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Abstract

:

This study focuses on Populus ×euramericana (Dode) Guinier, a globally distributed fast-growing tree. Despite its valuable wood, it exhibits low durability. The aim of this study was to assess the efficacy of a binary composite comprising silver nanoparticles (AgNPs) and chitosan oligomers (COS) in protecting P. ×euramericana ‘I-214’ wood against degradation caused by xylophagous fungi and termites through vacuum-pressure impregnation. The test material was carefully selected and conditioned following the guidelines of EN 350:2016, and impregnation was carried out in accordance with EN 113-1:2021. Five concentrations of AgNPs–COS composites were utilized. Biodeterioration resistance was evaluated based on EN 350:2016 for white (Trametes versicolor (L.) Lloyd) and brown (Coniophora puteana (Schumach.) P.Karst.) rot fungi, and EN 117:2012 for subterranean termites (Reticulitermis grassei Clément). The durability class and use class were assigned following EN 350:2016 and EN 335:2013, respectively. In comparison to the untreated control, the binary solution at its highest concentration (AgNPs 4 ppm + COS 20 g·L−1) demonstrated a notable reduction in weight loss, decreasing from 41.96 ± 4.49% to 30.15 ± 3.08% for white-rot fungi and from 41.93 ± 4.33% to 27.22 ± 0.66% for brown rot fungi. Furthermore, the observed termite infestation shifted from “heavy” to “attempted attack”, resulting in a decrease in the survival rate from 53.98 ± 10.40% to 26.62 ± 8.63%. Consequently, the durability classification of P. ×euramericana I-214 witnessed an enhancement from “Not durable” to “Slightly” and “Moderately durable” concerning decay fungi and termites, respectively. These findings expand the potential applications of this wood and substantiate the advantages of employing this environmentally friendly treatment.
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1. Introduction


The inherent resistance of wood to decay induced by fungi, termites and other insects, and marine borers, as defined in EN 350:2016 [1], establishes its natural durability. This property enables the identification of the optimal utilization scenario for wood or the specification of the necessary protective measures corresponding to its anticipated utilization class.



Xylophagous fungi, responsible for brown and white rot, along with subterranean termites, stand out as the most aggressive agents causing damage to wood in service. These fungi induce structural alterations, impacting the inherent resistance of wood through enzymatic attacks on the polymeric fraction of the cell wall, encompassing cellulose, hemicelluloses, and lignin. In turn, termites contribute to the structural weakening of wood through a dual process of mechanical chewing and enzymatic digestion of lignocellulosic components. This enzymatic digestion is facilitated by symbiotic microorganisms residing in their digestive tract [2,3,4].



Populus ×euramericana (Dode) Guinier (=Populus ×canadensis Moench; poplar) clone ‘I-214’ holds significant representativeness and economic importance in Spain [5]. Nevertheless, the inherent low natural durability of its wood constrains its potential applications and usage scenarios [6]. Thus, there is a need to develop treatments aimed at enhancing its resistance to deterioration.



The application of preservative substances to wood through vacuum-pressure treatment has long been recognized as an effective strategy for enhancing wood durability. However, numerous chemical compounds commonly employed for this purpose exhibit limitations, particularly in terms of environmental sustainability and human health considerations. Consequently, there is a critical need to explore innovative technologies and alternative preservatives, diverging from those traditionally utilized, to broaden the spectrum of wood applications and extend its useful life, especially in scenarios where natural durability may not be sufficient.



In the realm of wood enhancement, nanotechnology is emerging as a transformative force, focusing on improving the properties of wood and wood products, particularly in terms of dimensional stability and resistance to microorganism attacks. This advancement involves the impregnation or coating of wood, with its standout feature being its capability to deeply infiltrate the wood substrate, facilitated by its minute size (smaller than the voids in the wood cell wall). This penetration allows nanotechnology to effectively modify the surface chemistry, yielding a more potent and enduring impact [7,8,9].



Recent investigations have delved into the utilization of various nano-composites, such as copper-, zinc-, and silver-based composites, among others, aiming to augment wood resistance against decay fungi and termites. Notable studies by Shiny et al. [10], Lykidis et al. [11], Terzi et al. [12], Mantanis et al. [13], Akhtari and Nicholas [14], and Clausen et al. [15], among others, have yielded promising results in this regard.



The application of silver nanoparticles (AgNPs) has become increasingly popular for enhancing diverse wood properties, including resistance to biological degradation, water absorption capacity, and dimensional stability. These improvements are achieved through both depth and surface treatments, spanning various concentrations of AgNPs [16,17,18,19,20,21,22,23,24].



For wood processing and protection purposes, the selection of AgNPs is underpinned by their distinct advantages over alternative options, including the aforementioned metal nanoparticles, chemical agents, and industrial-waste-derived antiseptics. These advantages encompass antimicrobial properties, durability enhancement, and a diminished environmental impact. In contrast to copper-based NPs or nanocomposites, AgNPs exhibit a more versatile antimicrobial application across diverse biological agents and disciplinary fields, showcasing efficacy on various materials and in different application formats [25]. Additionally, they demonstrate superior protective efficacy over time and at varying concentrations, although outcomes at lower concentrations may vary due to factors such as size, shape, application methods, and resistance to leaching [18,26,27,28,29,30]. Furthermore, the use of silver nanoparticles does not interfere with the deposition process or introduce defects in wood paint, offering a distinct advantage over copper nanoparticles that may potentially introduce harmful residues and defects [26]. Concerning zinc-based NPs or nanocomposites, although some studies underscore their effectiveness as a biocide, additional research is essential to fully comprehend their potential advantages and limitations, as well as the underlying mechanisms governing their protective capabilities [31]. In the broader context of wood preservatives, AgNPs are deemed more environmentally friendly than traditional alternatives containing toxic chemicals that pose risks to human health and the environment [32]. Despite the notable drawback of AgNPs related to their higher synthesis and production cost, this limitation can be mitigated by exploring the minimum effective concentration and employing alternative synthesis strategies [33,34].



Chitosan, a natural and biodegradable polymer derived from the deacetylation of chitin, and its oligomers (COS) have also been investigated as protective solutions for wood due to their antimicrobial properties and harmlessness to human health and the environment. Their solutions, whether employed alone or in conjunction with nanoparticles (e.g., AgNPs), are primarily aimed at enhancing wood’s durability against rotting fungi, yielding promising outcomes [18,19,35,36]. Chitosan’s advantageous characteristics, including its low molecular weight, high water solubility, and elevated viscosity, contribute to its stabilizing properties. These attributes enable its efficient utilization in deep impregnation processes through vacuum-pressure application, with acceptable binding values [37]. Simultaneously, the chemical structure of chitosan, featuring amino (−NH2) and hydroxyl (−OH) functional groups, equips it with chelating and reducing properties in the synthesis of AgNPs. This structural composition plays a crucial role in preventing the agglomeration of AgNPs [38].



In light of the aforementioned considerations, and with the current market increasingly emphasizing the use of wood products that align with the structural requirements outlined in Eurocode 5 (EN 1995-1-1:2016 [39]) concerning physical–mechanical performance and durability, nanotechnology emerges as a viable solution to enhance the inherent durability of wood, particularly in the case of P. ×euramericana. Therefore, building upon a preceding study [40], the primary objective of this research was to assess the efficacy of a binary composite consisting of AgNPs and COS in combating biodeterioration caused by white and brown rot fungi, as well as subterranean termites, in wood from P. ×euramericana ‘I-214’ treated through vacuum-pressure impregnation. Special emphasis has been placed on determining the minimum effective concentration of the preservative solution, aiming for economic efficiency.



The findings of this research contribute valuable insights to the field of wood preservation, aligning with the contemporary trend of seeking protective products that demonstrate greater consideration for environmental sustainability and human health [3,31,41].




2. Materials and Methods


2.1. Wood Material


Twenty-year-old P. ×euramericana ‘I-214’ wood originating from a commercial plantation situated in Quintanilla de Sollamas (42°36′00″ N, 05°49′00″ W), Castile-Leon, Spain, was utilized in this study. The material was received in the form of beams measuring 50 × 150 × 3000 mm, which were conditioned in the laboratory at approximately 65% relative humidity and 20 °C temperature, to achieve an equilibrium moisture content of 12 ± 2% (determined using a 606-1 digital hygrometer (Testo SE & Co. KGaA; Titisee-Neustadt, Germany)). The sampling and selection of test specimens (TSs) adhered to EN 350:2016 [1] standards for commercial sawn timber. In line with the findings by Spavento et al. [6], who found no significant differences between the inner and outer sections of wood, and considering that the selected beams of this commercial timber exhibited no evidence of heartwood, the TSs, in this case, were not differentiated based on the inner and outer sections of each beam. The beams were subsequently cut into defect-free specimens measuring 15 × 25 × 50 mm (thickness, width, and length, respectively), adhering to the standards EN 113-1-2:2021 [42,43] and EN 117:2012 [44] for decay fungi and termites, respectively.



In accordance with the validation requirements of the aforementioned standards, Fagus sylvatica L. (beech) and Pinus sylvestris L. (pine, sapwood) defect-free timber, adhering to the same dimensions and sampling and selection criteria as outlined for the TSs, were employed as reference timber (RTs) for decay fungi and termites, respectively.



The treatments and number of repetitions per treatment are detailed in Table 1.




2.2. Silver Nanoparticles and Chitosan Oligomers Composite Preparation


Chitosan oligomers were produced through enzymatic degradation following the procedure outlined by Buzón-Durán et al. [45], with adjustments as per the methods described by Ho et al. [46] and Santos-Moriano et al. [47]. In this process, 100 g of high-molecular-weight chitosan powder (CAS No. 9012-76-4; 310,000–375,000 Da), obtained from Caldic Ibérica S.L. (Barcelona, Spain), was dissolved in 5000 mL of Milli-Q water by incorporating 100 g of citric acid (CAS No. 77-92-9) with continuous stirring at 60 °C. Following complete dissolution, 1.67 g·L−1 of Neutrase® 0.8 L (supplied by Novozymes, Bagsvaerd, Denmark) was added to initiate the degradation of polymer chains. The solution underwent stirring at 40–60 °C for 12 h. Subsequently, it underwent a 5 min ultrasonication process in 1 min periods (employing a probe-type UIP1000hdT ultrasonicator; Hielscher, Teltow, Germany; 1000 W, 20 kHz), maintaining the temperature between 40 and 60 °C. At the conclusion of the procedure, a solution with a pH approximately equal to 4.5–5 and a molecular weight less than 2000 Da (determined through viscosity measurements) was obtained.



Silver nanoparticles were synthesized using an ultrasonication method. The process involved mixing 0.08 g of silver nitrate with 200 mL of Chamaemelum nobile (L.) All. solution (5% v/v) as a reducing agent. The mixture was stirred and heated at 40–60 °C under UV light until the solution transitioned from colorless to pale yellow, eventually intensifying (pH = 4.5–5). The yellowish solution underwent sonication for 3–5 min and was left to stand for at least 24 h in a refrigerator at 5 °C. The resulting AgNPs were characterized by transmission electron microscopy using a JEOL (Akishima, Tokyo, Japan) JEM-FS2200 HRP microscope.



Following EN 113-1:2021 [42] guidelines, a sufficient quantity of the highest concentration solution was prepared for both COS and AgNPs, aiming to generate, through dilution, a series of five concentrations spread around the anticipated toxic value (see Table 1). The concentrations for AgNPs, adhering to the reference method from EUCAST [48], were chosen based on previous in vitro findings as reported by Silva-Castro et al. [19,35].



For the binary solution, the COS and AgNP solutions were mixed, as specified in Table 1. Subsequently, ultrasonication for 5 min was applied to facilitate the formation of smaller and monodisperse COS particles [46,49].




2.3. Impregnation Method


The impregnation process followed the guidelines of EN 113-2:2021 [43], with certain modifications, such as adjustments to pressure conditions aimed at enhancing the absorption of treatment solutions (as indicated in the following paragraph). Prior to impregnation, each set of TSs for the AgNPs–COS treatment and the water control underwent oven drying until they reached an initial dry mass (m0). Subsequently, they were stored in a desiccator to maintain dryness until the impregnation process.



The impregnation procedure involved placing the TSs in the treatment vessel, which was then positioned in the vacuum vessel equipped with a vacuum pump and stopcock. The pressure was reduced to 0.7 kPa and maintained for 15 min. Following this, the stopcock connected to the vacuum pump was closed, and another stopcock was opened to allow the preservative solution to be drawn into the treatment vessel within the vacuum environment. Air was then introduced, restoring the vacuum vessel to atmospheric pressure. Subsequently, another stopcock was opened to increase the pressure to 8 bar, deviating from the atmospheric pressure stipulated in EN 113-2:2021 [43]. This adjustment was made to replicate the Bethell industrial process and was sustained for a period of 2 h. Afterward, the TSs were extracted from the treatment vessel, excess liquid was removed by gently blotting with absorbent paper, and the TSs were immediately weighed to the nearest 0.01 g to determine the mass after impregnation (m1).



Net absorption and retention were calculated using Equations (1) and (2), respectively.


   NA =      m   1   −   m   0     v   ,  



(1)






  R = N A ×   C   100   ,  



(2)




where NA is the net absorption in kg·m−3; m1 is the final mass (post-impregnation) in kg; m0 is the initial dry mass (pre-impregnation) in kg; v is the volume in m3; R is the retention of the active principle, AgNPs–COS, in kg·m−3; and C is the concentration in %.




2.4. Wood-Decay Fungi Resistance Tests


The assessment of poplar resistance to decay fungi was conducted following EN 113-1:2021 [42]. Trametes versicolor (L.) Lloyd (strain CTB 863 A) and Coniophora puteana (Schumach.) P.Karst. (strain BAM Ebw.15) served as the white and brown rot fungi, respectively. Each strain was cultivated in agar–malt medium (1.5% agar, 3% malt) in 350 mL glass dishes and incubated at 22 ± 2 °C with 70 ± 5% relative humidity (RH). Once covered by fungal tissue, the TSs and reference timber RT were introduced into the rot dishes, with two specimens per flask, after determining the initial dry mass (mi) and autoclaving. Following 16 weeks under controlled temperature and humidity conditions (22 ± 2 °C and 70 ± 5% RH), the samples were removed from the dishes, conditioned (superficial mycelium extraction), and oven-dried at 103 ± 2 °C to ascertain the final dry mass (mf). Subsequently, the mass loss percentage (ML) was calculated using Equation (3).


   ML =      m   i   −   m   f       m   i     × 100  



(3)




where ML is the mass loss in %; mi is the initial dry mass in g; and mf is the final dry mass in g.




2.5. Termite Resistance Tests


The evaluation of poplar wood resistance to subterranean termites was conducted in accordance with standard EN 117:2012 [44], utilizing Reticulitermes grassei Clément as the biological material. The termite colonies consisted of 250 workers, accompanied by a small number of nymphs and soldiers, maintaining a ratio of 1 to 5%, mirroring the proportion found in the original colony from which the workers were sourced.



Each colony was situated in glass containers with a substrate of moist sand, comprising 1 part water and 8–10 parts sand. Additionally, 0.5 g of Pinus sp. wood shavings were evenly scattered on the substrate as the initial food source for the colonies. A glass ring was introduced against one of the vertical walls of the container, partially extending above the substrate surface. The containers were then incubated in a culturing chamber at 26 ± 2 °C with 70 ± 5% RH for a period of 2 to 4 days until the colony achieved uniformity and vitality. Following this, a wood specimen (TS or RT) was placed on the glass ring in each container, and the containers were further incubated in the chamber for 8 weeks, with periodic checks on the substrate humidity.



After the incubation period, the wood specimens were removed from each container, cleaned, and examined. The count of living termites (workers, nymphs, and soldiers) was recorded, and the attack ratings were visually assessed based on EN 117:2012 [44] criteria: (0) no attack; (1) attempted attack; (2) light attack; (3) medium attack; and (4) heavy attack. The survival rate (SR, %) was estimated using the ratio of the initial number of workers to the number of survivors. For the mean visual rating (VR), if more than 50% of samples fell into a specific class (e.g., heavy attack), the entire sample batch was assigned that class. The same methodology was applied to other attack criteria. Although not specified by the standard, the percentage of mass loss for the specimens was also evaluated using Equation (3).




2.6. Durability and Use Classes Assignment


The criteria for assessing resistance to deterioration induced by decay fungi and termites, along with their corresponding durability class (DC), are outlined in Table 2 (EN 350:2016 [1]). The use class was estimated in accordance with standard EN 335:2013 [50].




2.7. Microstructural Alterations and Microanalysis with SEM–EDS


To investigate fungal degradation and termite attack, and to study the multi-elemental composition of the wood, small sections (approximately 2 × 3 mm) from specimens subjected to T. versicolor and C. puteana for 16 weeks and to R. grassei for 8 weeks were analyzed using scanning electron microscopy (SEM) and an energy-dispersive X-ray spectrometer (EDS). The specimens included those treated with AgNPs at 4 ppm + COS at 20 g·L–1 (provided that it was the concentration that led to the best results in protection tests) and untreated control test specimens.



Specimen sections, obtained from both the transverse and longitudinal planes, were prepared with disposable blades, and mounted on slides using bifacial tape. Observations were conducted using an ESEM Quanta 250 FEG (FEI Company, Thermo Fisher Scientific; Waltham, MA, USA) microscope equipped with an electron probe microanalysis unit and an Oxford Instruments (Abingdon, UK) 5DD X-Act model EDS. The analyses were performed at the Scanning Electron Microscopy and Microanalysis Service of the LIMF (Facultad de Ingeniería, Universidad Nacional de La Plata, Buenos Aires, Argentina).




2.8. Statistical Analysis


Statistical analyses were performed using R software (version 4.2.2) [51]. Of the total number of trials carried out by wood species and treatments (Table 1), 236, 234, and 72 data values were subjected to analysis for white, brown, and termite rot, respectively. The statistical assumptions of independence, normality, and homoscedasticity were thoroughly assessed. Normality and homoscedasticity were evaluated using the Shapiro–Wilks test and either the Bartlett or Levene test, respectively. Based on these assessments, a comparative analysis of linear statistics (ANOVA) and robust statistics (Welch) with (or without, as appropriate) the bootstrapping trimmed means method was applied to determine the equality of medians and means, respectively, and to identify homogeneous groups.





3. Results


3.1. Impregnation and Efficacy of Treatments against Biological Agents


The solutions of the binary composite formulated at various concentrations of AgNPs and COS are illustrated in Figure 1a. The characterization of the AgNPs revealed a predominantly spherical morphology with an average diameter of 20 ± 6 nm (Figure 1b).



Table 3 presents the results of the impregnation process along with the density values of samples for each treatment. Figure 2 illustrates, for each biological agent, the retention behavior of the active principle (AgNPs–COS) concerning the concentrations applied, revealing a significant and exponentially increasing relationship between the two.



The assessment of treatment efficacy (untreated vs. treated wood) against T. versicolor (Wr), C. puteana (Br), and R. grassei (T) is summarized in Table 4, Table 5, and Table 6, respectively. The validity of the tests was confirmed in the reference treatments (RTs). For T. versicolor and C. puteana, this validation was corroborated in beech samples through weight loss exceeding 15% and 20%, respectively (according to EN 113-1:2021 [42]). In the case of R. grassei, the validation was conducted in pine samples using a visual attack criterion (VR) of ‘4’ and a survivor rate (SR) exceeding 50% (as per EN 117:2012 [44]).



Consistently, across all cases, the formulation featuring 4 ppm AgNPs and 20 g·L−1 of COS was the only treatment that significantly enhanced resistance to decay caused by Wr, Br, and T. This particular formulation led to noteworthy reductions in weight loss compared to untreated poplar wood (control test specimen), with percentage values of 28, 35, and 47%, respectively. In the case of T, the degree of attack was also diminished, reaching level ‘1’, corresponding to a survival rate of approximately 27%, showcasing a declining trend with increasing concentration (refer to Figure 3).



Based on the obtained results and considering the criteria for assigning durability class (DC) outlined in EN 350:2016 [1] (Table 2), poplar wood impregnated with the solution containing 4 ppm AgNPs and 20 g·L−1 of COS demonstrated enhanced resistance against C. puteana, progressing from DC ‘5’ (not durable, as per Spavento et al. [6]) to DC ‘4’ (not very durable). Although there was no observed improvement in DC against T. versicolor attack, it nearly reached the threshold between DC ‘5’ and DC ‘4’ (30%). Furthermore, resistance to termite attack was enhanced, moving from DC ‘S’ (not durable) to DC ‘M’ (moderately durable).




3.2. Microstructural Alterations and Material Microanalysis


Wood samples subjected to both xylophagous fungal strains, with and without treatment (AgNPs 4 ppm + COS 20 g·L−1 and control test specimen, respectively), exhibited microstructural alterations, confirming the diagnosed degradation based on mass loss.



In sections of specimens attacked by T. versicolor, predominant alterations included the thinning and deformation of the vessel wall, holes in radial parenchyma, the collapse of the ray sectors, the presence of erosion trails/channels in all cell types, and the erosion of the ray-vessel pits and fibers. Notably, a high concentration of mycelium was observed in the vessels and sectors of tissue that had completely collapsed, displaying a fibrillar aspect (see Figure 4). The material exhibited a corky consistency, more pronounced in the control specimens.



In specimens exposed to C. puteana, identified alterations comprised tissue deformation, fractures in all cell types, and the presence of mycelium mainly in the vessels of untreated wood (refer to Figure 5). These samples were characterized by their brown coloration and brittleness.



In all instances, the impregnated material exhibited lower severity and extent of microstructural alterations in the tissue, a finding consistent with the recorded percentages of mass loss.



Furthermore, white deposits were identified in wood sections from both treatments (AgNPs 4 ppm + COS 20 g·L−1 and control test specimen) and both biological agents (Wr and Br). These deposits, observed as isolated particles or forming aggregates, were present in various cell types and associated with evidence of colonization and fungal degradation. They were notably abundant in the vessels of the control wood attacked by C. puteana (see Figure 5B,C).



Concerning the material subjected to termite attack, SEM-identified alterations, such as mechanical damage and the tearing of the woody tissue, aligned with descriptions by Spavento et al. [6]. These alterations were less severe in the impregnated wood, consistent with its lower shrinkage and greater resistance observed when pressed between the fingers.



With EDS, AgNPs were not identified in the bulk material treated with the binary composite. In the control and impregnated samples exposed to both types of rot, the elements present in different sectors of the tissue (vessels, fibers, and rays with and without evidence of attack) were C and O with the highest concentrations, followed by Cu, Ca, K, Zn and, to a lesser extent, Cl, P, Na, Si, S, and Mg. In all the treatments, a trend towards an increase in Ca concentration was identified in the areas with evidence of colonization and fungal degradation and the presence of deposits. Particularly accentuated was the increase in Ca in the vessel lumens of the control specimens exposed to brown rot (Figure 6).





4. Discussion


4.1. Efficacy of Treatments against Biological Agents


The effectiveness of the binary solution containing AgNPs–COS on P. ×euramericana ‘I-214’ wood from Spain was discernible only at the highest concentration (4 ppm + 20 g·L−1), particularly against C. puteana and R. grassei.



In terms of efficacy against T. versicolor, the results obtained in this study were less favorable than those reported by Casado et al. [18] in poplar wood treated through vacuum-pressure impregnation of AgNPs solutions at 5 ppm after 16 weeks (ML = 8.94% vs. 30.15% in this study). Moya et al. [20,21] also observed enhanced resistance to degradation by T. versicolor in 12 tropical commercial wood species treated with a solution of AgNPs. Weight loss percentages ranged from 7 to 11% after four months, which were lower than those reported herein, but it is worth noting that a significantly higher concentration (50 ppm AgNPs + ethylene glycol) was employed. However, their results were notably less promising against the brown rot causal agent Lenzites acutus Berk. (=Cellulariella acuta (Berk.) Zmitr. & Malysheva), with weight loss values in the 8 to 35% range (vs. 27.22% for C. puteana at 4 ppm in this study). These researchers also noted improved dimensional stability and reduced water absorption capacity in the treated wood. Pařil et al. [30] reported similar outcomes in beech and pine wood treated with AgNP solutions, with weight losses below 3%, although at much higher AgNP concentrations (1000 ppm and 3000 ppm), when tested against T. versicolor and Poria placenta (Fr.) Cooke (=Rhodonia placenta (Fr.) Niemelä, K.H.Larss. & Schigel; brown rot), respectively. Considering the literature, the relatively low efficacy against T. versicolor observed in this study could be attributed to the chosen AgNP concentrations, which were substantially lower than those employed by the cited authors, particularly through deep impregnation.



Regarding the mechanism of action, the reduction in weight loss in both white rot and brown rot cases might be attributed to different factors. AgNPs exposed to high humidity exhibit remarkable antifungal activity. In this process, metallic silver undergoes oxidation in the presence of water, leading to the release of ions. These silver ions, when in solution, significantly impact the exoenzymatic activity of both white and brown rot fungi. As elucidated by Dorau et al. [24], their specific influence is notable in the activity of cellulase enzymes produced by decay fungi. Given the inherently slow nature of this chemical reaction transformation, the particle size assumes critical importance in inhibiting fungal growth. Consequently, smaller particle sizes result in a higher specific surface area and enhanced oxidation effectiveness, providing more effective protection against these spoilage agents through the sustained slow release of silver ions [27]. Additionally, AgNPs, particularly those of smaller sizes, can induce the generation of reactive oxygen species (ROS) and free radicals within cells, leading to oxidative stress and, ultimately, cell death. These AgNPs enter cells through proton pumps, disrupting their function and that of the electron transport chain, resulting in an increased production of ROS and subsequent damage to proteins, lipids, and nucleic acids [34,52,53]. Furthermore, AgNPs have been identified to hinder the DNA replication process. Another mechanism involves the interaction between AgNPs and thiol groups of proteins, leading to the deactivation of the latter [54]. AgNPs may also adhere to cell surfaces, compromising membrane integrity and function [55]. Importantly, these mechanisms are considered to operate simultaneously, representing multiple modes of action rather than functioning in isolation [54].



Concerning termites, the existing literature on nanotechnology as a strategy to enhance resistance against this form of deterioration primarily focuses on coniferous wood. Additionally, studies explore the application of chemical elements such as zinc oxides, borates, and copper oxides, either independently or in combination with AgNPs, usually at concentrations not surpassing 2% [13,14,23]. However, the outcomes from these investigations align closely with the findings obtained in the current study.



Regarding the mortality rate, the one observed with the AgNPs-COS (4 ppm–20 g·L−1) solution (73.38%, SR = 26.62%) closely resembled those documented by Green and Arango [23] for 0.5% nano zinc oxide + Ag (76%). However, it was lower than the rate reported by Mantanis et al. [13] for formulations containing 2% nano zinc oxide (>90%).



As per Green and Arango [23], instances where a high survival rate was observed could be attributed to repellency or avoidance rather than direct toxicity. It is worth considering that, in general, the effectiveness of AgNPs against biological degradation agents might hinge on nanoparticle characteristics, such as size and shape, influencing their performance in wood protection applications concerning adhesion and internalization [15,56]. Can et al. [57] propose that achieving effective protection through the slow release of silver ions requires particles to be less than 100 nm in size. Additionally, Bugnicourt et al. [58] suggest that spherical-shaped nanoparticles, as obtained in this study (Figure 1b), enhance the internalization into cells. Conversely, Jafernik et al. [56] point out that non-spherical NPs might have a greater impact on transmission, circulation, transfer, and distribution.



The stability of the solution is another crucial aspect, alongside the shape and size of the nanoparticles. As previously mentioned, the characteristics of chitosan (COS), including high water-solubility and viscosity, coupled with its chemical structure featuring chelating and reducing groups, play a crucial role in preventing agglomeration. This combination ensures a more effective stabilization of the solution [35,38,59,60,61,62].



Chitosan oligomer nanoparticles (COS NPs) have been explored as wood protective solutions, either alone or in combination with other nanoparticles (e.g., AgNPs), to enhance the durability of wood against mold fungi, brown-rot, and white-rot fungi, consistently yielding promising results in various studies [18,19,35,36,63,64,65].



The inference that the decrease in weight loss and the subsequent improvement in resistance to degradation, especially against the brown-rot strain and termites in P. ×euramericana ‘I-214’ wood from Spain, is linked to the combined biocidal action of AgNPs–COS and appears valid based on the information provided. The prolonged efficacy observed after 16 or 8 weeks of trials, respectively, is attributed to the size and shape of the AgNPs and the stabilizing property of COS. This combination leads to a slow and/or controlled release of AgNPs, the primary bioactive compound of the binary solution, within the wood. This suggests a comparative advantage of the AgNPs–COS solution, aligning with the observations of Casado et al. [18].



Moreover, the promising results in improving durability class against deterioration caused by C. puteana are noteworthy. This improvement is significant, given the detrimental impact of brown rot on wood’s resistance capacity, a critical property influencing its useful life in structural applications.




4.2. Microstructural Alterations and Material Microanalysis


The microstructural alterations observed in the wood subjected to different treatments (control and AgNPs–COS (4 ppm + 20 g·L−1)) and fungi (white rot and brown rot) align with the degradation identified by mass loss and the type of rot to which they were exposed. The modifications observed in test specimens degraded by T. versicolor and C. puteana are consistent with the diagnostic characteristics of white and brown rot, respectively.



White rots typically involve the degradation of the main polymers of the cell wall (holocellulose and lignin), resulting in structural alterations, a fibrillar aspect, and corky to spongy consistency in advanced stages of rot. These traits were detected in the material exposed to T. versicolor. On the other hand, brown rots involve holocellulose degradation and partial oxidation of lignin, leading to a brittle consistency, cubic fracture pattern, and brown color. These characteristics were identified in the test specimens exposed to C. puteana.



Concerning the EDS results, the absence of detectable AgNPs in the treated wood could be attributed to their low concentration in the binary solution (4 ppm). Elemental microanalysis findings, particularly the identification of peaks or increases in calcium concentration in sectors with evidence of colonization and degradation and the presence of deposits, may result from the precipitation of this element due to the biochelation phenomena caused by fungal acids. Xylophagous fungi, particularly those responsible for brown rot, produce high amounts of oxalic acid and chelating polycarboxylic acids, leading to the immobilization of metals in the form of insoluble oxalate crystals. The production of calcium oxalate is associated with wood degradation [66,67]. Rudakiya and Gupte [67] corroborate the presence of oxalate crystals, particularly with a high percentage of calcium.



The notable reduction in calcium percentage observed in wood sectors displaying evidence of decay and the absence of deposits may be attributed to a decrease in oxalic acid concentration. Several authors have noted that the disappearance of calcium oxalate crystals correlates with a decline in oxalic acid levels. Mechanisms such as nutrient depletion, metabolic changes, the assimilation of oxalic acid as a carbon source, and the enzymatic degradation of oxalic acid are proposed explanations for the absence of calcium oxalate crystals and the subsequent decline in calcium percentage [66,68,69].




4.3. Applications and Limitations of the Study, and Further Research


In concordance with established research in wood preservation, the outcomes of this study underscore the potential of emerging technologies as eco-friendly alternatives to mitigate wood deterioration, extend its service life, and broaden the utility of less naturally durable wood, such as P. ×euramericana clone I-214.



While the results show promise, improving the durability class against the aggressive termites and brown rot strain, and notably reducing mass loss with the white-rot strain, a limitation surfaced in the inability to widen the classification gap compared to untreated wood. This highlights the necessity for the further refinement of treatment concentrations.



Aligned with the structural requirements set by Eurocode 5 (EN 1995-1-1:2016 [39]), ongoing research is dedicated to a comprehensive evaluation of the treated wood’s resistance, considering the solutions and concentrations presented in this work. This evaluation encompasses the wood’s resilience against deterioration caused by micro-fungi soft rot, as well as its elastic-resistant behavior pre- and post-treatment and fungal exposure. Moreover, to confirm treatment effectiveness and assess its broad applicability and reproducibility, there is a consideration to extend the study to other wood species with low natural durability and wide distribution (Salix spp., Pinus pinaster Aiton, and Quercus spp., among others), along with exploring fungal strains of significance in the wood industry (Gloephylum spp. and Picnoporus spp., among others).





5. Conclusions


The binary solution of AgNPs–COS, at concentrations of 4 ppm and 20 g·L−1, respectively, significantly enhanced the resistance to decay induced by T. versicolor, C. puteana, and R. grassei in P. ×euramericana ‘I-214’ wood of Spanish origin when impregnated by vacuum pressure. Particularly noteworthy was the increase in the durability class achieved against C. puteana and R. grassei. Scanning electron microscopy studies provided visual confirmation of the treatment’s effectiveness, revealing discernible differences between the control and treated wood in the severity and extent of tissue degradation. This work contributes significant evidence supporting the effectiveness against the biological deterioration of the AgNPs–COS composite at low concentrations when introduced via vacuum pressure. This treatment aligns with the characteristics of an ‘ideal preservative’, showcasing the capacity to respond effectively to preservation methods, exerting an impact on various organisms at low concentrations of the active principle, featuring slow release and prolonged action, and demonstrating environmental friendliness, among other desirable attributes. Furthermore, valuable insights are provided regarding its impact on degradation caused by a strain of C. puteana, an aspect that has been less explored to date but holds importance considering the influence of such deterioration on the wood’s structural resilience.
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Figure 1. (a) AgNPs–COS solutions; (b) TEM micrograph of the synthesized AgNPs. 
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Figure 2. Retention vs. treatment in poplar wood by biological agent. From left to right: white rot, brown rot, and termite. 
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Figure 3. Survival rate behavior. Significant differences between treatments are indicated by different letters (p < 0.05). 
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Figure 4. Microstructural alterations in wood exposed to Trametes versicolor (L.) Lloyd. (A) Impregnated wood. Scarce mycelium in the vessel and incipient erosion in the vessel-radius pits (radial longitudinal view). (B–E) Untreated wood. (B) Abundant mycelium in vessel element, erosion in ray-vessel pits, collapse of radial parenchyma cells, and deposits in fiber wall (radial longitudinal view). (B) Erosion path/channel and eroded pits in fibers (tangential longitudinal view). (D,E) Fibrillar appearance of tissue and presence of deposits (radial longitudinal view and tangential longitudinal view, respectively). vm = Vessel mycelium, ep = eroded pit; r = parenchymal radius; ec = erosion path/channel, * = deposits. 
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Figure 5. Microstructural alterations in wood exposed to Coniophora puteana (Schumach.) P.Karst. (A) Impregnated wood. Vessels with mycelium and sparse deposits (transverse view). (B–D) Untreated wood. (B,C) Mycelium and deposits in vessels, general aspect, and detail, respectively, and fractures in fiber (transverse view). Note the deformation of the vessels with respect to the treated material and the higher concentration of mycelium and deposits. (D) Fracture perpendicular and transverse to the grain, and deposits (longitudinal radial view). v = Vessel element, m = mycelium, d = deformation, fr = fracture, * = deposits. 
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Figure 6. Sections of specimens exposed to brown rot analyzed with SEM–EDS along with the EDS spectra of the circled regions. (A) Deformed vessels with mycelium and deposits (transverse view). (B) Sector of vessel element with abundant mycelium lacking deposits (tangential longitudinal view). Note the difference in Ca percentage. 
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Table 1. Concentrations of each solution to obtain the binary composites and repetitions.






Table 1. Concentrations of each solution to obtain the binary composites and repetitions.





	
Treatments

	
Species

	
AgNPs (ppm)

	
COS (g·L−1)

	
Decay Fungi (Repetitions/Fungal Species)

	
Termite

(Repetitions)






	
Untreated

	
Poplar a

	
–

	
–

	
30

	
9




	
Poplar b

	
–

	
–

	
30

	
9




	
Beech c

	
–

	
–

	
30

	
–




	
Pine d

	
–

	
–

	
–

	
9




	
AgNPs–COS(4–20)

	
Poplar

	
4

	
20

	
30

	
9




	
AgNPs–COS(2–10)

	
2

	
10

	
30

	
9




	
AgNPs–COS(1–5)

	
1

	
5

	
30

	
9




	
AgNPs–COS(0.5–2.5)

	
0.5

	
2.5

	
30

	
9




	
AgNPs–COS(0.25–1.25)

	
0.25

	
1.25

	
30

	
9




	
Total repetitions

	
480

	
72








a Control test specimen; b solvent (water) control specimen; c,d reference timber for rot fungi and termites, respectively.













 





Table 2. Durability class (DC) against the attack of decay fungi and termites.
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Decay Fungi

	
Termites




	
DC

	
Description

	
Median ML (%)

EN 350:2016

	
DC

	
Description

	
Attack Level *

EN 350:2016






	
1

	
Very durable

	
≤5

	
D

	
Durable

	
>90% ‘0 o 1’ and maximum 10% ‘2’ *




	
2

	
Durable

	
>5 to ≤10

	
M

	
Moderately durable

	
<50% ‘3, 4’




	
3

	
Moderately durable

	
>10 to ≤15




	
4

	
Slightly durable

	
>15 to ≤30

	
S

	
Not durable

	
>50% ‘3, 4’




	
5

	
Not durable

	
>30








* 90% of test specimens classified as ‘0’ or ‘1’, with a maximum of 10% of test specimens classified as ‘2’, and no test specimens classified as ‘3’ and ‘4’.













 





Table 3. Descriptive analysis of density and impregnation process results by biological agent.
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Treatment *

	
Species

	
Density

† (kg·m−3) ± IC *

	
Net Absorption

(kg·m−3) ± IC *

	
Retention

(kg·m−3) ± IC *




	
Wr **

	
Br **

	
T **

	
Wr **

	
Br **

	
T **

	
Wr **

	
Br **

	
T **






	
Untreated

	
Poplar a

	
418.50

± 18.24

	
436.57

± 18.29

	
411.11

± 17.72

	
–

	
–

	
–

	
–

	
–

	
–




	
Poplar b

	
419.01

± 15.50

	
426.64

± 16.15

	
383.16

± 22.32

	
717.17

± 15.66

	
733.40

± 10.89

	
750.11

± 13.77

	

	
–

	
–




	
Beech c

	
659.08

± 6.41

	
669.67

± 13.41

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Pine d

	
–

	
–

	
467.10

± 13.34

	
–

	
–

	
–

	
–

	
–

	
–




	
AgNPs–COS(4–20)

	
Poplar

	
376.75

± 12.08

	
372.93

± 12.78

	
403.17

± 16.92

	
643.59

± 27.06

	
680.64

± 32.82

	
713.22

± 46.82

	
12.87

± 0.54

	
13.62

± 0.66

	
14.27

± 14.27




	
AgNPs–COS(2–10)

	
391.59

± 13.33

	
401.43

± 16.04

	
409.27

± 37.16

	
613.41

± 32.46

	
632.37

± 29.11

	
654.60

± 13.22

	
6.14

± 0.33

	
6.33

± 0.29

	
6.55

± 0.13




	
AgNPs–COS(1–5)

	
404.02

± 13.01

	
405.91

± 13.74

	
417.04

± 31.86

	
651.02

± 26.44

	
647.63

± 20.08

	
646.00

± 29.17

	
3.26

± 0.13

	
3.24

± 0.10

	
3.23

± 0.15




	
AgNPs–COS(0.5–2.5)

	
374.11

± 11.73

	
385.01

± 12.72

	
367.69

± 16.39

	
691.55

± 12.82

	
694.69

± 15.04

	
649.14

± 29.17

	
1.73

± 0.03

	
1.74

± 0.04

	
1.62

± 0.06




	
AgNPs–COS(0.25–1.25)

	
374.39

± 8.93

	
377.42

± 10.13

	
388.66

± 24.84

	
728.79

± 9.85

	
691.87

± 15.20

	
726.17

± 20.34

	
0.91

± 0.03

	
0.87

± 0.02

	
0.91

± 0.03








a Control test specimen; b solvent (water) control specimen; c,d reference timber for decay fungi and termites (beech and pine, respectively); * IC = robust confidence intervals; ** Wr = white rot, Br = brown rot, T = termite. † Density measured with 12% moisture content.













 





Table 4. Comparative analysis of mass loss due to white rot for each treatment.
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Treatments

	
Species

	
ML *

(%) ± CI

	
S–W Test *

	
B Test *

	
ANOVA

	
Homogenous

Groups **




	
p-Value

	
p-Value

	
p-Value






	
Untreated

	
Poplar a

	
41.96 ± 4.49

	
0.194

	
0.089

	
7.44 × 10−5

	
a




	
Poplar b

	
40.46 ± 3.06

	
0.502

	
a




	
Beech c

	
42.01 ± 4.97

	
0.274

	
a




	
AgNPs–COS(4–20)

	
Poplar

	
30.15 ± 3.08

	
0.650

	
b




	
AgNPs–COS(2–10)

	
36.76 ± 3.87

	
0.047

	
ab




	
AgNPs–COS(1–5)

	
41.49 ± 4.80

	
0.207

	
a




	
AgNPs–COS(0.5–2.5)

	
40.69 ± 4.66

	
0.753

	
a




	
AgNPs–COS(0.25–1.25)

	
45.44 ± 4.48

	
0.682

	
a








a Control test specimen; b solvent (water) control specimen; c reference timber (beech); * ML = mass loss, CI = confidence interval, S–W = Shapiro–Wilk test, B = Bartlett test; ** Significant differences between treatments are indicated by different letters (Tukey test p < 0.05).













 





Table 5. Comparative analysis of mass loss due to brown rot for each treatment.
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Treatments

	
Species

	
ML *

(%) ± CI

	
S–W Test *

	
Lv Test *

	
W Test *

	
Homogenous Groups **




	
p-Value

	
p-Value

	
p-Value






	
Untreated

	
Poplar a

	
41.93 ± 4.33

	
0.085

	
1.604 × 10−7

	
2 × 10−4

	
cd




	
Poplar b

	
47.86 ± 3.26

	
0.048

	
b




	
Beech c

	
40.57 ± 3.46

	
0.001

	
d




	
AgNPs–COS(4–20)

	
Poplar

	
27.22 ± 0.66

	
0.000

	
a




	
AgNPs–COS(2–10)

	
49.90 ± 3.26

	
0.000

	
b




	
AgNPs–COS(1–5)

	
47.69 ± 4.25

	
0.048

	
bc




	
AgNPs–COS(0.5–2.5)

	
50.34 ± 3.44

	
0.000

	
b




	
AgNPs–COS(0.25–1.25)

	
48.99 ± 3.78

	
0.043

	
b








a Control test specimen; b solvent (water) control specimen; c reference timber (beech); * ML = mass loss, CI = robust confidence interval, S–W = Shapiro–Wilk Test, Lv = Levene Test, W = Welch Test; ** Significant differences between treatments are indicated by different letters (post hoc test on bootstrapping trimmed means, p < 0.05).













 





Table 6. Comparative analysis of visual rating, survival rate, and mass loss caused by termites for each treatment.
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Treatments

	
Species

	
VR *

	
SR * (%)

	
ML * (%) ± CI

	
S–W Test *

	
B Test *

	
ANOVA

	
Homogenous Groups **




	
p-Value

	
p-Value

	
p-Value

	
SR

	
ML






	
Untreated

	
Poplar a

	
4

	
53.98 ± 10.40

	
15.04 ± 1.20

	
0.898

	
0.0495

	
5.65 × 10−12

	
a

	
b




	
Poplar b

	
4

	
55.57 ± 3.67

	
22.29 ± 3.40

	
0.868

	
a

	
a




	
Pine c

	
4

	
56.34 ± 9.03

	
13.85 ± 2.48

	
0.150

	
a

	
b




	
AgNPs–COS(4–20)

	
Poplar

	
1

	
26.62 ± 8.63

	
7.95 ± 1.03

	
0.897

	
b

	
d




	
AgNPs–COS(2–10)

	
4

	
34.03 ± 7.65

	
8.55 ± 2.08

	
0.836

	
b

	
d




	
AgNPs–COS(1–5)

	
4

	
36.43 ± 8.29

	
9.82 ± 2.36

	
0.147

	
b

	
cd




	
AgNPs–COS(0.5–2.5)

	
4

	
42.85 ± 6.67

	
14.94 ± 2.56

	
0.093

	
ab

	
bc




	
AgNPs–COS(0.25–1.25)

	
4

	
50.19 ± 4.74

	
11.94 ± 2.19

	
0.365

	
ab

	
b








a Control test specimen; b solvent (water) control specimen; c reference timber (pine); * VR = visual rating, SR = survival rate, ML = mass loss, CI = confidence interval, S–W: Shapiro–Wilk test, B = Bartlett test; ** Significant differences between treatments are indicated by different letters (p < 0.05).
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