initial stage of biofilm formation. Within these microbial communities’ complex interactions between microorganisms, communicating with each other and reacting to environmental conditions take place. One of the most important consequences of the biofilm’s formation is the increased resistance of bacteria not only to environmental factors but also to the action of antimicrobial substances. Therefore, this study also analyzed the ability of tested NPs to inhibit the adhesion capacity of Bacillus spp. strains to an inert substrate.
The results of the antibacterial activity against the 17 Bacillus spp. strains demonstrated that the highest efficiency was observed for Ag NPt against B. pumilus strains; most of the tested bacterial strains were sensitive to Ag NPt and Ag NPsol. The Ag NPc, Au NPs, and ZnO NPs showed weaker activity than the rest of the Ag NPs. Concerning the antimicrobial activity of the proposed NP solutions against the filamentous fungi belonging to the Aspergillus, Penicillium, Purpureocillium, and Trichoderma genera, the decreasing order by efficiency of the tested NP solutions was as follows: Ag NPt = Ag NPsol > Cu NP > ZnO NP > Ag NPc > Au NP. The Ag NPt and Ag NPsol showed high efficiency regardless of substrate type, inhibiting more than 50% of the strains. The strains sensitive to Ag NPt were isolated mainly from the stone heritage buildings. The efficiency of ZnO NPs and Cu NPs was higher on strains recovered from wooden buildings than those from museum objects. Depending on the tested strain species and their isolation sources, a different inhibition level was observed. For example, in P. chrysogenum strains, known as very resistant to oxidative stress through the secretion of a high amount of catalase and glutathione peroxidase (Emri et al., 1997), a higher resistance level to all investigated NPs was identified (Supplementary Figure S1).
The mechanism of antibacterial activity of Ag NPs is well-documented, having particular relevance in the biomedical field, due to their antibacterial, antifungal, antiviral, anti-inflammatory, anticancer, antiangiogenic, and antioxidant properties. However, besides the biomedical applications of Ag NPs, they have shown an inhibitory effect against filamentous fungi belonging to Aspergillus, Rhizopus, Penicillium, Cladosporium, Alternaria, and Mucor genera; yeasts, such as Rhodotorula and Candida; and bacterial strains belonging to the Bacillus genus recovered from the surface of archival documents and historical objects and from air microbiota and surfaces in different museums and archives from Warsaw and Lodz, Poland (Gutarowska et al., 2012). Bellissima et al. (2014) investigated the ability of Ag NPs and of a silane derivative to reduce the growth and B. subtilis viability on the surface of stone artworks and demonstrated a 50%–80% reduction in cell viability. It was noticed that Ag NPs mixed with two types of consolidation polymers revealed antifungal activity against A. niger and thus represent a potent consolidation agent of the historic monuments and artifacts (Essa and Khallaf, 2014). The efficiency of disinfection with Ag NPs of historical textile materials from sisal, cotton, and wool (Plata Museum, Argentina) demonstrated a reduction of microbial load depending on the microorganism group and the degree of colonization, the most resistant being different Bacillus species and conversely, the most susceptible were filamentous fungi from Penicillium and Cladosporium spp. (Pietrzak et al., 2016). A total growth inhibition of A. versicolor and C. cladosporioides on biodeteriorated bricks and a high efficiency regarding the biofilm removal were demonstrated using Ag NPs coated with two silane precursors (Gámez-Espinosa et al., 2020). Regarding their mechanism of action, it has been shown that the Ag NPs accumulate on the cell wall and membrane, causing cytoplasm shrinking and membrane disruption. The Ag NPs can also bind to membrane proteins and affect membrane permeability, the respiration chain, and ion transport (Tang and Zheng, 2018). In certain situations, Ag NPs can enter the cell, where they can interact with DNA and/or with intracellular proteins, thus interfering with transcription, translation, and sugar metabolism (Rinna et al., 2015). In the case of Gram-positive bacteria, such as those included in this study, it could be expected that their thicker cell wall with a high content of peptidoglycan decreases the efficiency of Ag NPs (Rai et al., 2012), but our study has shown the contrary. Regarding the mechanism of antimicrobial action against filamentous fungi, available studies are limited, but it has been proven that exposure to Ag NPs causes prominent injury associated with membrane disruption of mycelia, as well as with ROS generation, downregulation of stress enzymes, and disruption of endogenic antioxidant machinery (Pereira et al., 2014; Kumari et al., 2019).
ZnO NPs revealed antifungal (against A. niger, A. versicolor, Rhizopus nigricans, Saccharomycetes, and Mucor spp.) and antibacterial (on both Gram-positive and Gram-negative bacteria) activity in different studies (Evans et al., 2008; David et al., 2020) and provided paper protection against UV radiation, fungi, and bacteria (Ditaranto et al., 2015; Afsharpour and Imani, 2017). The complete inhibition of A. niger growth by the ZnO nanocomposite (ZnO NPs and Estel 1000, Estel 100, Silo 111-based consolidating agent/water repellent material) by in vitro assays was demonstrated, while the in situ assay on stone did not provide significant results, the nanocomposite based on ZnO and nanocellulose composite was used as the coating solution of a newspaper from 1960, inducing an increased color stability and antimicrobial efficiency filamentous fungi strains (Jia et al., 2019). The efficiency of biosynthesized Ag and ZnO NPs on the microbial growth of a total of 26 microbial strains isolated and identified by molecular methods from a deteriorated archaeological manuscript in Cairo, Egypt, as well as on preventing the cellulase production in B. subtilis and P. chrysogenum strains, and the color and structural changes of the substrate was demonstrated, sustaining that the proposed solution could be included as a constituent of paper manufacturing for future manuscripts (Roveri et al., 2018; Fouda et al., 2019). Roveri et al., in 2018 investigated the efficiency of a hydrophobized silica with AgO and ZnO NPs on treated stone substrates from three lithotypes (Apuan marble, Balegem limestone, and Schlaitdorf sandstone), emblematic of different European geological and environmental areas and have revealed a high efficiency of the proposed solution in the reduction of B. cereus microbial load (in the case of Balegem and Schlaitdorf specimens) and a lower efficiency in the case of Apuan marble. The antimicrobial activity of ZnO NPs is highly dependent on size, crystalline structure, and concentration (Xie et al., 2011; Lallo da Silva et al., 2019), and the direct contact of these NPs with the cell walls causes disruption of cell integrity (Adams et al., 2006; Zhang et al., 2007) and release of Zn2+ ions, ROS formation, and disruption of mitochondrial function (Kasemets et al., 2009; Li et al., 2011). For fungi, the internalization of ZnO NPs occurs through direct diffusion and endocytosis. After internalization, the Zn2+ release can penetrate the nuclear membrane, causing chromosome damage and cell death (Lallo da Silva et al., 2019). For P. expansum, the exposure to ZnO NPs is associated with conidiophores and conidia-forming inhibition (He et al., 2011). Similar results were obtained for other Penicillium spp., such as P. digitatum (Supplementary Figure S1). Tayel et al. (2011) showed that Gram-positive bacteria are more susceptible to ZnO NPs, while the presence of lipopolysaccharides in the outer membrane of Gram-negative bacteria can counteract the inhibitory effect of ZnO NPs.
The efficiency of Cu NPs and Cu NPs coated with commercial consolidants and water-repellents (Silo 111, Acrilico 30, and Estel 1000) was evaluated on different archaeological stone types (sandstone, marble, and plaster) in Florence, Italy, demonstrating their ability of reducing the recolonization, but their inefficiency in the prevention of fungal growth and of the biofilm formation (Pinna et al., 2018). In the case of Cu NPs, the mechanism is similar to the one described for ZnO NPs, the inhibition effects being associated with the Cu 2+ release, interaction with the peptidoglycan through electrostatic attraction, disruption of cell membrane, and DNA damage (Rispoli et al., 2010; Bogdanović et al., 2014). For B. subtilis, a high sensitivity to Cu NPs was demonstrated, possibly due to the greater abundance of functional groups (amines and carboxyl groups) with an affinity to react with the copper ions and NPs (Ruparelia et al., 2008). Our study has also demonstrated a high sensitivity of B. pumilus, B. subtilis, and B. megaterium strains to these NPs. The antifungal activity of Cu NPs is accompanied by mycelium color changes due to the melanin or carotenoid production as a response to oxidative stress (Meghana et al., 2015; Lopez-Lima et al., 2021).
Au NPs have shown antibacterial ability against both Gram-positive and Gram-negative bacteria by degrading the membrane potential as a result of ATPase inhibition and by inhibiting the binding of tRNA to ribosomes (Slavin et al., 2017; Nisar et al., 2019; Gu et al., 2021). The Au NPs possibly interact with phosphorus-containing bases in the DNA or sulfur-containing proteins in the membrane, causing the interruption in DNA repairing mechanisms, replication, and, ultimately, cell death (Tan et al., 2011). Ahmad et al. (2013) have shown that Au NPs exhibit size-dependent antifungal activity and greater biocidal action against fungal isolates, the best results being obtained for Au NPs of 7 nm in size. The size of Au NPs included in our study is higher (9–25 nm), and this might be the reason for the absence of inhibition in the case of fungi and only limited activity against bacterial strains.
The investigated bacteria and filamentous fungi strains included in the study presented various effects on the production of metabolites responsible for the biodeterioration process. Thus, for each enzyme type, several representative microbial strains were selected to determine whether Ag, Au, Cu, and ZnO NPs influence their ability to produce and secrete the enzyme or the organic acids in the culture medium. According to the obtained results, the treatment of microbial cultures with subinhibitory concentrations of NPs leads either to inhibition or stimulation, the results being different depending on the investigated strain, the tested metabolite, or the substrate.
To be applied to heritage objects, the proposed NP solutions should also be investigated for their ecotoxicity. The Allium test demonstrated that the obtained NPs are eco-friendly. Although the purpose of the present study was different, the ecotoxicity test results show that those NPs that did not negatively affect A. cepa var rubra bulb growth have the potential to be used as nano-fertilizers (NFs), which appears promising. The use of nanoparticles to improve plant growth, nutrient absorption, and agricultural yield is referred to as NFs according to recent studies. The drawbacks of conventional chemical fertilizers can be solved using a nanohybrid construction like NFs. The NFs transfer nutrients to the plants in an intelligent way, demonstrating their superiority over bulky chemical fertilizers in terms of agricultural output and environmental sustainability. Depending on the methods of administration and the characteristics of the particles, plants can absorb NFs through their roots or leaves (Babu et al., 2022). When applied to the foliage of rice, ZnO NPs have shown ideal success in overcoming zinc shortage. Additionally, ZnO boosted dehydrogenase enzyme activity and enhanced growth and yield characteristics. NPs are efficient in supplying crops with micronutrients (Paramo et al., 2020). Numerous NFs, including Cu, K, Zn, and Fe, have demonstrated remarkable targeted delivery when used at a particular concentration for various kinds of crops (Nongbet et al., 2022).
Most of the previous Romanian works investigated the microbial communities colonizing different Romanian heritage objects from wood, stone, or from the museum and library collections or evaluated the degradation level of different objects but not the alternative preservation treatment solutions based on NPs (Budrugeac et al., 2007; Budrugeac et al., 2014; Budrugeac et al., 2017; Lupan et al., 2014; Georgescu et al., 2016; Gomoiu et al., 2016; Gomoiu et al., 2016; Ilies et al., 2018a; Ilies et al., 2018b; IIies et al., 2021; Indrie et al., 2019; Onet et al., 2020; Neamtu et al., 2021).
In this context, to the best of our knowledge, this is the first study to demonstrate the efficiency of alternative solutions based on Ag, Au, Cu, and ZnO NPs against biodeteriogenic microbial strains recently isolated from a significant number of Romanian wood and stone cultural heritage churches, with a representative geographical coverage, dating from different periods, as well as from two museum collections. The obtained results proved the potential of the tested NPs, especially of Ag NPs (the nanoparticles with the lowest size), to develop efficient and economical alternative solutions for heritage restoration treatments, showing high antimicrobial efficiency against the prevalent etiological agents of Romanian heritage objects. Although preliminary, these results are yet essential for the development of optimized strategies to combat deteriogenic microorganisms and for the preservation of cultural heritage objects. Further research will involve exploring the effectiveness of these NPs on museum-like surfaces from which the microorganisms were recovered, as well as the dynamics of microbial biofilm formation on the respective surfaces.
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The pre-test period

The daily average
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Coeff. var

The post-test period

The daily average
weight gain g)

Coeff. var

ZnO NPs (10 mg/mL) 79.18 + 44.21 55.82735 74.20 £ 2471 71.86331 0832116
Cu NPs (10 mg/mL) 59.15 + 30.81 52.09532 73.58 + 40.54 71.86331 0540465
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