
Academic Editors: Mataz Alcoutlabi

and Jason G. Parsons

Received: 1 February 2026

Revised: 22 February 2026

Accepted: 23 February 2026

Published: 25 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Nano-Chitosan Formulations and Essential Oil Encapsulation
for Sustainable Wood Protection: A Comprehensive Review
Nauman Ahmed , Gwendolyn Davon Boyd-Shields, C. Elizabeth Stokes and El Barbary Hassan *

Department of Sustainable Bioproducts, Mississippi State University, P.O. Box 9820, Starkville, MS 39762, USA;
na746@msstate.edu (N.A.); gdb1@msstate.edu (G.D.B.-S.); ces8@msstate.edu (C.E.S.)
* Correspondence: emh147@msstate.edu; Tel.: +1-662-325-8344

Featured Application

Chitosan nanoparticle-encapsulated essential oils offer a low-hazard, bio-based alternative
to conventional wood preservatives, enabling durable antifungal and termite protection
with reduced leaching and improved sustainability for exterior wood products and build-
ing materials.

Abstract

Wood remains a cornerstone material in construction and outdoor applications, yet its
durability is continually compromised by fungal decay and insect infestation. Increasing
regulatory restrictions on conventional wood preservatives and growing sustainability
demands have intensified interest in bio-based alternatives. Among these, essential oils ex-
hibit strong antifungal and insect-repellent activity but suffer from high volatility, leaching,
and limited durability under moisture exposure. This review examines recent advances
in chitosan nanoparticle-based encapsulation of essential oils as a strategy to overcome
these limitations and enable more sustainable and environmentally responsible wood
protection systems. The review synthesizes current knowledge on nanoparticle synthesis
routes, physicochemical properties, bioactive delivery mechanisms, antifungal and anti-
termite performance, and behavior under moisture and weathering conditions, alongside
sustainability and regulatory considerations. The reviewed literature demonstrates that
chitosan nanoparticles enhance essential oil retention, stability, and controlled release, lead-
ing to improved resistance against biological deterioration compared with unencapsulated
formulations. In addition to performance benefits, these nano-enabled systems align with
circular bioeconomy principles by utilizing renewable and waste-derived feedstocks while
avoiding heavy metals and persistent synthetic biocides. Despite promising laboratory
results, challenges remain related to long-term field performance, scalability, and environ-
mental fate. Overall, chitosan–essential oil nano-formulations represent a versatile platform
for next-generation, low-hazard wood protection, offering a promising pathway toward
sustainable and durable wood preservation technologies.

Keywords: chitosan nanoparticles; essential oil encapsulation; wood protection; bio-based
preservatives; nanotechnology; sustainable materials; circular bioeconomy

1. Introduction
Wood remains one of the most widely used structural and functional materials due

to its renewability, favorable strength-to-weight ratio, and low embodied energy relative
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to mineral -and metal-based alternatives. Its extensive application in construction, out-
door infrastructure, furniture, and utility products is central to contemporary bioeconomy
and carbon-storage strategies. However, the inherent susceptibility of wood to biological
deterioration, particularly fungal decay and insect infestation, continues to limit its ser-
vice life in environments exposed to moisture. Brown-rot, white-rot, and soft-rot fungi
degrade cellulose and lignin through enzymatic and oxidative pathways. At the same
time, subterranean termites exploit wood as both a food source and a structural habitat,
collectively causing substantial economic losses worldwide. Termites alone are estimated to
cause global economic losses of approximately USD 40 billion annually, with subterranean
species responsible for nearly 80% of the total damage [1–3].

Historically, long-term durability has been achieved with synthetic and metal-based
preservatives, including creosote, pentachlorophenol, and chromated copper arsenate
(CCA). These systems have provided exceptional resistance under severe exposure con-
ditions and set performance benchmarks that continue to guide modern preservation
standards. Field data from utility poles and railroad ties show that creosote- and CCA-
treated wood can remain serviceable for several decades under underground contact
conditions, often exceeding 30 years of service life, and significantly outperform untreated
wood in comparable environments [4,5]. Nevertheless, extensive evidence shows that
these preservatives introduce persistent environmental burdens, including soil and ground-
water contamination, ecotoxicity, occupational exposure risks, and end-of-life disposal
challenges [6,7]. Regulatory responses across North America and Europe have progres-
sively restricted or phased out the most hazardous formulations, while imposing stricter
retention limits and lifecycle controls on remaining copper-based systems [8,9].

In parallel with regulatory pressure, research has increasingly focused on renew-
able, performance-driven wood protection systems. Bio-based preservatives, including
plant extracts, natural oils, and polysaccharide-based coatings, have been investigated
as alternatives to conventional systems [10,11]. Among these, essential oils have been
widely studied as bioactive agents. Rich in terpenoids, phenolics, and aldehydes, essential
oils exhibit broad-spectrum antifungal and insect-repellent activity through membrane
disruption, enzyme inhibition, and neurotoxic interference in insects [12–14]. Numerous
laboratory studies using standardized soil-block decay tests demonstrate that essential oils
such as thyme, clove, cinnamon, and lemongrass can reduce fungal mass loss by approxi-
mately 40–70%, while also significantly inhibiting termite feeding when applied to wood
substrates [12,15].

Despite their biological potency, the direct use of essential oils in wood protection
remains limited by intrinsic physicochemical constraints. High volatility, hydrophobicity,
and sensitivity to light, oxygen, and temperature result in rapid depletion under moisture
cycling and outdoor exposure, often leading to a sharp decline in protective efficacy within
short timeframes. Experimental leaching studies report that more than 70–80% of essential
oil constituents can be lost within days of water immersion, resulting in dramatic reductions
in antifungal and insect-repellent performance [10,16]. These limitations highlight a central
challenge: while essential oils are effective bioactives, they lack the retention, stability, and
controlled delivery required for durable wood protection.

Nanotechnology has been explored as a strategy to improve the stability and delivery
of bioactive compounds in wood. Nano-enabled systems can improve penetration into cell
walls, enhance surface adhesion, and regulate the release of active compounds in response
to environmental stimuli such as moisture and temperature [17,18]. Within this context,
chitosan has been extensively investigated as a carrier material. Derived from the deacetyla-
tion of chitin obtained from crustacean shell waste, chitosan is biodegradable, low-toxicity,
and compatible with green-chemistry principles [19]. Its cationic nature enables strong
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electrostatic interactions with negatively charged microbial membranes and hydroxyl-rich
lignocellulosic surfaces, imparting inherent antimicrobial activity and favorable adhesion
to wood substrates [20,21].

When processed into nanoscale particles, chitosan’s functional versatility is signifi-
cantly amplified. When processed into nanoscale particles, chitosan’s functional versatility
is significantly amplified. Chitosan nanoparticles produced via ionic gelation and related
methods exhibit physicochemical characteristics that enhance colloidal stability, promote
strong adhesion to lignocellulosic surfaces, and improve resistance to leaching [22,23].
In wood protection applications, these characteristics translate into deeper penetration,
improved distribution, and reduced loss of active compounds relative to conventional
treatments [24,25]. Importantly, chitosan itself contributes barrier properties by forming
semi-permeable films that moderate moisture ingress and oxygen diffusion, thereby indi-
rectly suppressing biological colonization [26].

Encapsulating essential oils within chitosan nanoparticles represents a convergence of
these advantages. Encapsulation has been reported to reduce volatility and photodegra-
dation, increase apparent thermal stability, and enable diffusion-controlled or stimuli-
responsive release profiles that align with biological risk windows in wood service envi-
ronments [27–29]. Across various delivery platforms, encapsulation has been reported
to mitigate premature volatilization and thermal degradation of essential oils, thereby
enhancing their physicochemical stability and prolonging functional efficacy relative to
unencapsulated oils [30,31]. While direct wood-focused studies remain limited, emerging
evidence suggests that similar mechanisms operate in lignocellulosic systems, which may
contribute to improved retention and more sustained biological activity under moisture
exposure [17,32].

Beyond performance, chitosan–essential oil nano-formulations align closely with
sustainability and circular bioeconomy frameworks. Both components originate from re-
newable biological feedstocks, seafood processing residues, and plant biomass [19,33]. The
metal-free composition reduces long-term ecotoxicity and may facilitate more favorable
end-of-life options, including reuse, recycling, or controlled biodegradation, compared
with conventional preservative-treated wood [34–36]. Despite this promise, the integration
of chitosan nanoparticles and encapsulated essential oils into wood protection systems
remains fragmented across disciplines. Existing reviews often focus narrowly on either
natural wood preservatives, nanotechnology-based treatments, or chitosan applications in
unrelated sectors, without synthesizing mechanistic understanding, formulation strategies,
environmental behavior, and regulatory considerations into a coherent framework specific
to wood materials. Critical questions persist regarding long-term durability, release kinet-
ics under realistic exposure conditions, species-dependent performance, scalability, and
environmental fate of nano-enabled bio-preservatives [16,37].

Accordingly, this review provides a comprehensive and integrative assessment of
chitosan nanoparticle systems and essential oil encapsulation strategies for sustainable
wood protection. By synthesizing advances in nanoparticle synthesis, bioactive delivery,
antifungal and termite resistance mechanisms, moisture and weathering performance, and
environmental and regulatory considerations, this work aims to clarify current capabilities,
identify knowledge gaps, and outline rational design pathways for next-generation bio-
based wood preservatives. In doing so, it evaluates chitosan–essential oil nano-formulations
as potential alternatives to conventional treatments and as adaptable platforms for sustain-
able wood protection.
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2. Literature Search Strategy
This article provides a narrative and critical synthesis of the available literature on

chitosan nanoparticles (CSNPs) and essential oil-based wood protection systems. Relevant
publications were gathered through searches in major scientific databases, including Web
of Science, Scopus, PubMed, and Google Scholar. Search terms consisted of combinations
such as “chitosan nanoparticles,” “chitosan nanoparticles for wood protection,” “essential
oils in wood preservation,” “biobased wood preservatives,” and “ecotoxicity of chitosan
nanoparticles,” among related expressions. The primary focus was on studies published
between 2000 and 2025. The identified records were evaluated based on their relevance
to wood protection efficacy, environmental implications, toxicological aspects, and regula-
tory considerations. Preference was given to peer-reviewed journal articles. Conference
abstracts, duplicate entries, and studies not directly associated with wood applications
were excluded.

To ensure broader coverage, additional sources, including regulatory documents (e.g.,
EPA materials and EU Biocidal Products Regulation reports) and seminal or highly cited
studies, were identified through backward and forward citation tracking. The literature
organization and thematic grouping were managed using a structured database to facilitate
systematic screening and categorization.

3. Traditional Wood Preservation Techniques and Conventional Chemicals
Before the advent of industrial wood preservatives, ancient societies employed various

natural and mechanical methods to extend the durability of wood exposed to environ-
mental and biological threats. Prior to industrial preservatives, natural methods such as
drying, charring, oiling, and tar application were used to reduce moisture and biological
attack [38,39]. The use of borate salts, known for their biocidal properties since the 1800s,
represented an early scientific step in natural wood preservation. Most of these techniques
aimed to prevent, instead of cure, wood deterioration by altering environmental factors
that promote decay. While these methods were not highly effective in persistently damp
conditions or when wood was in contact with soil, they served as groundwork for later
developments in chemical wood preservation [2,40].

With the development of railway infrastructure and industrial expansion, more
durable wood material was required for marine structures and telegraph posts. This
need brought the use of chemical preservatives, which are still used as a reference point
for modern wood protection research [7]. Creosote emerged as one of the first commer-
cial preservatives in the mid-19th century. It is a distillate of coal tar, rich in polycyclic
aromatic hydrocarbons, and offers exceptional resistance to fungi, termites, and marine
borers. Creosote-treated railroad ties and utility poles could remain functional for sev-
eral decades [41]; however, their distinct oily odor, dark staining, and toxicity restricted
their use in residential and interior applications [42]. Pentachlorophenol (PCP) emerged
in the 1930s as an effective broad-spectrum biocide. It penetrated deeply into the wood
structure, protecting against both decay fungi and insects. However, PCP was later found
to persist in the environment and bioaccumulate in wildlife, leading to severe regulatory
restrictions [43,44].

The breakthrough came with the introduction of CCA formulations. Developed in
the 1930s and commercialized worldwide, CCA became the dominant preservative for
structural and outdoor applications. The trivalent chromium acted as a fixative, binding
copper and arsenic into the wood matrix and improving leach resistance. CCA-treated
wood exhibited durability, but the toxicity of arsenic and chromium (VI) compounds
eventually prompted a global reassessment of its safety [6,7]. By the late 20th century,
alternative waterborne systems such as alkaline copper quaternary (ACQ) and copper
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azole (CA) were introduced [4,45]. Both retained copper as the primary fungicide but
replaced arsenic and chromium with amine or azole co-biocides that offered lower human
and ecological toxicity. These systems remain widely used today in structural lumber,
decking, and outdoor furniture [46].

Conventional wood preservatives act primarily by inhibiting decay fungi and in-
sects, with their effectiveness governed by the efficiency with which active compounds
penetrate, distribute, and remain fixed within the wood structure. In systems such as
CCA, fixation occurs through chromium-mediated reactions with lignin and cellulose hy-
droxyl groups, forming insoluble complexes that limit leaching but contribute to long-term
environmental persistence [47,48]. Waterborne preservatives, including borates, rely on
diffusion-controlled transport to disperse biocidal ions through cell walls and lumina, a
process strongly influenced by wood anatomy, pit structure, and species-specific porosity.
While this mobility enables effective protection in dry, indoor environments, high water
solubility leads to substantial losses under exterior exposure or ground contact, where
moisture cycling accelerates leaching [49]. Oil-based preservatives such as creosote and
pentachlorophenol exhibit high resistance to leaching due to their hydrophobic character;
however, their large molecular size restricts penetration into dense hardwoods and leaves
oily residues that interfere with painting, gluing, and aesthetic finishes [50]. Although
these systems provide durable, broad-spectrum protection across demanding service con-
ditions, their reliance on heavy metals and toxic organic compounds has raised increasing
environmental and regulatory concerns, motivating the search for safer, performance-
driven alternatives.

Over time, the widespread use of industrial wood preservatives revealed significant
environmental and public health concerns that extended beyond their protective benefits.
Creosote-based formulations contain polycyclic aromatic hydrocarbons (PAHs) and phe-
nolic compounds that are recognized for their carcinogenic and ecotoxic properties [51].
Pentachlorophenol treatments historically contained trace levels of dioxins and furans,
which are among the most persistent and bio-accumulative organic pollutants identified in
environmental systems [44]. Although chromated copper arsenate demonstrated excellent
long-term efficacy, its use led to the accumulation of arsenic, chromium, and copper in soils
and groundwater surrounding treated structures and manufacturing sites. Leaching from
outdoor installations such as decks, fences, and playground equipment raised concerns
regarding human exposure through dermal contact and runoff transport. Disposal of
treated wood further amplifies these risks, as combustion can release toxic metals to the
atmosphere, while landfill disposal poses a threat to groundwater quality. In occupational
settings, workers in treatment facilities experienced chronic exposure to volatile organic
compounds and metal-containing dusts, increasing the risk of respiratory and skin dis-
orders. These cumulative impacts prompted extensive toxicological investigations and
reassessment of conventional preservation systems [8].

In response to mounting scientific evidence and public concern, regulatory agencies
progressively restricted the use of the most hazardous wood preservatives beginning
in the early 2000s. Authorities such as the U.S. Environmental Protection Agency and
the European Chemicals Agency, operating under the REACH framework, introduced
risk-based controls that accounted for toxicity, environmental persistence, and exposure
pathways. Pentachlorophenol was banned in the European Union and severely restricted in
the United States due to its long-term environmental and health risks [52]. Creosote use was
similarly limited to industrial and marine applications under strict occupational controls,
reflecting the carcinogenic nature of its PAH constituents. Chromated copper arsenate
was voluntarily withdrawn from residential markets in North America in 2003 following
agreements with regulators, driven by concerns over arsenic and chromium leaching [47].
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Although copper-based systems such as alkaline copper quaternary and copper azole
remain permitted, their application is now regulated through defined retention levels,
service categories, and lifecycle management requirements. International coordination
through Organization for Economic Co-operation and Development (OECD) chemical
safety programs and FAO guidelines has further harmonized testing and labeling practices,
while simultaneously encouraging innovation in lower-toxicity alternatives such as heat
treatment, acetylation, and furfurylation [53,54].

Regulatory restrictions have accelerated research into lower-toxicity and bio-based
wood protection systems. While traditional preservatives have delivered long-term dura-
bility, their ecological and toxicological limitations have accelerated interest in bio-based
and nano-engineered alternatives [17]. Chitosan, a natural polysaccharide derived from
the deacetylation of crustacean-shell chitin, has emerged as a promising candidate due
to its inherent antimicrobial activity, metal-chelating capability, and strong film-forming
behavior on lignocellulosic substrates [55]. Through ionic gelation and related synthesis
routes, chitosan can be transformed into nanoparticles capable of encapsulating essential
oils, plant extracts, or inorganic additives [56,57]. In wood systems, their role is primarily
linked to enhanced retention and moisture-responsive release behavior.

Chitosan-based nanocomposites are derived from renewable biopolymer sources,
including chitin obtained from seafood-processing residues, providing an alternative to
petroleum-derived synthetic carriers [19]. This approach supports waste reduction while
addressing modern regulatory and consumer expectations for low-VOC, environmentally
labeled materials [58]. Historically, wood protection technologies evolved from natural
oils and tars to highly effective synthetic preservatives such as CCA, PCP, and creosote,
which substantially improved service life but introduced significant environmental and
health concerns [10]. Table 1 summarizes the major classes of traditional wood preserva-
tion systems, highlighting their active components, dominant mechanisms, performance
advantages, limitations, and current regulatory status.

Table 1. Comparative overview of conventional wood preservation systems, mechanisms of action,
and regulatory constraints.

Preservation
System

Active
Components

Primary
Mechanism Key Advantages Major

Limitations
Regulatory

Status References

Natural oils/tars Plant oils, animal
fats, tar Moisture exclusion Renewable,

low toxicity
Poor durability,

leaching Largely obsolete [2,38,40]

Creosote PAHs, phenolics Toxicity,
hydrophobic barrier Long service life Carcinogenic,

odor, staining Industrial only [43,59]

PCP Chlorinated
phenols

Broad-spectrum
toxicity Deep penetration Persistent, bio

accumulative Banned/restricted [44]

CCA Cu–Cr–As Fixation to the
cell wall

Excellent
durability

Heavy metals,
leaching

Residential use
withdrawn [60,61]

ACQ/CA Copper +
amines/azoles Copper toxicity Lower toxicity

than CCA
Copper runoff,

corrosion Regulated use [4]

The subsequent tightening of international regulations created both the necessity and
opportunity for innovation in sustainable treatments. In this context, green, nano-enabled
bio-preservatives, particularly chitosan systems incorporating essential oil nanoencapsu-
lation, represent a potential pathway to combine functional performance with reduced
environmental impact, positioning them as candidates for next-generation wood protection
technologies [17].
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4. Chitosan Nanoparticles (CSNPs): Properties and Synthesis Relevant
to Wood

Chitosan, a chitin-derived polysaccharide, offers several functional advantages for
wood protection systems. Chitin is a compound present in the exoskeletons of crustaceans,
insects, and in the cell walls of fungi [21,62]. Industrially, chitosan is primarily produced
from seafood industry by-products such as shrimp and crab shells, making it an exemplary
case of waste valorization [63]. For wood science applications, this sustainable origin is
particularly important because it mirrors the forestry sector’s drive toward renewable,
eco-friendly materials [64]. The sustainability narrative extends beyond sourcing. Chitosan
is biodegradable, non-toxic to mammals at practical doses, and derived from a resource
that would otherwise be discarded or incinerated [21]. Its biocompatibility, film-forming
capacity, and inherent antimicrobial activity make it a promising substitute for petroleum-
derived polymers traditionally used in coatings and adhesives [24]. In wood protection, the
adoption of a marine-derived, biodegradable polymer complements the use of renewable
wood itself and creates opportunities for fully bio-based protective systems [25].

A key factor influencing the performance of chitosan nanoparticles is the polymer’s
degree of deacetylation (DD) and molecular weight (MW) [65]. High-DD chitosan provides
more free amino groups for protonation, which increases its cationic nature and thus its
ability to interact with negatively charged microbial cell membranes or the hydroxyl-rich
surfaces of lignocellulosic substrates. Molecular weight affects solubility, viscosity, and
particle formation. By carefully selecting DD and MW, researchers can tailor chitosan
nanoparticles for optimal performance in wood protection systems [65,66].

Chitosan nanoparticles possess several intrinsic properties that make them attractive
for wood applications, such as the cationic amino groups of chitosan interacting with
negatively charged microbial cell walls [20]. This broad-spectrum activity against fungi and
bacteria is highly desirable for preventing biological degradation of wood. Interestingly,
chitosan’s amino and hydroxyl groups can chelate metal ions, which can immobilize toxic
components or facilitate the binding of functional additives [67]. In wood coatings or
preservatives, this chelation can improve adhesion to lignocellulosic surfaces and stabilize
active ingredients.

Furthermore, chitosan readily forms thin, semi-permeable films that act as mois-
ture and oxygen barriers, thereby reducing the susceptibility of wood to weathering,
dimensional instability, and microbial colonization [68]. Its strong compatibility with lig-
nocellulosic substrates through hydrogen bonding and electrostatic interactions improves
adherence to cellulose, hemicellulose, and lignin, which enhances performance as a surface
modifier or as part of composite materials [69]. By leveraging these interactions, chitosan
nanoparticles can serve simultaneously as carriers of bioactive agents and as structural
enhancers, offering a versatile and sustainable approach to wood protection.

The production of chitosan nanoparticles is best viewed not as a single standardized
procedure, but as a set of distinct formation routes, each governed by different physicochem-
ical mechanisms that directly influence particle size, stability, and functional performance
in wood protection systems. These major formation routes and their defining character-
istics are summarized in Table 2. Among these routes, ionic gelation remains the most
widely used and experimentally accessible method. In this approach, protonated chitosan
chains interact electrostatically with multivalent counterions, most commonly sodium
tripolyphosphate, leading to rapid formation of crosslinked nanoparticles in aqueous me-
dia [22,23]. Because the process occurs under mild conditions, parameters such as solution
pH, polymer-to-crosslinker ratio, and mixing or sonication intensity can be readily adjusted
to control particle size and surface charge [70,71]. This tunability is particularly important

https://doi.org/10.3390/app16052207

https://doi.org/10.3390/app16052207


Appl. Sci. 2026, 16, 2207 8 of 33

for wood protection, where nanoparticle dimensions influence penetration into cell walls
and the retention of encapsulated bioactive compounds.

Table 2. Comparison of chitosan nanoparticle formation routes, governing mechanisms, controllable
parameters, and implications for particle size and applicability in wood protection systems.

Formation Route Governing Mechanism Key Controllable
Parameters

Typical Particle
Size Range Advantages Limitations Representative

References

Ionic gelation

Electrostatic crosslinking
between protonated

chitosan and multivalent
anions (e.g., TPP)

pH, chitosan’s ratio,
mixing/sonication,
molecular weight

~50–500 nm
Mild conditions, aqueous

system, scalable, high
encapsulation efficiency

Sensitive to ionic
strength and pH [22,23]

Emulsion-based
crosslinking

Chitosan assembly at
oil–water interfaces

followed by crosslinking

Emulsifier type, oil
phase fraction,
stirring speed

~100–800 nm Effective encapsulation
of hydrophobic actives

Use of surfac-
tants/solvents [56,57]

Polyelectrolyte
complexation

Self-assembly with
oppositely charged

biopolymers (e.g., alginate,
carrageenan)

Charge ratio,
polymer

concentration, pH
~100–600 nm Fully bio-based, no

chemical crosslinkers
Lower structural

rigidity [55]

Reverse micelle
method

Nanoreactor confinement
within surfactant micelles

Surfactant
concentration,

water-to-oil ratio
~20–200 nm Narrow size distribution Organic solvents,

limited scalability [72]

Microfluidic-
assisted synthesis

Controlled nucleation
under laminar

microscale flow

Flow rate, channel
geometry,

mixing time
~50–300 nm High uniformity and

reproducibility

Low throughput,
specialized
equipment

[73]

Enzymatic/bio-
based crosslinking

Enzyme-mediated
or natural

crosslinker reactions

Enzyme type,
reaction time,
temperature

~100–400 nm Low toxicity, sustainable
chemistry

Emerging, limited
industrial
validation

[73]

Beyond ionic gelation, several complementary nanoparticle formation pathways have
been developed to address specific formulation challenges. Emulsion-based crosslinking
methods exploit oil–water interfaces to organize chitosan chains around hydrophobic
cores before crosslinking, making them well suited for the encapsulation of essential oils
and other nonpolar actives [56,57]. In contrast, polyelectrolyte complexation relies on
spontaneous self-assembly between chitosan and oppositely charged biopolymers such as
alginate or carrageenan, forming nanoparticles without synthetic crosslinkers and aligning
closely with green-chemistry principles [55]. While these complexes may exhibit lower
mechanical rigidity, their fully bio-based composition makes them attractive for sustainable
wood treatments. More advanced formation routes have emerged in response to demands
for greater precision and environmental compatibility. Reverse micelle techniques use
nanoscale aqueous domains within organic phases as confined nanoreactors, enabling the
formation of very small and relatively uniform particles, albeit with limitations related
to solvent use and scalability [72]. Finally, enzymatic or bio-based crosslinking strategies
replace conventional chemical agents with enzymes or naturally derived crosslinkers,
reducing toxicity while maintaining functional performance and sustainability [73].

Once the basic chitosan nanoparticle scaffold is established, a wide range of function-
alization strategies becomes available, tailoring performance to meet the specific demands
of wood protection. Crosslinking, for example, is often employed to stabilize particles and
modulate release behavior: using chemical agents such as glutaraldehyde or more biocom-
patible natural crosslinkers like genipin, one can stiffen the network, slow down diffusion
of encapsulated actives, and enhance water resistance of nanoparticle-based coatings [74].
Indeed, dual crosslinking approaches (covalent plus ionic) have been explored to marry
mechanical robustness with controlled release capacity in chitosan systems [75]. Parallel
to crosslinking is grafting, where chitosan chains are chemically modified with pendant
moieties such as quaternary ammonium groups, phenolic units, or silane functionalities,
all designed to strengthen antimicrobial activity, increase hydrophobicity, or improve UV
stability (e.g., N-(2-hydroxy) propyl-3-trimethyl ammonium chitosan chloride) [76]. To
further integrate the hybrid systems with the wood matrix, lignin or cellulose nanoparticles
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can be incorporated into the chitosan nanoparticle formulation. Embedding lignin nanopar-
ticles not only contributes to mechanical stiffness and lowers permeability but also brings
phenolic bioactivity that can synergize with chitosan’s antimicrobial function [77]. In a
related vein, composites of chitosan, lignin, and even ZnO have been used to yield high-
strength, antibacterial films [78]. Finally, surface engineering for controlled release offers
an elegant route to smarter protective systems: by designing pH-responsive or thermo-
responsive coatings around CSNPs, one can make them trigger release only under defined
environmental stress (e.g., wet conditions or fungal attack), thereby extending lifetime and
reducing waste. In fact, chitosan-based composite systems have already shown promising
pH-responsive release behavior in biomedical and environmental settings [79]. Altogether,
presenting these strategies as a design matrix, where functional methods (crosslinking,
grafting, hybridization, responsive coating) run across one axis, and performance goals
(enhanced stability, controlled release, water resistance, mechanical reinforcement, bioac-
tivity) lie on the other, can reveal underexplored combinations and chart clear paths for
future experiments.

Chitosan nanoparticles offer a versatile, sustainable platform for enhancing wood pro-
tection. Their marine-derived origin, inherent antimicrobial properties, tunable synthesis
methods, and wide range of functionalization options make them ideally suited to address
the challenges facing the modern wood industry.

5. Essential Oils as Bioactive for Wood Protection
Wood has served as a foundational material throughout human history, yet its struc-

tural value is continually challenged by biological deterioration. Fungi, termites, beetles,
and bacteria readily exploit its lignocellulosic matrix, accelerating decay and reducing
service life. Conventional preservatives, particularly heavy metal systems such as CCA and
synthetic organic biocides like pentachlorophenol and creosote, have historically provided
effective protection, but their environmental persistence and toxicity have led to increasing
regulatory restrictions [80]. This shift has intensified global interest in sustainable, bio-based
alternatives. Essential oils (EOs), complex mixtures of volatile secondary metabolites, have
emerged as promising candidates due to their broad-spectrum antimicrobial and insect
repellent properties, biodegradability, and alignment with circular economy principles [10].
Their activity is largely attributed to monoterpenes, sesquiterpenes, phenolics, and aldehy-
des, which interact with microbial membranes and metabolic pathways. EOs represent a
compelling natural strategy for integrated wood protection systems. The key biological
benefits and inherent physicochemical constraints of free (non-formulated) essential oils
in wood protection applications are summarized in Figure 1, highlighting the need for
formulation strategies to improve durability.

The antifungal efficacy of essential oils against wood decay fungi is well documented
across multiple species, including white rot, brown rot, and soft rot organisms. Reported
fungal mass-loss reductions of approximately 40–70% place essential oils within a moderate
efficacy range compared to conventional preservative benchmarks [80]. Mechanistically,
phenolic monoterpenes like thymol and carvacrol disrupt fungal plasma membranes by
integrating into lipid bilayers, increasing permeability, and causing leakage of ions and
metabolites [14]. Aldehyde-rich oils further inhibit lignocellulolytic enzymes, reducing
the ability of fungi to depolymerize cellulose and lignin. Unlike synthetic fungicides that
often target single biochemical pathways, EOs exert multi-target effects, reducing the
likelihood of resistance development [81]. These mechanistic advantages make essential
oils particularly attractive for sustainable wood protection, especially in regions where
fungal decay is the primary mode of biodeterioration.
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Figure 1. Conceptual synthesis of the primary functional benefits and physicochemical limitations of
free (non-formulated) essential oils in wood protection. While essential oils provide documented
antifungal and insect-repellent activity, their practical durability is limited by rapid volatilization and
leaching under moisture exposure. The schematic summarizes key performance trade-offs discussed
in Section 5 and provides context for the need for formulation and encapsulation strategies.

Termites pose another major threat to wood durability, particularly in tropical and
subtropical regions where subterranean species such as Coptotermes formosanus and Retic-
ulitermes flavipes cause extensive structural damage. Several essential oils exhibit strong
termiticidal or repellent activity. Kartal et al. (2006) demonstrated that cedarwood, vetiver,
clove, and thyme oils significantly reduce termite feeding and survival, with some oils
achieving more than 60% feeding inhibition in laboratory assays [12]. The mechanisms
of action include interference with octopamine receptors, key components of insect neu-
ral signaling, leading to neurotoxicity, paralysis, and mortality. Volatile EO constituents
also act as behavioral repellents, deterring termites from approaching treated substrates.
Compared to synthetic insecticides, essential oils generally exhibit lower non-target toxicity
and shorter environmental persistence, making them suitable for integrated pest man-
agement strategies [13]. Their dual roles as toxicants and repellents provide a versatile
approach to termite control, although their volatility limits long-term performance without
formulation enhancements.

Despite their strong bioactivity, the practical use of essential oils in wood protection
is constrained by their high volatility, hydrophobicity, and susceptibility to leaching. Un-
modified oils exhibit poor affinity for wood polymers, leading to rapid depletion under
moisture exposure. Broda (2020) reported that EO-treated wood can lose more than 80% of
its active compounds within days of water immersion, resulting in dramatic reductions in
antifungal and termite resistance [10]. To address this, encapsulation technologies have
become central to improving EO stability. Nanoemulsions, polymeric nanoparticles, lipo-
somes, and cyclodextrin complexes reduce volatilization and enhance retention. Gao et al.
(2020) [82] demonstrated that EO-loaded nanoemulsions extend antifungal efficacy by up
to 300% compared to free oils. Polymer-based microcapsules further reduce volatilization
rates, enabling sustained release over several weeks [82]. These formulation approaches
directly address the constraints summarized in Figure 1, transforming essential oils from
short-lived bioactives into controlled-release protection systems.

In wood science, however, the integration of encapsulated essential oils remains rel-
atively underdeveloped. Most studies rely on direct oil application or simple emulsions,
often evaluated under short-term laboratory conditions that do not reflect real-world weath-
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ering. Yet wood’s porous, hygroscopic structure makes it an ideal substrate for controlled
release systems, provided the carrier can penetrate cell walls, adhere to lignocellulosic
polymers, and withstand moisture cycling. Biopolymer-based nanoparticles, particularly
those derived from chitosan, offer a compelling platform for this purpose. Chitosan is a
biodegradable, cationic polysaccharide with intrinsic antimicrobial properties and strong
affinity for wood’s hydroxyl-rich surfaces. Research shows that chitosan treatments alone
can reduce brown rot mass loss by 20–40%, and when combined with natural bioactives, the
effect is synergistic [10]. Chitosan nanoparticles also provide moisture-responsive release
mechanisms, allowing active compounds to be deployed precisely when fungal or insect
pressure is highest.

Recent advances in nanotechnology further strengthen the case for encapsulated es-
sential oils in wood protection. Studies from 2022–2024 report that biopolymer-based
nanoparticles penetrate deeper into wood microstructures than traditional preservatives,
improving distribution and retention. Some formulations demonstrate leaching resistance
improvements of up to 50%, while others show enhanced UV stability or reduced pho-
todegradation of active compounds. These developments suggest that integrating essential
oils into nanostructured carriers could bridge the gap between natural bioactives and the
performance demands of modern wood products. Despite these promising developments,
significant knowledge gaps remain. Most studies still focus on short-term antifungal or
termite assays, with limited attention to long-term durability, weathering resistance, or
field performance. Few investigations explore how encapsulated essential oils interact
with different wood species or how factors such as pH, moisture content, and temperature
influence release kinetics. Addressing these gaps will require interdisciplinary collabo-
ration across materials science, microbiology, forestry, and chemical engineering. While
recent advances directly address the intrinsic limitations of free essential oils highlighted
earlier in this section (Figure 1), their translation into long-term field performance remains
insufficiently explored.

6. Nano-Encapsulation of Essential Oils in CSNPs: Principles and Methods
EOs degrade or dissipate rapidly when applied directly because of their volatility,

hydrophobicity, and sensitivity to light, heat, oxygen, and pH; embedding them in CSNPs
can mitigate these issues by isolating the actives from the external environment and improv-
ing dispersion in aqueous systems [83]. As a cationic, film-forming biopolymer, chitosan
provides electrostatic affinity for many surfaces (including lignocellulosic), inherent an-
timicrobial activity, and a versatile platform for tailoring release kinetics via crosslinking
density, particle size, and matrix composition. It enables controlled or stimuli-responsive
delivery, outcomes that translate well to wood protection, where retention and slow release
are critical. Representative reviews and studies document these advantages across nano-
emulsions, polymeric nanoparticles, and hybrid carriers, and specifically highlight chitosan
as a robust encapsulant for EO’s [84].

6.1. Encapsulation Techniques for EOs in CSNPs
6.1.1. Emulsification–Ionic Gelation (CS–TPP Route)

A widely used route for EO-loaded CSNPs begins by dispersing the oil in an aque-
ous chitosan phase (with or without a low-level surfactant/emulsifier), followed by ionic
gelation with multivalent anions, such as sodium tripolyphosphate (TPP). Rapid com-
plexation between protonated chitosan (–NH3

+) and TPP yields nanoscale networks that
entrap EO droplets/solubilized actives. By adjusting pH (affecting chitosan protonation),
chitosan:TPP ratio, and mixing/sonication intensity, researchers routinely achieve particles
from ~100–400 nm with positive zeta potentials (≈+20 to +45 mV) and encapsulation effi-
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ciencies typically ranging from approximately 24–67%, depending on chitosan molecular
weight, CS:TPP mass ratio, pH, and formulation conditions, as reported for CS–TPP systems
loaded with bioactive compounds [22]. These physicochemical ranges underpin the balance
between colloidal stability and interfacial adhesion to wood. Ionic gelation is aqueous,
mild, and solvent-lean; the positive surface charge promotes attraction to hydroxyl-rich
wood cell walls, aiding retention and coating uniformity while the crosslinked matrix slows
volatilization/leaching of the oil. Compared to covalent crosslinking or solvent-based
nanoprecipitation, ionic gelation offers superior compatibility with volatile essential oils
due to its aqueous, low-temperature processing. The overall emulsification–ionic gelation
pathway is schematically illustrated in Figure 2, which highlights the sequential transition
from emulsification to electrostatic crosslinking and nanoparticle formation, ultimately
governing encapsulation efficiency and release behavior.

Figure 2. Schematic representation of the emulsification–ionic gelation route for the nano-encapsulation
of essential oils in CSNPs. Chitosan is first dissolved in a mild acidic medium to protonate amino
groups, followed by surfactant-assisted emulsification of the essential oil under homogenization.
Subsequent dropwise addition of TPP induces ionic gelation through electrostatic interactions between
protonated chitosan (–NH3

+) and phosphate groups, resulting in the formation of crosslinked CSNPs
with entrapped essential oil. The process enables aqueous, low-temperature fabrication and supports
controlled release and enhanced retention of volatile actives.

6.1.2. Nano-Emulsions as Feed or Final System

Oil-in-water nano-emulsions (NEs) are kinetically stable dispersions formed by high-
energy (e.g., probe sonication, high-pressure homogenization) or low-energy (phase-
inversion) methods using biocompatible surfactants. NEs can be (i) used directly as delivery
vehicles to wood or (ii) converted into CSNPs by adding chitosan/TPP to lock the droplets
in a polysaccharide matrix (“emulsion-templated” ionic gelation). Reviews consistently
report that nano-emulsification expands aqueous dispersibility, protects actives, and can
be tuned for controlled delivery, which attributes are transferable to wood impregna-
tion/coatings workflows [85]. For the wood, the small droplet size aids penetration into
near-surface porosity and cell wall regions; converting the NE to a chitosan crosslinked
structure improves leach resistance and handling (e.g., spray or dip-coat stability). How-
ever, nano-emulsions alone may suffer from limited fixation within wood cell walls, making
their conversion into chitosan-crosslinked matrices particularly attractive for improving
leach resistance under exterior exposure.
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6.1.3. Liposome-Like or Hybrid Shells

Although classical phospholipid liposomes are less common in wood technology
due to cost and moisture sensitivity, lipid vesicles or hybrid shells (e.g., chitosan-coated
nano-emulsions or chitosan-decorated inorganic cores) can deliver desirable traits such as
UV screening, humidity-responsive release, or enhanced mechanical integrity. For instance,
chitosan decoration on UV-active shells (e.g., TiO2) has been used to achieve light-triggered
release behaviors, and humidity can further modulate diffusion pathways [86]. These
principles are directly relevant to exterior wood exposure.

Protonation/deprotonation of chitosan’s primary amines controls matrix swelling and
permeability: in acidic environments (more –NH3

+), CSNPs tend to swell and increase diffu-
sivity, accelerating EO release; at neutral/alkaline pH, reduced charge lowers swelling and
slows transport. Design of pH-responsive CSNPs is well established in food/biomedical
delivery and can be translated to wood contexts (e.g., micro-pH environments at decay
fronts) [87]. Moisture plasticizes polysaccharide matrices, increasing free volume and
diffusion coefficients. Packaging and smart-release studies show that moisture-responsive
chitosan systems that accelerate payload release at elevated relative humidity are useful
for rain-wetting or condensation events on wood, where a boost of antifungal/repellent
activity is valuable [88]. Elevated temperature increases chain mobility and partitioning
of volatiles, while UV-active shells can be engineered to open diffusion pathways under
sunlight. Chitosan-decorated, UV-responsive microcapsules demonstrate that both UV
and humidity can be leveraged to program release, suggesting practical multi-trigger logic
under outdoor exposure [86]. Combining triggers (e.g., humidity and temperature) can
synchronize release with the highest biological risk windows (wet/warm conditions that
favor fungal growth or termite foraging), thereby conserving actives during dry periods.

Encapsulation routinely increases with reported shifts in EO volatilization or degrada-
tion onset temperatures by ~10–40 ◦C, depending on matrix composition. Comparative
studies with EO-loaded CSNPs report improved storage stability (weeks to months) and
maintained bioactivity relative to free oils; for example, chitosan–thyme nanocapsules
stored at 4–25 ◦C retained favorable size/zeta potential and antioxidant capacity over five
weeks, linking colloidal stability to preserved functionality. Broader analyses indicate that
embedding EOs in chitosan matrices can raise the apparent thermal tolerance of volatile
constituents (thermogravimetric profiles shift to higher onset), while the positive surface
charge provides electrostatic adhesion that mitigates leaching from porous substrates [38].

From a wood-specific angle, nano-enabled systems (including EO-CSNP or polymer-
bound actives) have already shown long-term antifungal protection in impregnation/coating
studies, underscoring the durability gains when actives are immobilized or retained within
a carrier rather than simply applied neat [32].

6.2. “Controlled Release Models” for Wood-Contact Environments

To rationally design essential oil-loaded chitosan nanoparticle (EO-CSNP) systems for
wood, kinetic models help connect formulation variables to release profiles under realistic
exposure (wet–dry cycling, seasonal temperature swings, UV). These models, used for
polymer-based delivery systems, including chitosan matrices and essential oil carriers,
are well documented across the literature. Much of the fundamental understanding of
diffusion behavior, matrix swelling, and carrier–substrate interactions has been developed
in food and biomedical applications. Nevertheless, these same physical processes are
highly relevant to wood protection systems. In both cases, transport is largely controlled
by diffusion through a polymer network, moisture-driven swelling of the carrier, and
interactions between the delivery matrix and a porous solid surface. Despite this conceptual
overlap, relatively few studies have rigorously evaluated whether these models accurately
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predict release behavior under realistic wood exposure conditions, such as repeated wetting–
drying cycles, soil contact, or long-term outdoor weathering. Addressing this gap remains
an important priority for advancing bio-based nano-enabled wood preservatives.

7. Applications of Chitosan Nanoparticles in Wood Protection
Wood protection has long relied on heavy-metal preservatives and synthetic organic

biocides, but growing regulatory pressures, paired with a wider push for sustainable
materials, have encouraged researchers to explore safer and more versatile alternatives [2].
Even more compelling is their role as nanocarriers for EOs: encapsulation stabilizes these
highly volatile bioactive compounds and enables a controlled, moisture-responsive release
profile [25,56,64]. Taken together, CSNPs and CSNP–EO hybrids represent a multifunctional
platform capable of addressing multiple degradation pathways, fungal attack, termite
damage, moisture stress, UV exposure, and even adhesive performance within a single
treatment framework [18,56]. The sections that follow synthesize current findings across
these domains, emphasizing not only what is known but also the technical challenges and
research gaps that still need attention.

7.1. Antifungal Protection
7.1.1. Mechanistic Basis and Relevance to Wood Decay

Fungal degradation, particularly by white-rot (Trametes versicolor), brown-rot (Gloeo-
phyllum trabeum), and soft-rot fungi, remains one of the most persistent biodeterioration
challenges in unprotected wood. These organisms initiate decay by penetrating earlywood
microvoids and deploying oxidative or hydrolytic enzyme systems capable of breaking
down lignin and carbohydrate polymers [89]. Chitosan provides an inherent line of defense
because its protonated amino groups interact electrostatically with the negatively charged
fungal cell wall, destabilizing membrane structure, altering permeability, and interfering
with key metabolic and enzymatic pathways. When chitosan is transformed into nanopar-
ticles, these effects become more pronounced: the increased surface area and nanoscale
dimensions promote closer contact with emerging hyphae, deeper diffusion into the wood
surface layers, and more uniform distribution across heterogeneous lignocellulosic regions.

Essential oils contribute an additional antifungal mechanism through membrane
disruption, mitochondrial dysfunction, oxidative stress induction, and inhibition of ligni-
nolytic enzymes [90]. Yet their high volatility and susceptibility to leaching limit practical
persistence on wood [91]. Encapsulation within CSNPs overcomes these limitations by
protecting reactive EO constituents from rapid evaporation, slowing diffusion, and enabling
humidity-responsive release [28,92], an especially relevant behavior for wood exposed to
intermittent wetting and fluctuating microclimates. As a result, CSNP–EO hybrid systems
combine the structural antimicrobial activity of chitosan with the sustained biochemi-
cal potency of essential oils, forming a coordinated antifungal strategy that can respond
adaptively to environmental moisture cycles.

7.1.2. Performance of Chitosan-Based Systems on Wood

Several studies confirm the capacity of chitosan coatings and nanoparticles to sup-
press fungal colonization on wood. In one early demonstration, Silva-Castro et al. applied
chitosan films to Populus wood and observed reduced mycelial spread and less intense
white-rot discoloration by T. versicolor [64]. Using a different approach, Khademibami et al.
tested chitosan oligomers and nanosized formulations on southern pine and reported sig-
nificantly lower mass loss following exposure to brown-rot fungi, suggesting that nanoscale
chitosan can approximate the performance of some low-retention preservative systems [25].
Hydrophobically modified CSNP coatings produced through ultra-pressurized deposition
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have also shown enhanced resistance to fungal attack while simultaneously decreasing wa-
ter uptake, demonstrating synergistic interactions between hydrophobicity and antifungal
defense [24].

7.1.3. Performance of EO-Loaded CSNP Systems

In comparative antimicrobial and release studies, EO-loaded CSNP systems demon-
strate enhanced thermal stability (e.g., degradation temperature increases from ~126 ◦C
to ~252 ◦C) and sustained release profiles compared to the rapid volatilization typically
observed for free oils, which typically volatilize rapidly under environmental exposure [30].
While direct wood mass-loss comparisons remain limited, controlled-release nanoformu-
lations consistently show improved functional persistence and prolonged antimicrobial
activity compared to unencapsulated essential oils [30,31,93]. Sustained release is critical
on wood surfaces, where early-stage colonization is strongly influenced by local microenvi-
ronmental moisture [94].

Direct wood-specific research remains limited, yet the cross-disciplinary evidence
consistently supports the underlying principles: (i) EO encapsulation mitigates volatiliza-
tion [28,92], (ii) CSNPs maintain high surface coverage on lignin-rich substrates [24,25],
and (iii) controlled EO release aligns with fungal ecological triggers such as humidity and
temperature [95].

7.2. Termite Resistance

Subterranean termites are among the most destructive wood pests because they live
in large underground colonies and will attack any wood in contact with soil or moisture
sources. Their biology, strong moisture dependence, cryptic nest and tunnel systems, and
continuous foraging behavior enable them to exploit wood resources efficiently and often
undetected [96,97]. These insects rely on complex chemical communication networks
and symbiotic gut microbiota for lignocellulose digestion [3]. Essential oils have long
been recognized as natural deterrents or toxicants against termites, as demonstrated in
studies by Kartal and colleagues, who showed that lemongrass, clove, and thyme oils
can markedly reduce feeding and increase mortality in species such as Reticulitermes
and Coptotermes [12]. These effects are generally attributed to neurotoxic interference,
as many EO constituents disrupt octopaminergic signaling pathways, as well as direct
impacts on the termite gut symbionts responsible for cellulose digestion [98,99]. Their
strong volatile profiles also create powerful repellency cues, limiting termite tunneling and
contact with treated surfaces [100]. However, essential oils in their free form suffer from
rapid volatilization, oxidation, and leaching, causing their repellency or toxicity to decline
sharply under field-relevant temperature and humidity conditions [10].

Chitosan itself contributes a secondary, often overlooked mode of protection. Although
its direct toxicity to termites is relatively mild compared to essential oils, chitosan’s poly-
cationic structure can interfere with digestive enzyme activity and may destabilize the
microbial communities in the termite hindgut [101,102]. Termites rely heavily on protozoa
and bacteria to break down cellulose and hemicellulose, and disruptions to this symbiotic
balance can reduce nutrient acquisition, feeding efficiency, and survival [3]. In addition,
chitosan forms strong interactions with lignocellulosic surfaces, creating a thin film on
wood that alters surface chemistry, decreases moisture availability, and can make the sub-
strate less favorable for termite mandible penetration [24,103]. These subtle but cumulative
influences position chitosan as more than a passive carrier; it actively contributes to an
inhospitable feeding interface.

Encapsulating essential oils within CSNPs addresses the weaknesses of both compo-
nents and creates a hybrid system with enhanced persistence [104]. CSNPs adhere strongly
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to wood due to electrostatic affinity for lignin-rich cell walls, maintaining uniform surface
coverage that resists wash-off during wet–dry cycles [25]. The encapsulated oils diffuse
slowly through the nanoparticle matrix, often following Fickian diffusion kinetics, resulting
in a sustained, low-level release of repellent volatiles at the wood–soil interface [28,30,95].
In moist soil microenvironments, chitosan swells slightly, increasing free volume and
accelerating EO diffusion. When conditions dry, release slows [29,105]. This environmen-
tally responsive behavior ensures that EO concentrations remain deterrent precisely when
termite pressure is highest.

Slow-release EO volatiles can influence termites through multiple, complementary
mechanisms. At the behavioral level, the formation of an odor plume discourages tunneling
activity and reduces direct contact with treated wood surfaces, a response that has been
widely reported for plant-derived oils and their major constituents [100,106]. Termites
that nevertheless penetrate this repellent boundary are then exposed to both vapor-phase
EOs and chitosan residues bound to the wood surface. Such exposure can disrupt neural
transmission, interfere with spiracle regulation, and alter cuticular hydrocarbon composi-
tion, collectively impairing mobility, orientation, and foraging efficiency [12,99]. In parallel,
ingestion of EO-CSNP residues may negatively affect gut protozoa and bacterial sym-
bionts essential for lignocellulose digestion, leading to reduced nutrient acquisition and
digestive stress. This dual mode of action, combining proactive repellency with reactive
physiological and intake effects, is characteristic of many natural product-based pest con-
trol strategies [3,107]. Although direct empirical evaluations of CSNP–EO formulations
against termites in wood systems remain limited, this gap represents a critical limitation
in assessing their practical applicability for structural protection. Most available evidence
derives from agricultural nano-pesticide studies or laboratory-scale bioassays rather than
standardized wood durability protocols. As a result, the transferability of controlled-release
principles from crop protection to long-term wood–soil interfaces cannot be assumed with-
out validation. Future research should prioritize standardized termite resistance testing
(e.g., laboratory and field soil-block assays), long-term exposure under wet–dry cycles,
leaching–feeding interaction studies, and species-specific performance evaluations. Only
through such targeted wood-focused investigations can the true durability and reliability
of CSNP–EO systems against subterranean termites be established.

7.3. Moisture, UV, and Fire-Related Performance

Moisture exposure remains the most critical environmental factor influencing wood
durability, and addressing this challenge is essential for long-term performance. Among
emerging solutions, chitosan nanoparticles have shown remarkable potential in reducing
moisture-driven degradation. Research on Greek pine treated with chitosan revealed signif-
icant improvements: total water sorption decreased by 23.8%, polymolecule sorption by
20.6%, and monomolecular sorption by 35.3%. These reductions are largely attributed to
chitosan’s ability to penetrate the wood cell wall microstructure and form semi-continuous
barriers that limit hygroscopic interactions [26]. Advanced techniques such as small-angle
neutron scattering further confirm that nanoscale infiltration into cellulose microfibril bun-
dles restricts swelling at critical structural levels. This means that chitosan nanoparticle
coatings do not simply seal the surface; instead, they act as adaptive regulators, allowing
controlled vapor movement while preventing excessive moisture uptake, a balance that is
vital for maintaining dimensional stability and durability.

Beyond moisture control, UV radiation poses another major threat to wood surfaces,
accelerating photodegradation and coating failure. Chitosan nanoparticles offer an indirect
yet highly effective strategy for improving UV resistance. When combined with lignin
nanoparticles, tannins, or other aromatic bio-fillers, chitosan nanoparticle systems consis-
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tently demonstrate slower photobleaching, reduced color change, and improved surface
stability during artificial weathering tests. These benefits arise because chitosan acts as a dis-
persive carrier, ensuring uniform distribution of UV-absorbing components and minimizing
phase separation or leaching under outdoor exposure. At the nanoscale, this architecture en-
hances light scattering and radical-quenching mechanisms, while the chitosan matrix itself
limits oxygen diffusion to photoreactive sites. Together, these effects significantly extend
the functional lifetime of coatings and slow down weathering-induced deterioration [108].
Furthermore, encapsulating sensitive additives within chitosan nanoparticles adds an-
other layer of protection. This dense polymer network shields photolabile and volatile
compounds from direct exposure to UV radiation and atmospheric oxygen, moderating
diffusion and stabilizing reactive groups [25].

Although fire resistance is not the primary goal of chitosan nanoparticle applications,
their chemical structure contributes meaningfully to thermal performance. Chitosan’s
nitrogen-rich backbone promotes dehydration and char formation during heating, creat-
ing a protective layer that slows heat transfer and volatile release. Experimental studies
on chitosan-modified panels and coatings combining chitosan with lignin-derived or
phosphorus-containing additives report increased char yield and delayed thermal degra-
dation. In some cases, formulations incorporating chitosan with mineral fillers exhibit
intumescent behavior and achieve high Limiting Oxygen Index values, indicating im-
proved flame retardancy without relying on toxic flame-retardant chemicals [109,110]. This
multifunctional approach, integrating moisture moderation, UV stability, additive encapsu-
lation, and incremental fire resistance, positions chitosan nanoparticles as a sustainable and
versatile solution for wood protection. By leveraging natural biopolymers and nanoscale
engineering, these systems offer an environmentally friendly pathway to extend the service
life of wood products in demanding outdoor environments.

7.4. Synthesis and Outlook

CSNP-based treatments represent one of the most promising directions in sustainable
wood preservation. Across antifungal protection, termite deterrence, moisture and UV
stabilization, and composite integration, several consistent themes emerge:

1. CSNPs provide both biocidal and barrier functions, enabling multifunctional protec-
tion within a single treatment platform.

2. Encapsulation resolves major limitations of essential oils, improving their retention,
stability, and controlled release.

3. Performance characteristics can be tuned through nanoparticle size, surface charge, and
hybrid composition, allowing targeted responses to specific degradation pathways.

4. Integration into existing treatment and manufacturing processes is feasible, offering
an incremental rather than disruptive path toward adoption.

5. Significant research gaps persist, particularly regarding long-term field performance,
environmental fate, and industrial-scale formulation strategies.

The multifunctional protective mechanisms and durability-related benefits of EO-
loaded chitosan nanoparticle systems on wood are summarized schematically in Figure 3.
As illustrated in Figure 3, EO-loaded CSNP systems function through multiple, inter-
connected mechanisms, including surface barrier formation, controlled bioactive release,
and stress-responsive performance under moisture and thermal exposure. The schematic
emphasizes how antifungal, anti-termite, UV-protective, and thermal-stabilizing effects
operate synergistically rather than independently, reinforcing the multifunctional nature of
this platform.
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Figure 3. Schematic representation of the multifunctional roles of essential oil (EO)-loaded chitosan
nanoparticles (CSNPs) in wood protection. Following surface application, EO-loaded CSNPs form a
uniform coating on the wood surface. The system provides antifungal protection by inhibiting fungal
colonization, while simultaneously acting as a termite deterrent. Exposure to environmental stressors
is addressed through enhanced resistance to ultraviolet (UV) radiation and weathering, as well as
improved thermal stability associated with char formation under heat. Key functional attributes
of the CSNP system, including barrier formation, reduced leaching, strong affinity for wood, and
extended persistence, are summarized.

As interest in circular bioeconomy approaches grows, CSNP–EO systems offer a
compelling intersection of renewable feedstocks, low toxicity, and high functional potential.
Continued refinement of formulation stability, environmental safety assessment, and long-
term field validation will determine whether CSNP–EO systems transition from promising
laboratory innovations to scalable, regulatory-accepted wood preservation technologies.

8. Toward Sustainable Wood Protection via Biopolymer Nanocarriers
Heavy metals (such as copper, chromium, and arsenic) or synthetic biocide systems

have long been used in the conventional wood preservation industry. These systems offer
great durability, but they also pose issues with toxicity, leaching into soil and groundwater,
and end-of-life disposal limitations [6]. On the other hand, wood preservation techniques
that minimize environmental impacts, valorize waste streams, and provide safer end-of-life
options are needed in response to the global push toward sustainable materials and the
circular bioeconomy [36]. Recent reviews highlight chitosan-based systems as promising
tools for sustainable material protection. As a biopolymer made from chitin, a by-product
of seafood processing, chitosan offers low toxicity, intrinsic biodegradability, and a way
to transform biological waste into useful materials, a fundamental circular-bioeconomy
narrative [111,112]. Additionally, sophisticated formulations (nano-sized chitosan particles)
contribute to enhanced performance while preserving the eco-credentials of the biopoly-
mer. For instance, Green synthesis studies demonstrate that chitosan nanoparticles retain
antifungal efficacy while reducing solvent use and environmental burden [112]. To put it
briefly, there is a chance to develop wood protectants that (1) make use of biopolymers
obtained from waste; (2) permit high efficacy through nanoscale engineering; and (3) lessen
reliance on persistent toxicants, so aligning the approach with sustainability and circular

https://doi.org/10.3390/app16052207

https://doi.org/10.3390/app16052207


Appl. Sci. 2026, 16, 2207 19 of 33

economy objectives. Figure 4 summarizes the key sustainability outcomes of chitosan–
essential oil nano-preservatives for wood protection, spanning renewable sourcing, reduced
environmental burden, improved use-phase efficiency, and enhanced end-of-life circularity.

Figure 4. Integrated sustainability framework for CSNP–EO-treated wood, illustrating potential
advantages related to renewable feedstock utilization, reduced heavy-metal dependency, improved
durability through controlled release, and compatibility with circular bioeconomy principles. The
schematic synthesizes environmental and material considerations discussed in Section 8 and high-
lights areas where further long-term validation is required.

Chitin, which is found in large quantities in the biological residual stream of crustacean
shell wastes, is the source of chitosan. By transforming this residue into a functional
nanocarrier, low-value waste can be transformed into high-value protective materials [113].
In their discussion of the application of chitosan-based agro-nano-chemicals in agriculture,
for instance, Maluin & Hussein (2020) highlight how the procedure increases functional
performance (e.g., higher bioavailability, lower leaching) and converts crustacean waste in
comparison to conventional agrochemicals [114].

The active ingredient, essential oil from plants, is also generated from renewable
botanical material rather than synthetic toxicants or mined metals [115]; the nanoparticle
carrier, chitosan, is biodegradable and comes from biological feedstock. The “bio-side”
of the circular economy butterfly diagram, biological feedstocks, safe chemistry, and pos-
sible regeneration/reuse align well with this composition [33]. For instance, it has been
demonstrated in other sectors (e.g., packaging), where biopolymer-based nanocomposites
improved performance (antimicrobial packaging) with enhanced environmental character-
istics because of the biopolymer foundation [55].

Overuse or early failure necessitating reapplication, more upkeep, or early scrap is
one factor contributing to the unsustainability of traditional preservatives [116]. Better
penetration, higher retention, and controlled release of actives are made possible by na-
noengineering, which means that less material, fewer re-treatments, and less input of
hazardous materials may be needed for the same volume of wood and service life [17].
The mechanistic benefits (smaller size, increased surface area, improved adhesion/uptake)
of chitosan nanoparticles are still applicable to wood materials, even though the agri-
cultural literature predominates in this field [17]. According to the agro-nano-chemicals
review, for instance, “the controlled release properties and high bioavailability of the nano-
formulations help in minimizing the wastage and leaching of the agrochemicals’ active
ingredients” [114,117]. Converting to wood yields improved use-phase sustainability,
reduced environmental losses, and increased target-site efficacy.
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Because the protective system is metal-free (or at least free of heavy-metal fixatives)
and employs biodegradable carriers, the end-of-life options for wood elements treated in
this way become more advantageous [11]. Although there are fewer restrictions imposed
by residual toxicants, treated wood may be easier to recycle, remanufacture, or reuse [118].
This relieves the strain on disposal and landfill systems, promotes material circularity, and
decreases lock-in [119].

Architects, builders, and material specifiers who prioritize biobased content, ma-
terial transparency, and reduced toxicity increasingly seek alternatives to conventional
preservatives, and wood products treated with biopolymer-based nano-preservatives
have the potential to meet this emerging demand. Such formulations align closely with
sustainability-oriented building frameworks, particularly LEED (Leadership in Energy
and Environmental Design) and WELL Building standards, which emphasize ingredient
disclosure, low-hazard chemistries, and reduced environmental impact [34,35,120]. This
alignment not only strengthens the environmental profile of treated wood but may also
open new specification pathways and market segments that require more stringent sus-
tainability credentials [34]. However, the shift toward these innovative systems must be
accompanied by rigorous performance validation. Conventional copper- and azole-based
preservatives have decades of field data supporting their efficacy, setting a high benchmark
for durability, termite resistance, weathering performance, leaching behavior, and cost
competitiveness [4]. Demonstrating that chitosan–essential oil nano-formulations can meet
or exceed these thresholds in real-world wood environments is therefore essential for the
credibility of the circular bioeconomy narrative [10].

Transforming fungal exoskeletons and crustacean shell waste into valuable protective
systems, chitosan-essential oil nano-preservatives offer a bio-based, circular alternative
to traditional wood treatments. Their biodegradable, metal-free makeup removes worker
exposure risks, reduces regulatory and disposal challenges, and enhances recycling or reuse
possibilities. Their nanoscale design boosts delivery efficiency, minimizes leaching, and may
lessen the need for repeated applications [25,27,121]. These formulations enhance regional
bio-economies and reduce supply chains because chitosan and essential oils can be sourced
from local agricultural and marine leftovers. Taken together, they provide a promising path
for the next generation of sustainable wood protection—if they can demonstrate that they
are as durable, effective, and affordable as established preservative systems.

9. Environmental Safety, Toxicity, and Regulatory Considerations
The shift from heavy-metal wood preservatives to bio-based nanomaterials, partic-

ularly CSNPs encapsulated with essential oils, creates a more sustainable technological
pathway; however, it also raises critical questions about environmental fate, ecotoxicity,
and regulatory oversight. Unlike traditional biocides, these nano-bioformulations are
biodegradable and derived from renewable feedstocks, yet their behavior in soils, aquatic
systems, and long-term wood exposure environments is not fully understood [37,122,123].
Biocompatibility at the macroscopic scale does not guarantee ecological neutrality at the
nanoscale [124,125].

9.1. Toxicological Profile of CSNPs

Most evidence suggests CSNPs are relatively safe in terrestrial ecosystems. Their
biodegradability stems from microbial chitinases that rapidly depolymerize chitosan into
glucosamine, a benign metabolite assimilated by microbes and plants [126,127]. Studies sim-
ulating agricultural soils reported that CSNPs at realistic doses (<500 mg/kg) did not signif-
icantly impair soil respiration or nitrification, although temporary shifts in bacterial/fungal
ratios did occur, likely reflecting the mild antimicrobial nature of chitosan [128,129].
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Aquatic systems show slightly higher sensitivity. While low concentrations of CSNPs
induce minimal toxicity in invertebrates, higher levels can cause oxidative stress or re-
stricted mobility due to nanoparticle aggregation on exoskeletons [130]. Nonetheless,
CSNPs degrade relatively quickly in freshwater via enzymatic hydrolysis and exhibit far
lower persistence than synthetic polymer nanoparticles. Importantly, ecotoxicity increases
when CSNPs carry entrapped bioactives such as essential oils: although encapsulation
slows release and reduces volatilization, it may also prolong low-level antimicrobial pres-
sure on soil fungi or aquatic biofilms [114].

Although available short-term studies suggest relatively low acute toxicity at environ-
mentally relevant concentrations, chronic exposure data for CSNPs in forest soils remain
limited. In particular, the long-term effects of repeated wet–dry cycling, UV-induced trans-
formation, and nanoparticle degradation products on soil invertebrates, mycorrhizal fungi,
and microbial networks are insufficiently characterized. Defining environmentally realistic
dose thresholds for prolonged leaching scenarios from treated wood remains an important
research priority.

9.2. Toxicological Profile of Essential Oils

EOs often receive Generally Recognized as Safe (GRAS) status in food applications,
but environmental exposure differs dramatically from dietary exposure [131]. Lemongrass
essential oil (LGEO), rich in citral, is a potent antimicrobial and insect-repellent compound.
At elevated concentrations, citral can inhibit aquatic invertebrates, nematodes, and non-
target soil fungi [132]. Although LGEO biodegrades rapidly via oxidation into short-lived
aldehydes and fatty-acid analogues [133], transient toxicity still matters when wood struc-
tures continuously leach small quantities into surrounding ecosystems. Industrial use
alters the exposure pathway. When LGEO is applied directly to wood, rapid volatilization
reduces residual toxicity; however, nano-encapsulation slows diffusion, allowing the oil to
stay longer at the wood interface [134]. This enhances durability but also changes its envi-
ronmental impact. “Food grade” designation does not automatically imply environmental
safety, especially when oils are stabilized, protected from photodegradation, or delivered
through engineered nanocarriers [135].

9.3. Toxicological Considerations of Combined CSNP–EO Systems

The toxicological behavior of combined CSNP–EO systems cannot be inferred directly
from the individual components. Encapsulation modifies bioavailability, environmental
persistence, and release kinetics, potentially reducing acute peak exposure while prolonging
low-level release into surrounding ecosystems. While this controlled-release behavior
enhances durability, it may also result in sustained sublethal antimicrobial pressure on
soil microbial communities or aquatic biofilms. Systematic ecotoxicological evaluations of
intact nanoformulations under realistic field exposure conditions remain scarce.

The regulatory status of CSNP-EO systems is evolving. Under U.S. FIFRA, many
essential oil actives (e.g., citral, geraniol) qualify for minimum-risk pesticide exemptions,
but this exemption does not extend to nano-formulations. The EPA treats nano-forms as
distinct entities requiring toxicological characterization of the whole system, including the
carrier [136]. Europe’s Biocidal Products Regulation (BPR) is even stricter; the European
Chemical Agency (ECHA) requires separate dossiers for “nanoforms” even when the bulk
chemical is approved. Chitosan itself was recently approved as a basic substance biocide
in the EU, but chitosan nanoparticles with embedded actives fall outside this simplified
category [137,138].

Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) fur-
ther mandates disclosure of particle size distribution, surface chemistry, dissolution rates,
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and release behavior. This reflects a central regulatory principle: nano-scale innovations
must undergo nano-scale risk assessment. Bio-based origin does not exempt materials from
these obligations [139].

9.4. Knowledge Gaps and Future Research Needs

Despite encouraging short-term safety data, several gaps must be addressed.
Long-term fate: Wood structures persist outdoors for decades. UV radiation, moisture

cycles, and microbial colonization gradually break down CSNPs, but the transformation
pathways and environmental concentrations remain poorly quantified [140]. There is mini-
mal long-term, field-scale monitoring of CSNP degradation products in forest soils [141].

Off-gassing and slow release: Encapsulation reduces EO volatility but does not
eliminate it. As treated wood cycles through wet summers and dry winters, micro-scale
vapor release continues. No robust exposure models exist for EO vapor emissions from
EO-CSNP-treated wood, especially in enclosed environments [142].

Interactions with wood extractives: Hardwood extractives, especially phenolics, can
form covalent or hydrogen-bonded complexes with chitosan. These interactions may slow
biodegradation or modify EO release profiles [143–145]. Variability across species (pine vs.
poplar vs. oak) further complicates the prediction of environmental behavior.

Microbial adaptation: Although essential oils act through multi-target mechanisms,
long-term sublethal exposure may select for microbial communities with enhanced toler-
ance or specialized EO-degrading pathways [146,147].

Available short-term evidence suggests that CSNP–EO systems may exhibit lower
acute toxicity and reduced environmental persistence compared with conventional preser-
vatives such as chromated copper arsenate or pentachlorophenol. Their biopolymer origin
and biodegradability indicate potential advantages within sustainable material frame-
works. However, definitive conclusions regarding long-term ecological safety cannot yet
be drawn. Comprehensive chronic toxicity studies, realistic leaching simulations, trans-
formation pathway analyses, and field-scale monitoring are still required. As with all
nano-enabled materials, safety should be established through rigorous, exposure-based
risk assessment rather than inferred from bio-based origin alone. Addressing these knowl-
edge gaps will be essential for regulatory acceptance and responsible implementation of
CSNP–EO preservatives.

10. Challenges and Research Gaps
The rapid expansion of biobased wood protection technologies, particularly those

involving chitosan nanoparticles and essential oils, has generated considerable optimism,
yet the field continues to face a series of conceptual and practical challenges that limit
widespread adoption. One of the most persistent issues concerns the inconsistency of
performance across different wood species and environmental conditions. While laboratory
studies frequently report strong antifungal or insecticidal activity, these outcomes often
diminish under fluctuating moisture, ultraviolet exposure, or soil contact, revealing a gap
between controlled experiments and real-world service environments [10,16]. Essential oils,
despite their potent bioactivity, remain highly volatile and prone to rapid depletion, even
when encapsulated, which complicates predictions of long-term efficacy [10,148]. Similarly,
chitosan-based systems exhibit variable penetration and retention depending on molecular
weight, degree of deacetylation, and the anatomical structure of the wood substrate [65,66].
These inconsistencies underscore the need for more rigorous, standardized testing protocols
that reflect realistic exposure scenarios and account for the inherent heterogeneity of wood
as a biological material.
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Another major challenge lies in the limited understanding of the mechanistic interac-
tions between nano-enabled preservatives and wood microstructure. Although chitosan
nanoparticles demonstrate promising adhesion to lignocellulosic surfaces, the precise na-
ture of their bonding, diffusion pathways, and long-term stability remains insufficiently
characterized [68,69]. Many studies rely on surface-level observations or short-term as-
says, leaving unanswered questions regarding nanoparticle migration, aggregation, or
transformation within the wood matrix over extended periods. The complexity increases
when essential oils are incorporated, as their release kinetics depend not only on nanopar-
ticle architecture but also on environmental triggers such as pH, humidity, or microbial
activity [79,149]. Without a deeper mechanistic framework, it is difficult to optimize for-
mulations for predictable, sustained performance. This gap is particularly evident when
comparing biomedical or food-packaging applications, where chitosan systems are more
thoroughly studied, to wood protection, where far fewer investigations have explored
nanoscale interactions in situ [150,151].

Further limitations concern the durability and leaching resistance of biobased preser-
vatives. Even when encapsulated, essential oils and plant-derived compounds often exhibit
significant mass loss during water immersion or soil exposure, reducing their protective
lifespan [10,152]. Chitosan itself, though less prone to leaching than unbound oils, re-
mains susceptible to gradual dissolution or depolymerization under acidic or highly humid
conditions [21]. Studies on pH-responsive or dual-stimuli systems demonstrate potential
for controlled release, yet these technologies have rarely been validated under long-term
outdoor weathering or field trials [153]. The absence of comprehensive durability data
limits regulatory acceptance and industrial confidence. Moreover, the interaction between
biobased preservatives and natural wood extractives, some of which may inhibit bonding
or accelerate degradation, remains poorly understood, further complicating predictions of
service life [24,40].

Scalability and manufacturing constraints also present significant barriers to com-
mercialization. Many nanoparticle synthesis routes, such as reverse micelle formation,
microfluidic processing, or enzymatic crosslinking, are technically sophisticated and dif-
ficult to scale, without compromising particle uniformity or stability [72,73]. Even ionic
gelation, the most widely used method, can produce variable particle sizes when scaled
beyond laboratory volumes, affecting penetration and release behavior in wood [70,71].
Industrial wood treatment facilities require formulations that are stable during storage,
compatible with existing pressure or vacuum systems, and cost-effective relative to conven-
tional preservatives. However, few studies have evaluated the rheology, shelf stability, or
large-scale production economics of chitosan–essential oil nanocomposites [154,155]. With-
out addressing these practical constraints, even highly effective laboratory formulations
may struggle to transition into commercial practice.

Environmental and toxicological uncertainties represent another critical research gap.
Although chitosan is generally regarded as safe and biodegradable, nanoparticle behav-
ior in soil, aquatic systems, and on non-target organisms remains insufficiently docu-
mented [127,156]. Some studies indicate that chitosan-metal nanocomposites or chitosan-
stabilized inorganic nanoparticles may introduce ecotoxicological risks, depending on
their degradation products or interactions with soil microbiota [156,157]. Essential oils,
while natural, can also exhibit phytotoxicity or disrupt beneficial microbial communities
when applied at high concentrations [158]. Regulatory frameworks for nano-enabled wood
preservatives differ across jurisdictions and remain under active development. In the Euro-
pean Union, wood preservatives fall under the Biocidal Products Regulation (Regulation
(EU) No 528/2012, Product Type 8), with additional substance-level restrictions imple-
mented under REACH. In the United States, wood preservatives are regulated as pesticides
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under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) by the U.S. Envi-
ronmental Protection Agency (EPA), where approvals are typically based on registration
review and use-specific labeling rather than blanket prohibitions. International agreements
also influence national regulatory decisions. Certain historically used wood preservatives
are addressed under multilateral environmental agreements such as the Stockholm Con-
vention on Persistent Organic Pollutants (POPs) and the Rotterdam Convention on Prior
Informed Consent, which guide restrictions and phase-outs at the global level. As a result,
what may be described as a “ban” in one region often reflects use-specific restrictions or
conditional approvals that differ between the EU, North America, and other jurisdictions.
Long-term fate studies, including nanoparticle transformation, bioaccumulation potential,
and interactions with soil enzymes under region-specific climatic conditions, are urgently
needed to ensure that bio-based alternatives comply with both EU and US nano-specific
risk assessment requirements, consistent with OECD guidance on the safety evaluation of
manufactured nanomaterials [159–161].

Finally, the field lacks integrative, interdisciplinary approaches that combine materi-
als science, wood biology, nanotechnology, and environmental chemistry. Most studies
focus on isolated performance metrics, such as antifungal activity or release kinetics,
without consistently connecting these findings to broader system-level considerations
such as life cycle impacts, carbon footprint, or compatibility with circular bioeconomy
principles [19,162]. There is also limited collaboration between academic researchers and in-
dustrial stakeholders, resulting in a disconnect between laboratory innovation and practical
implementation. Emerging technologies such as machine learning-assisted formulation de-
sign, in situ nanoscale imaging, and multiscale modeling of wood–nanoparticle interactions
remain underutilized, despite their potential to accelerate optimization and reduce experi-
mental uncertainty [163]. Addressing these gaps will require coordinated research efforts,
standardized methodologies, and long-term field validation to establish bio-based nano-
preservatives as credible, high-performance alternatives to conventional wood protection
systems. Harmonization of testing standards and clearer regulatory guidance for nano-
enabled biocides will be essential to ensure consistent global adoption while maintaining
environmental and human health protections.

11. Future Directions and Emerging Innovations
The future of sustainable wood protection increasingly points toward multifunctional

systems capable of adapting to changing environmental conditions rather than relying
on passive and continuous protection. Recent studies on chitosan-based microcapsules
indicate that release behavior can be tailored to moisture and pH variations. This sug-
gests new opportunities for smart wood coatings that activate preferentially when decay-
promoting conditions arise [164]. Such moisture-responsive systems, along with those
seen in advanced wood wax coating microcapsules, open pathways toward self-repairing
and condition-triggered antifungal action without unnecessary leaching in dry conditions.
Extension of this concept to essential oil carriers and hybrid matrix networks could sig-
nificantly extend service life while reducing unnecessary bioactive loss. Smart polymers
from other fields, where responsiveness to temperature, moisture, and other stimuli is
widely studied, can offer valuable design insights [165]. Integrating these capabilities into
wood preservation systems will require careful control of release kinetics and structural
performance under environmental stress.

Another forward-looking approach involves the development of bio-based hybrid
composites, in which chitosan and related biopolymers are integrated with selected nano-
scale additives to expand functional performance. Recent nanotechnology-focused studies
suggest that incorporating materials such as metal oxide nanoparticles, cellulose nanocrys-
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tals, or graphene-based fillers into coating matrices can simultaneously enhance durability,
ultraviolet stability, moisture resistance, and antimicrobial efficacy [166,167]. For example,
nanocoatings utilizing zinc oxide and reduced graphene oxide have shown improved mold
resistance and dimensional stability in wood products by leveraging a synergy of structural
and antimicrobial functions. Integrating such nano-additives with chitosan matrices could
produce composite systems that offer mechanical reinforcement and biological protection
in a single formulation, reducing layering complexity and treatment cycles.

In the realm of nanotechnology-enhanced wood protection, comprehensive reviews
indicate that ongoing advancements in polymer nanocomposites and nanoscale delivery
systems are rapidly expanding the functional toolbox for preservative design [168]. Future
investigations are likely to concentrate on refining nanostructured carrier systems so that
active compounds can be delivered more precisely within wood, with diffusion behavior
adapted to anatomical features of the substrate. A key challenge will be shifting from trial-
based formulation toward predictive performance, supported by well-controlled synthesis
strategies that are scalable, reproducible, and capable of delivering consistent results across
different wood species and treatment environments.

Data-driven materials design and artificial intelligence (AI) represent another frontier
for wood preservative formulation. Recent discussions in the broader materials science com-
munity emphasize how generative AI and machine learning can derive structure–property
relationships, optimize composite designs, and generate hypotheses for experimental vali-
dation [169]. Biomimetic and bio-inspired material design using AI, for example, extracting
humidity-responsive structural motifs from plants, suggests a path toward coatings that
intrinsically adapt to environmental cues [170]. Applying such approaches in wood science
could accelerate discovery, reduce experimental load, and identify non-intuitive combi-
nations of matrix materials, nanoparticles, and bioactive agents that maximize durability
while minimizing environmental impact.

Sustainability and circular bioeconomy principles will increasingly shape the future
of wood protection research. Reviews of the wood coatings industry reveal a strong
movement toward bio-based resources, eco-friendly additives, and circular strategies
that valorize waste streams while enhancing protective performance [171]. Integrating
bio-derived pigments, natural fillers, and renewable polymer backbones into coatings
presents opportunities to reduce ecological burden and align wood protection with broader
sustainability goals. Life-cycle assessment tools should be incorporated early in develop-
ment to quantitatively balance performance benefits against environmental costs, avoiding
solutions that trade one impact for another.

Translating laboratory innovations into industrial applications remains a non-trivial
challenge but is critical for impact. The comprehensive wood protection landscape shows
that nanotechnology and bio-based strategies are evolving toward commercial viability, yet
few studies assess scalability, cost effectiveness, or compatibility with existing pressure-
treatment infrastructure. Collaborative pilot projects involving material scientists, wood
product industries, and equipment manufacturers are essential to evaluate real-world
feasibility and inform regulatory frameworks that are currently underdeveloped for nano-
enabled preservative systems [167,171]. This translational emphasis will also help identify
cost–benefit thresholds, retrofit pathways for existing facilities, and potential market seg-
ments most receptive to sustainable wood protection products.

Finally, holistic, interdisciplinary frameworks that encompass materials design, en-
vironmental behavior, and regulatory compliance will be crucial in advancing the field.
Inspired by concepts from bio design, which unite biological systems with engineering
practices to create sustainable materials, wood protection research can benefit from sys-
tems thinking that considers ecological, material, and human health outcomes together
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(Bio-design principles). By drawing on lessons from adjacent domains such as heritage
conservation, responsive polymers, and smart composites, researchers can craft more
robust, adaptable preservative systems. Ultimately, merging materials innovation with
ecological insight and practical implementation strategies will be key to realizing bio-based,
high-performance wood protection solutions for the built environment.

12. Conclusions
This review examines chitosan nanoparticle-based encapsulation of essential oils

as an emerging strategy for sustainable wood protection. By integrating advances in
nanotechnology and bio-based materials, such systems aim to address key limitations of
essential oils, including volatility, leaching, and limited durability under moisture exposure,
while maintaining reported antifungal and insect-repellent activity. Chitosan nanoparticles
contribute not only as delivery vehicles, but also through inherent antimicrobial effects,
strong interactions with lignocellulosic substrates, and barrier properties that enhance
retention and controlled release of bioactives.

Beyond performance benefits, chitosan–essential oil nano-formulations align with
circular bioeconomy and green chemistry principles by utilizing renewable and waste-
derived feedstocks and avoiding heavy metals and persistent synthetic biocides. However,
challenges remain related to long-term field performance, release behavior under realistic
service conditions, scalability, and environmental fate. Addressing these gaps through
standardized testing and interdisciplinary research will be essential to advancing practical
implementation. Overall, chitosan-based encapsulation of essential oils represents a flexi-
ble platform with potential for the development of next-generation, lower-hazard wood
protection systems that meet both technical and sustainability demands.
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Abbreviations

ACQ Alkaline copper quaternary
ACQ-D Alkaline copper quaternary type D (carbonate)
CA Copper azole
CCA Chromated copper arsenate
CSNP Chitosan nanoparticle
CSNPs Chitosan nanoparticles
CSNP–EO Chitosan nanoparticle–essential oil (system/formulation)
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DD Degree of deacetylation
ECHA European Chemicals Agency
EO Essential oil
EO–CSNP Essential oil-loaded chitosan nanoparticle (system/formulation)
EOs Essential oils
EPA U.S. Environmental Protection Agency
EU European Union
FAO Food and Agriculture Organization (United Nations)
GRAS Generally Recognized as Safe
LGEO Lemongrass essential oil
MW Molecular weight
OECD Organization for Economic Co-operation and Development
PAHs Polycyclic aromatic hydrocarbons
PCP Pentachlorophenol
REACH Registration, Evaluation, Authorization, and Restriction of Chemicals
UV Ultraviolet
VOC Volatile organic compounds
WELL WELL Building Standard
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165. Balcerak-Woźniak, A.; Dzwonkowska-Zarzycka, M.; Kabatc-Borcz, J. A Comprehensive Review of Stimuli-Responsive Smart
Polymer Materials—Recent Advances and Future Perspectives. Materials 2024, 17, 4255. [CrossRef]

166. Jasmani, L.; Rusli, R.; Khadiran, T.; Jalil, R.; Adnan, S. Application of Nanotechnology in Wood-Based Products Industry: A
Review. Nanoscale Res. Lett. 2020, 15, 207. [CrossRef]

167. He, Y. Research progress of nanotechnology on efficient wood protection. J. Mater. Res. Technol. 2025, 13, 699–718.
168. Athulya, R.; Nandini, J.; Bhoi, T.K.; Sundararaj, R. Recent advances of nanotechnology in wood protection: A comprehensive

review. Wood Mater. Sci. Eng. 2023, 19, 279–290. [CrossRef]
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