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ABSTRACT: Wood, recognized as a renewable and environmentally sustainable material, plays a crucial role as an
alternative energy resource within the construction industry. However, it is highly susceptible to mold and decay fungi,
which can lead to surface discoloration and potentially compromise the structural integrity of wood. The advance-
ment of nanotechnology has introduced innovative strategies for wood protection, enhancing its performance while
imparting additional properties. Various approaches including nanosized metals, polymer nanocomposite and coating
treatments are actively being explored in this field. Furthermore, integrating bio-based materials with nanotechnology
offers a green and sustainable method for wood preservation. This paper provides an analysis, discussion, and synthesis
of the applications of nanotechnology in wood protection along with its antifungal mechanisms, thereby contributing
novel insights into the research landscape surrounding this topic.

KEYWORDS: Wood; wood decay; antimicrobial surfaces; hydrophobic surface; nanotechnology; quaternary ammo-
nium compounds

1 Introduction

Wood, as a structural material, is easily processed and sourced from renewable resources [1,2]. It
is an environmentally sustainable material, characterized by its abundant availability and biodegradable
properties [3-5]. As one of the most widely used forest products worldwide, wood is employed in a broad
spectrum of construction projects [6].

Zhang et al. [7] emphasize that manufacturing and construction are significant sources of CO,
emissions, as both industries are resource-intensive and emissions-heavy. In contrast to energy-intensive
building materials, wood offers a viable solution for reducing carbon emissions in the construction sector [8].
To ensure its effectiveness as a building material, it is crucial to prevent mold growth on wood surfaces and
to select nontoxic compounds for indoor protection against degradation [9].

The primary constituents of wood cell walls are three main substances: cellulose, hemicellulose, and
lignin [10]. Fig. 1 illustrates the structure of wood cells, with each individual cell conceptualized as a hollow
tube with walls composed of several layers whose main component is cellulose. The adhesion between cells
is facilitated by the outermost layer, which is primarily composed of lignin, along with some hemicellulose.
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At the center of each wood cell is a void known as the lumen, typically filled with water or air [11]. The high
hydroxyl (-OH) content in both cellulose and hemicellulose imparts excellent hygroscopic and hydrophilic
properties to wood [12]. Mold growth poses a significant challenge in wooden structures, especially in
conditions of excessive humidity [13]. Johansson et al. [9] investigated the critical moisture content for mold
contamination across ten building materials, finding that pine sapwood was the most susceptible to mold
contamination, with a moisture content range of 75%-80% at 22°C and 85%-90% at 10°C.
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Figure 1: Schematic of wood cell wall layers. The patterns in the primary, S;, S, and S; cell walls represent cellulose
microfibril orientations. The parallel (//) and perpendicular (1) directions in the cell wall are defined in the transverse
plane relative to the lumen surface. The cell wall longitudinal (L) direction is defined along the longitudinal axis of the
cell. Adapted with permission from Reference [11]. Copyright ©2019, MDPI publishing

The growth of mold on wood indoors can lead to the contamination of air with toxigenic fungal spores,
fragments, mycelium, and metabolic products, all of which can cause allergic reactions and, in some cases,
serious illness [14,15]. As shown in Fig. 2, Kuka et al. [15] simulated constant environmental conditions
to investigate the impact of initial moisture content in wood and spore contamination on indoor mold
development. The results indicated that pre-wetting wood specimens significantly accelerated mold growth
at a temperature of 10°C. Under SEM, the mycelium and spores of contaminated wood were clearly visible,
with a detrimental effect on indoor air quality. Another serious consequence is the discoloration of wooden
structures due to mold growth [16]. Mold growing on wood surfaces typically damages its appearance by
producing pigments and colored spores without compromising the structural integrity of the wood [17].

Fungi that decompose wood are capable of breaking down the lignin barrier, leading to decay and often
resulting in the complete mineralization of the lignified wood cell walls. Fungi that actively break down the
structure of wood can be classified into several groups, including white rot fungi, brown rot fungi, and soft
rot fungi [18]. These fungi produce specialized enzyme systems that degrade the cell walls of wood [19,20].

Various protective coatings and biocides are chemical strategies used to protect wood from microbial
degradation [21]. Chromated copper arsenate (CCA) is a well-known example of traditional commercial
preservatives, which have been widely used in the past [22]. However, the use of conventional wood
preservatives is increasingly restricted due to their heavy metal content, which poses risks to human health
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and ecosystems [23]. Consequently, there is an urgent need to develop new wood preservatives that are highly
toxic to microorganisms while being safe for humans and animals [21,24].

Vega ©Tescan DATE. 122821
Dl Mcroscopy Imagng DET. SE Detector

HV. 15.0 kY SEMMAG. 400kx  HV. 15.0kV
Viega ©Tescan DATE: 122821 WO 20488 mm 2 Vega €Teacan

DCugtal Mcroscopy Imagang DET SE Detector Degrtal Microscopy Imaging

Figure 2: An experiment simulating wood infestation by mould under specific climatic conditions: (a) test containers
in a climate chamber; (b) setup of the test with mould-infected wood; (c) SEM images of the mould-infected wood
specimen. Adapted with permission from Reference [15]. Copyright ©2022, MDPI publishing

Chromated copper arsenate (CCA) is a typical copper-based preservative that has largely been replaced
by copper azole (CA) and alkaline copper quaternary (ACQ) due to concerns about toxicity [25]. Studies have
indicated that copper leaching from ACQ-treated wood exceeds that from CCA-treated wood, potentially
contributing to water and soil pollution [26-28]. Lin et al. [29] investigated the copper leaching rates of
softwood specimens vacuum-treated with ACQ and CA, revealing that the leaching rate for CA-treated wood
was higher than that for ACQ-treated wood. Micronized copper (MC), based on nanoparticle formulations,
consists of particles ranging in size from 10 to 700 nm and the copper leaching from MC-treated wood is
lower than that from CCA-treated wood [30-32]. The use of nanoscale wood preservatives offers a promising
alternative to traditional preservatives.

Wood is hygroscopic due to the presence of hydroxyl groups. Various hydrophobic treatments have
proven effective in enhancing its durability and producing hydrophobic wood [21]. As illustrated in Fig. 3,
water sorption within the cell walls of wood is attributed to these hydroxyl groups, which significantly influ-
ence its physicochemical properties [33]. A widely used chemical method for preparing hydrophobic wood is
acetylation, in which hydroxyl groups react with acetic anhydride or isopropyl acetate to form acetates with
hydrophobic characteristics [34,35]. Additionally, thermal modification can reduce the hygroscopic behavior
of wood [36]. During the heating process, the degradation of hemicellulose and the amorphous regions of
cellulose, along with condensation reactions involving lignin, lead to a reduction in the number of hydroxyl
groups in wood [37-40]. Lukawski et al. [41] applied carbon nanotubes (CNTs) as a surface treatment to
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enhance the water repellency of wood and suggested that recent advancements in nanotechnology could
address challenges related to wood hydrophobicity.
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Figure 3: Schematic overview of investigated characteristics from the tissue-scale (left) to the nano-scale (right).
Adapted with permission from Reference [33]. Copyright ©2022, Springer Nature publishing

Nanotechnology is a multifaceted field that integrates various scientific and technological disciplines,
aiming to develop novel and enhanced materials with significant functionalities and unique chemical and
physical properties [42]. The application of nanotechnology has provided innovative solutions to overcome
the limitations of wood, wood-based composites, and other lignocellulosic materials. Due to their diminutive
size and high surface area-to-volume ratio, nanoparticles (NPs) can easily penetrate wood pores, thereby
enhancing the properties of the material and yielding high-performance superior quality products [43]. It is
essential to emphasize that wood modification should adhere to the principles of green chemistry, utilizing
bio-based polymers in combination with nanoparticle technology to minimize the overall environmental
impact [44].

Whether through the application of antiseptic agents or the enhancement of hydrophobic properties,
reducing the water content of wood via pretreatment is a crucial step. These methods are not only highly
effective in lowering moisture levels, but also play a key role in preserving the volume and strength of the
wood [45].

The relationship between wood and chemistry is fundamentally important for protecting wood in an
environmentally friendly manner, extending its lifespan, conserving natural resources, and enhancing its
overall value [12]. This study focuses on the primary components of wood cell walls while evaluating the
strengths and weaknesses of various techniques for preventing mold formation. The review comprehensively
analyzes, discusses, and synthesizes technical research related to wood preservation mechanisms. Its objec-
tive is to inform strategies for wood protection and offer innovative approaches for researchers working to
mitigate mold issues.
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2 Bio-Based Materials for Wood Protection

Biobased materials are derived from renewable biomass sources, including grains, legumes, straw,
bamboo, wood powder, and animal fur waste. These materials represent a novel category that can be
produced through biological, chemical, physical, and other processes. They primarily include bioplastics,
biobased platform compounds, biomass functional polymers, and other products characterized by their
environmentally friendly properties and biodegradability [46].

Plant polyphenols can serve as raw materials for constructing functional material coatings. Liu et al. [47]
described the development of a rough hierarchical structure on the wood surface through the application
of wood polyphenols. Rutin was used to create metal-polyphenol networks (MPNs) incorporating various
metal ions such as Fe(III), Fe(II), AI(III), and Cu(II). The resulting materials exhibited excellent self-
cleaning capabilities, anti-fouling properties, and remarkable resistance to both acids and alkalis, as well as
impregnation by organic solutions.

Organic acids are biological derivatives of plant-based biomass, primarily derived from cellulose [48].
Citric acid (CA) can act as a cross-linker and bulking agent in wood treatment. To achieve a more flexible
cross-linked network, low molecular weight polyols need to be added [49]. Marc-Andre Berube et al. [50]
employed citric acid and glycerin to impregnate and modify lodgepole pine and white pine. The polymer
was effectively incorporated into the wood structure, enhancing its dimensional stability. The carboxyl group
of citric acid esterifies the hydroxyl groups in the wood components, along with internal rearrangements of
lignin, resulting in improved physical properties [51]. The vegetable oils offer a wide range of possibilities
for chemical transformations. After epoxidation, the epoxy groups in vegetable oils can react with acids,
acid anhydrides, amines, polyols, and similar compounds [52]. Liu et al. [53] studied the use of furfuryl
alcohol (FA) and epoxidized soybean oil (ESO) to modify radiata pine wood, achieving exceptional chemical
structural performance and mechanical properties. This enhancement is attributed to the high molecular
weight of ESO, its excellent hydrophobicity, and favorable intermolecular interactions between ESO and FA
resin chains. The hydrophobic FA resin, along with FA-ESO thermosets, effectively filled the cell walls and
lumens of the wood to improve its dimensional stability. When wood is used outdoors or as a structural
component with exceptional strength properties, its mechanical properties and dimensional stability are
crucial factors for performance improvement [54].

Wood used in the built environment requires special attention to its flame retardancy, as the combustion
of wood can lead to fires that pose significant risks [55]. Sangregorio et al. [56] introduced an innovative wood
modification process using humins, which are polydisperse furanic macromolecules formed during sugar
dehydration. The humin modified wood exhibited enhanced hydrophobicity, with a lower mass increase
and similar dimensional stability when immersed in water compared to furfurylated wood. Additionally,
humin treated wood demonstrated longer ignition times, a slower heat release rate (-13%), and lower CO
formation than furfurylated wood. Liu et al. [57] reported the preparation of flame-retardant wood using
a novel biomass-based flame retardant via ultrasonic impregnation. This material shows excellent flame
retardancy due to the release of non-combustible gases and the formation of a dense crosslinked carbon layer
containing N=C, N-C/P-N, N-H, and C-O-P bonds.

Untreated or inadequately treated wood is susceptible to mold, fungal issues, and insect infestations,
necessitating the use of economical biocides for interior applications. These biocides must be non-toxic, non-
volatile, environmentally acceptable, safe for handling, and exhibit low solubility [58]. Pizzi et al. [59,60] have
proposed that copper soaps derived from carboxylic acid groups in unsaturated fatty acids of edible vegetable
oils which are non-toxic, resin acids from rosin, and even synthetic unsaturated polyester resins can serve
as effective and durable groundcontact wood preservatives. Copper salts of unsaturated fatty acids based on
sunflower oil and PCP esters of rosin have undergone field tests for fungal and termite resistance for 25 and 40
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years, respectively, demonstrating high efficacy in wood preservation. Additionally, Conradie et al. [61] noted
that in wood protection against fungi and termites, a waterborne dual treatment of DNBP (2-sec-butyl-4,6-
dinitrobutylphenol) [dinitrobutylphenol] + NHj; on Pinus patula specimens is of commercial interest. This
treatment involves a simple dip-diffusion method, followed by acetic acid or CuSOy, although the economic
benefits are limited. A more economical approach is a single treatment with emulsified waterborne DNBP.

Additionally, a novel type of polyamide resin was developed by modifying microcrystalline cellulose.
This resin features a hyperbranched crosslinked network structure, which imparts exceptional properties to
the resultant plywood [62]. In a separate study, wood samples were coated with a hybrid nanocomposite con-
sisting of polydopamine, hydroxyapatite, and chitosan, and their biodegradability in a marine environment
was assessed. The chitosan used was derived from shrimp waste. Both control and treated wood samples
were submerged in seawater for six months. The results indicated that the control wood exhibited more
pronounced color changes, increased swelling, and a higher degree of barnacle infestation compared to the
treated wood. Furthermore, analyses using FT-IR and XRD revealed that the structural integrity of lignin,
cellulose, and hemicelluloses in the control wood was more significantly compromised than in the treated
wood after immersion in seawater [63].

3 Nanotechnology for Wood Protection

Nanotechnology plays a pivotal role in the wood industry [64]. The integration of nanomaterials
into wood enhances various properties while providing protection against fire, degradation, and biological
decay [65]. According to Papadopoulos et al. [66], there are three primary methodologies for applying
nanomaterials to wood: (i) immersing nanosized materials directly into the wood (e.g., nanosized metals), (ii)
regulating the release of nanomaterials that are embedded within polymer nanomaterials, and (iii) applying
a coating treatment.

3.1 Nanosized Metals

Over the past decade, the application of metallic nanocompounds for the protection of wooden struc-
tures has concentrated on mitigating biodegradation and enhancing the durability of surface treatments [67].
Various forms of metal nanoparticles, including silver nanoparticles (Ag NPs) and copper nanoparticles
(Cu NPs), as well as nanometal oxides such as zinc oxide nanoparticles (ZnO NPs) and aluminum oxide
nanoparticles (Al,Os; NPs), along with nano metal fluorides like magnesium fluoride nanoparticles (MgF,
NPs) and calcium fluoride nanoparticles (CaF, NPs), have gained prominence in wood preservation
efforts [68-72].

The potential mechanisms by which these metal-containing nanoparticles inhibit microbial growth
are illustrated in Fig. 4: (a) excessive generation of reactive oxygen species (ROS) within microorganisms;
(b) interference with critical enzymes in the respiratory chain due to disruption of the microbial plasma
membrane; (c) accumulation of metal ions within microbial membranes; (d) electrostatic attraction to
microbial cells, impairing metabolic functions; and (e) inhibition of microbial proteins and enzymes through
enhanced production of H,O, [73].

Numerous investigations have been conducted on the application of metal nanoparticles in wood
treatments. Casado-Sanz et al. [74] employed a vacuum-pressure method within an autoclave to impregnate
wood blocks with silver nanoparticles. Their results demonstrated that treatment with silver nanoparticles at
concentrations ranging from 5 to 20 ppm exhibited significant antifungal properties, effectively protecting
wood against fungal infestations.
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Figure 4: Illustration of possible antibacterial mechanism of action of biosynthesized metal nanoparticles. Adapted
with permission from Reference [73]. Copyright ©2019, Springer Nature publishing

Nano metal oxides are frequently applied to wood in conjunction with other materials, often using
vacuum or pressure techniques. Reinprecht et al. [75] implemented an immersion method to introduce
biologically active nano-ZnO into beech wood within a water system, at concentrations ranging from 0.1
to 3.3 wt.%. This treatment significantly enhanced decay resistance against the brown-rot fungus Rhodonia
placenta and the white-rot fungus Trametes versicolor. The corrosion resistance of beech wood was further
improved by additional thermal modification at 190°C for two hours. Nano-alumina is commonly used to
create hydrophobic surfaces on wood.

Considerable research has been conducted on the application of nano-metal fluorides in wood preser-
vation. Usmani et al. [72] synthesized MgF, and CaF, nanoparticles using the sol-gel method, followed by
drying the samples under pressure and immersing them in a vacuum chamber after diluting the sol with
ethanol. The results indicated that wood treated with nano-metal fluorides exhibited significant inhibitory
effects against the brown rot fungi Coniophora puteana (Cp) and Rhodonia placenta (Rp). Currently, nano-
metal fluorides (e.g., NaF) is used in wood preservation, however, sodium fluoride and magnesium fluoride
demonstrate significantly lower sensitivity to leaching compared to NaF, making them more environmentally
friendly and sustainable alternatives for wood preservation [76].

3.2 Polymer Nanocomposite

Polymer nanocomposites are increasingly utilized in the wood preservation sector to enhance the
efficacy of conventional preservatives [66]. These composites consist of a polymer (as a matrix) and
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nanomaterials (as nano fillers), offering a range of functionalities due to the synergistic combination of
their distinct components [77,78]. The two constituents retain their unique properties within the composite
structure, the substrate secures the nanofillers in place, providing structural support, while the nanofillers
impart new chemical and physical properties to the substrate [79].

Nanomaterials (NMs) can be systematically classified into various categories based on several cri-
teria. Typically, NMs are categorized according to their dimensionality, morphology, state, and chemical
composition. Their size, which ranging from 1 to 100 nm in at least one dimension (Fig. 5) [80], is a key
factor influencing the classification. NMs can be delineated as zero-dimensional (0D), one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) based on their dimensional characteristics [81].
0D nanomaterials include spherical nanoparticles composed of metals, metal oxides, and quantum dots. 1D
nanomaterials consist of carbon nanofibers, carbon nanotubes, and nanowhiskers, among others. Nanoclays
and graphene-based materials are the most extensively researched 2D nanomaterials [82-85]. A notable
feature of 3D nanomaterials is their porous structure, which imparts high electrical conductivity [86].
However, there is a lack of reports concerning the application of polymers incorporating 3D nanomaterials
for wood mildew prevention.
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Four prevalent techniques for synthesizing polymer nanocomposites include: (i) extrusion or melt
blending, (ii) solution pouring, (iii) in-situ polymerization, and (iv) layer-by-layer (LbL) deposition [87].
These techniques typically involve assembling the nanocomposites onto the wood surface in a layer-by-layer
manner for thin-film deposition [88].

Zero-dimensional polymer nanomaterials are frequently employed in wood treatment applications.
Harandi et al. [89] evaluated the antifungal properties of TiO, and ZnO nanoparticles against the white rot
fungus (Trametes versicolor) within a polyvinyl butyral (PVB). Poplar wood was treated with a nanocom-
posite under vacuum conditions as the raw material. The results indicated that samples treated with
1% nano-TiO, and nano-ZnO dispersed in 5% PVB exhibited significant antifungal activity under light
exposure. Moreover, samples containing 2% nanoparticles demonstrated antifungal effects even in the dark,
with enhanced performance when exposed to light.

The utilization of 1D and 2D polymer nanomaterials in wood conservation is comparatively less
explored than that of 0D polymer nanomaterials. Zigon et al. [90] proposed an innovative composite of
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)/polyvinylpyrrolidone (PVP), incorporat-
ing MoO; nanowires, which are capable of forming protective coatings on wood surfaces. The inclusion of
MoO; in the coating enhances the hydrophobicity of the wood and plays a crucial role in its resistance to blue-
stain fungi and mold development. Hazarika et al. [91] developed a wood polymer nanocomposite (WPNC)
consisting of multiwalled carbon nanotubes (MWCNTs) and nanoclay, which was impregnated using
melamine formaldehyde furfuryl alcohol copolymer and 1,3-dimethylol-4,5-dihydroxy ethylene urea as a
crosslinking agent. The resulting WPNC exhibited significant improvements in tensile, flexural, hardness,
and water-resistant properties.

3.3 Coating Treatments

Coating materials are typically applied as outer layers to protect, enhance, and/or impart additional
functionality and characteristics to the surface of the underlying object or bulk material. These coatings
include hydrophobic coatings, phase change material (PCM) coatings, coatings designed to reduce surface
solar radiation, as well as hydrophilic and photocatalytic coatings, all of which have been utilized in green
and smart buildings (Fig. 6) [92]. Traditional wood coatings provide passive protection by forming a barrier
that insulates the wood from environmental factors such as UV radiation, fluctuations in temperature and
humidity, and attacks from insects, fungi, and mildew [93]. In contrast, smart coatings merit attention due
to their capacity to dynamically respond to external stimuli. These coatings can adjust their properties in
response to a variety of external factors, including but not limited to pH levels, light, electric and magnetic
fields, pressure, and temperature [94,95].

The advancement of nanotechnology has significantly enhanced the field of coatings. A wide range
of nanomaterials has been incorporated into coating formulations, enabling the development of super-
hydrophobic coatings with diverse functionalities, such as anti-corrosion, anti-icing, and anti-fogging
properties [96,97]. Methods for achieving superhydrophobic surfaces include sol-gel processes, chemical
etching, dip-coating, and chemical deposition. Additionally, surface roughness can be enhanced through
physical etching and electrochemical deposition, providing an alternative approach to creating superhy-
drophobic surfaces [98].

Wang et al. [99] synthesized nano silica coatings on wood surfaces using the sol-gel process
and subsequently fluorinated these coatings with the surface modifying agent 1H, 1H, 2H, 2H-
perfluoroalkyltriethoxysilanes (POTS). The combination of the high surface roughness of the nano silica
coatings and the low surface free energy of the POTS film resulted in a superhydrophobic wood sur-
face. Tuong et al. [100] applied epoxy@ZnO superhydrophobic paint to Styrax tonkinensis wood using
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a two-step spraying technique. The hydrophobicity of the wood was significantly enhanced after the
coating, and its color stability was notably improved. Duan et al. [101] produced wood veneer exhibiting
both superhydrophobic and antibacterial properties through self-polymerization of dopamine, chemical
deposition of Cu nanoparticles, and hydrophobic modification with fluorosilane. These superhydrophobic
surfaces demonstrated excellent stability under various harsh conditions, including strong acids/bases,
high temperature aging, and mechanical wear. In addition, they exhibited remarkable self-cleaning and
antibacterial properties.
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Figure 6: Nanotechnology-based functional coatings. Adapted with permission from Reference [92]. Copyright ©2022,
Elsevie Ltd. publishing

A superhydrophobic chitosan/silica hybrid nanocomposite was used as a coating for wood. After
applying the coating, both the coated and control wood samples were exposed to a corrosive seawater
environment for six months. The results showed that the coated wood exhibited significantly reduced
weathering and erosion compared to the control wood. Furthermore, analyses using FESEM and XRD
revealed that the coated wood experienced considerably less degradation after immersion in seawater than
the control samples [102].

Currently, there is no definitive classification for smart coatings, as they often combine various types
of functionalities. A smart coating can be designed as either a single-layer or multi-layer system, consisting
of at least two layers [103]. El-Naggar et al. [104] developed a smart photoluminescent nanocomposite
surface coating for wood substrates that emits light continuously in darkness for up to 1.5 h. Lanthanide-
doped aluminium strontium oxide (LASO) nanoparticles were incorporated into polystyrene (PS) in varying
proportions to create a nanocomposite coating on wooden surfaces. The wood coated with the LASO-PS
nanocomposite film exhibited superhydrophilicity, light stability, and photostability. This innovative coating
has potential applications in safety directional signs, household products, and smart windows.

4 Quaternary Ammonium Compound Bound Nanoparticles

Quaternary ammonium compounds (QACs) are a primary class of cationic surfactants, character-
ized by a positively charged nitrogen atom attached to at least one hydrophobic hydrocarbon chain,
typically composed of short chain substituents such as methyl or benzyl groups [105,106]. QACs
are mild disinfectants known for their high efficacy and broad spectrum biological activity against
viruses, bacteria, and parasites [107,108]. Song et al. [109] synthesized silica NPs covalently bonded with
trimethoxysilyl-propyldimethyloctadecyl ammonium chloride (QAC), alongside silica NPs modified with
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octadecyltrimethoxy silane (OdS) without QAC. The silica QAC core-shell NPs exhibited stronger inhibitory
activity against the growth of Escherichia coli, Staphylococcus aureus, and Deinococcus geothermalis compared
to the original and OdS modified silica NPs (Fig. 7).
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Based on spatial dimensions and the interaction processes between QACs and bacteria, the antibacterial
mechanisms of QACs primarily target biofilms, cell membranes, and intracellular components. When QACs
disrupt bacterial cell membranes, both Gram-positive and Gram-negative bacteria exhibit amphiphilic and
anionic characteristics due to the presence of key components like lipoteichoic acid and lipopolysaccha-
ride (Fig. 8a). Initially, QACs interact with the bacterial surface through electrostatic interactions before
traversing the cell wall. This process is further facilitated by the affinity of the hydrophobic structures
for the membrane. The nonpolar tail of the QACs inserts into the bacterial cell membrane, promoting
pore formation that compromises cellular integrity, ultimately leading to bacterial death (Fig. 8b). The cell
membrane is a critical target for QACs as antibacterial agents. The positively charged quaternary nitrogen in
QAC:s interacts with the negatively charged head groups of acidic phospholipids within the cell membrane,
enabling translocation across the membrane and compromising cellular integrity, which results in bacterial
death [110-112]. The antibacterial efficacy of QACs is influenced by the alkyl chain length. Specifically,
quaternary ammonium groups containing ten or more carbon atoms exhibit enhanced bactericidal activity.
However, excessively long alkyl chains may induce significant aggregation among the polymers, thereby
reducing their biocidal effectiveness [113].
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Figure 8: (a) Components of bacterial membrane. lipoteichoic acids (LTA), cytoplasmic plasma membrane (CM),
lipopolysaccharides (LPS), outer membrane (OM), inner membrane (IM); (b) Membrane-active mechanism of QACs.
Adapted with permission from Refs. [111,112,114]. Copyright ©2022, Elsevie Ltd. publishing, 2021, John Wiley & Sons
publishing and 2019, Elsevie Ltd. publishing

QACs can be employed to coat substrate surfaces, thereby imparting antibacterial properties to the
substrates. Saif et al. [115] developed a hybrid coating on glass surfaces using the sol-gel process with Q;N*-
Si(OR)s to evaluate its efficacy against Escherichia coli and Staphylococcus aureus. A significant correlation
was observed between the concentration of QsN*-Si(OR)s and its antibacterial activity.

The size of quaternary ammonium nanoparticles is closely correlated with their antimicrobial activity,
with smaller nanoparticles demonstrating superior effectiveness [112]. When covalently bonded to the
surface of wood materials, QACs enable the wood to resist microbial invasion [103]. A more prevalent
application of QACs as surface antimicrobials involves their combination with nanoscale materials to interact
with wood substrate surfaces. Wang et al. [116] designed and synthesized a pH-responsive preservative
delivery system for bio-based wood preservation. In this system, QACs were encapsulated within hollow
mesoporous organic silica nanoparticles (HMONSs), while carbon quantum dots (CQDs) acted as meso-
porous plugging agents. The QACs-HMON-CQD exhibited exceptional antifungal properties. Furthermore,
an environmentally friendly wood preservative was developed, characterized by excellent antibacterial effects
and low toxicity. Nitrogen-doped carbon quantum dots (N-CQDs) were synthesized through a one-step
hydrothermal method using chitosan quaternary ammonium salt (HACC) as the precursor material. The
decay rate of wood treated with N-CQDs was significantly reduced, enhancing both its utilization and service
life [117].

Currently, the predominant coatings applied to wood surfaces are polyurethane, which inherently
lacks antimicrobial properties [118]. The incorporation of QACs enhances the antimicrobial efficacy of
these polyurethane coatings [113]. Furthermore, the synergistic interaction between QACs and nanoparticles
can yield polyurethane coatings with significant antibacterial effects. These coatings can be synthesized
through various methodologies and employed in diverse applications. Tominaga et al. [119] reported an
antibacterial photocurable acrylic resin coating based on silver nanoclusters (Ag NCs), formulated by
integrating conjugates of dihydrolipoic acid-capped ligand-protected Ag NCs with tetraoctylammonium
(TOA), referred to as TOA-Ag NCs. This antibacterial resin demonstrated effective bactericidal activity due
to the dual action of Ag NCs and TOA, maintaining its efficacy over extended periods even when exposed to
aqueous environments. Mathew et al. [120] successfully adsorbed a silyl-anchoring quaternary ammonium
salt (AQAS) with a long alkyl chain (C18) onto the surface of a flexible, thermoset transparent polyurethane
(PUR) film from an aqueous solution, followed by solidification at 160°C to produce PUR-AQAS films.
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These films used as substrates for anchoring antibacterial molecular layers and exhibited substantial potency,
achieving a 3-log reduction against Staphylococcus aureus and Escherichia coli. Such polyurethane coatings
are typically sprayed or brushed onto wood surfaces to safeguard them from potential damage.

5 Conclusion

This paper reviews the application of nanotechnology in wood preservation. As a bio-based material,
wood is vulnerable to mold growth and decay caused by wood-destroying fungi, which can result in
surface discoloration and structural degradation. To address these challenges while considering the inherent
properties of wood, nanomaterials are employed through three primary approaches: (i) nanosized metals, (ii)
polymer nanocomposites, and (iii) coating treatments. These methods enhance the chemical properties of
the wood surface or provide protective coatings that improve resistance against mold and rot-inducing fungi.
Compared to traditional preservation techniques, the use of nanomaterials offers greater environmental
compatibility while extending the service life of wood and enhancing its value. This paper introduces recent
advancements in the categorization and application of various nanomaterials aimed at preventing microbial
degradation in wood, offering innovative strategies for developing efficient, safe, and sustainable wood
protection solutions.

Current nanotechnology applications in wood protection primarily focus on minimizing the interaction
between wood and external environmental factors, such as water and microorganisms. While this approach
does not pose particularly high technological challenges, microbes continue to persist on the wood surface
and accumulate over time. Therefore, it is crucial to enhance the approach by actively eliminating microor-
ganisms in addition to reducing their contact with the wood. Over time, as the need for prolonged efficacy
increases, the technical requirements become more demanding, making practical implementation more
complex. In the long term, combining both strategies—reducing exposure to external elements and actively
eliminating microorganisms—will provide a more sustainable and effective approach to wood protection,
representing a promising direction for future research.
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