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Featured Application

The primary application of this review is to support the planning of future research on
new wood protection agents based on nanomaterials. Additionally, it may contribute
to the development of standardised assessment criteria for nanomaterial-based wood
surface treatments. The findings are also intended to support the commercialisation of
nanomaterial-based chemical products in the civil engineering sector.

Abstract

The growing application of nanotechnology in wood modification has led to significant im-
provements in the durability, fire resistance, and biological stability of wood-based building
materials, such as glued laminated timber (GLT), as well as related chemical products, in-
cluding fire retardants and anticorrosion preservatives. While numerous review papers have
focused on material performance and functionalisation strategies, a comprehensive analysis
of the research methodologies employed in this field remains limited. This review addresses
this gap by systematically examining the experimental and analytical methods used in studies
on nanomaterial-modified wood surface treatments. Scientific articles published and indexed
in the Web of Science and Scopus databases within the last ten years were selected using
keywords related to wood, nanotechnology, and surface applications simulating industrial
timber treatment processes applied in factories and construction sites. Publications were
screened according to predefined inclusion and exclusion criteria. The study selection process
was conducted according to the PRISMA methodology, and 74 studies meeting the inclusion
criteria were selected for the final analysis. Extracted methodological features were coded and
analysed using frequency-based descriptive statistics. Considerable methodological hetero-
geneity was observed among the analysed studies. Softwood species, TiO2- and ZnO-based
nanomaterials, and brushing or immersion treatments represented the most frequently investi-
gated research configurations. Scanning electron microscopy (SEM), often combined with EDS
and XRD analyses, occupied a central role within the analytical framework of nanomodified
wood research. In contrast, long-term durability assessments, biological resistance testing, and
fire-performance evaluations were comparatively underrepresented. The review also revealed
substantial variability in the use of testing standards and statistical methods. By linking
research methodologies to normative requirements for construction materials, this work pro-
vides a methodological framework supporting future research, standardisation, certification,
and commercial implementation of nanomaterial-based wood protection systems.

Keywords: wood; nanotechnology; nanomaterials; nanoparticles; wood modification;
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1. Introduction
Wood remains one of the most widely used renewable materials in construction and

engineering due to its favourable strength-to-weight ratio, low environmental impact, and role
in bioeconomy and carbon storage strategies [1–4]. However, moisture-induced degradation,
biological attack, and weathering limit its long-term performance in outdoor and structural
applications. Fungal decay and insect damage are among the most critical degradation
mechanisms, contributing to significant economic losses worldwide [5–7]. As a result, numer-
ous strategies have been developed to extend the service life of wood, including chemical
modification, thermal treatment, coatings, and preservative systems [8–10].

Building upon these approaches, traditional wood protection methods have increas-
ingly been supplemented by surface engineering strategies aimed at mitigating the most
critical environmental impact, particularly ultraviolet radiation and moisture-related weath-
ering processes, including rainfall exposure, water sprinkling, water absorption, humidity
fluctuations, and wetting–drying cycles, which are primary drivers of weathering [11]. In
this context, research has increasingly shifted toward multifunctional solutions, including
nanomaterial-based coating systems.

Nanotechnology has emerged as a promising solution for wood modification due
to the unique properties of nanomaterials, such as enhanced reactivity and the ability
to penetrate the porous structure of the wood cell wall [12,13]. This penetration enables
modification of surface chemistry and improved performance characteristics, including
resistance to moisture and biological degradation [12,14]. Nanoparticles have been widely
explored as active agents in wood preservatives, offering improved delivery efficiency,
controlled release, and enhanced stability of basic compounds [15,16].

Recent research has also focused on developing bio-based, eco-friendly nanostruc-
tured systems for wood protection. Examples include chitosan-nanoparticle-encapsulated
essential oils, which provide antimicrobial and barrier functions while aligning with green
chemistry principles [16]. Similarly, nanocomposite coatings incorporating materials such
as graphene, clay minerals, and bio-based polymers have demonstrated improved fire resis-
tance and thermal stability [17,18]. Graphene-based systems, in particular, act as effective
thermal and oxygen barriers, thereby reducing ignition risk and enhancing char formation
during combustion [18].

Advances in surface engineering are driving the development of multifunctional
coatings, such as superhydrophobic sol–gel systems, which dramatically enhance wa-
ter repellency and durability of wood surfaces [15]. This shift marks a decisive move
toward eco-friendly polymer nanocomposites, as bio-based or hybrid flame retardant
systems replace traditional toxic options, reducing environmental impact while elevating
performance [17].

Despite the growing number of studies on nanomaterial-modified wood systems, there
remains a lack of systematic analysis of the experimental and analytical methodologies
used in this field. Existing reviews primarily emphasize material performance, functional
improvements, or specific modification strategies, while methodological consistency, testing
standards, and comparative evaluation of analytical techniques remain underexplored [8].
This gap is particularly relevant given the diversity of characterisation methods applied
in the field, including morphological and microstructural analysis (SEM, TEM), chemical
characterisation (FTIR, EDS), thermal analysis (TGA, DTG), mechanical testing, durability
assessment, and fire performance evaluation [11,18].

Furthermore, concerns regarding long-term environmental impact, health safety, and
scalability of nanotechnology-based wood treatments highlight the need for standardised
testing approaches [12,15]. Addressing these challenges is essential for translating laboratory-
scale innovations into reliable, industrially applicable wood protection technologies.
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The aim of this study was to systematically analyse and categorise current research ap-
proaches in the field of nanomodified wood coatings. The review focuses on identifying and
quantifying the most commonly used nanomaterials, wood substrates, application methods,
and experimental techniques reported in the literature. In addition, the study evaluates
the frequency and scope of physicochemical, mechanical, biological, and durability-related
testing methods, as well as the use of standardised testing procedures. Particular attention
was given to the reporting practices and the application of normative standards. Based
on this analysis, key research trends, methodological gaps, and areas requiring further
development were identified to support the advancement of more robust, reproducible,
and standardised approaches in nanotechnology-based wood protection systems.

2. Methods
To ensure a transparent and reproducible selection process of the relevant literature,

the study followed the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines [19,20]. A systematic search was conducted in major scientific
databases, including Scopus and Web of Science, using predefined keywords related to
wood and nanomaterial-based surface treatments. The following search queries were used:

The Web of Science query was as follows:

TS = (wood)
AND AK = (nanotechnology OR nanomaterial* OR nanoparticle*)
AND TS = (surface* OR coating*)
AND PY = (2016–2026)

The Scopus query in material sciences, chemistry, chemical engineering, engineering,
and multidisciplinary was as follows:

KEY (wood)
AND TITLE-ABS-KEY (nanotechnology OR nanomaterial* OR nanoparticle*)
AND TITLE-ABS-KEY (surface* OR coating*)
AND PUBYEAR > 2015 AND PUBYEAR < 2027

The initial search yielded 1505 records. After removing duplicates and applying
the selection criteria described in Figure 1, 470 studies remained for title and abstract
screening. During this stage, studies unrelated to nanomaterial-modified wood or lacking
an experimental focus were excluded. The eligibility criteria applied during title and
abstract screening (step 2.2 in the PRISMA diagram) are presented below.

Studies were eligible for inclusion if they were as follows:

(a) Investigated nanomaterial-based coatings, surface treatments, or impregnation sys-
tems intended for wood protection or wood modification;

(b) Reported experimental evaluation of coating, treatment, material, or functional properties;
(c) Were published in peer-reviewed journals indexed in the Web of Science or Scopus

databases and were accessible in full-text form.

Studies were excluded if they were as follows:

(a) Focused solely on the synthesis or characterisation of nanomaterials without evaluat-
ing their application in wood-surface treatment systems;

(b) Investigated nanomaterial modification of bulk wood without a surface treatment,
coating, or impregnation component;

(c) Did not include experimental testing of the coating, treatment system, or treated
substrate;

(d) Were review articles, conference abstracts, editorials, or other non-original research
publications;

(e) Were not available in full-text form.
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Studies evaluating coatings on model substrates such as glass or steel were retained
when the investigated systems were specifically developed for wood protection or wood
surface treatment applications.

Ultimately, 74 studies were included in the final analysis. The study selection process
is illustrated in the PRISMA flow diagram.

Data extracted from the studies included the occurrence of physicochemical and
instrumental analysis methods; mechanical and physical property assessments; durability
tests, including biological resistance and artificial ageing methods; human safety tests;
statistical methods; and testing standards used in the analysed publications.

Additional variables included the type of base material used for impregnation, treat-
ment technology, applied nanoparticles, and the testing standards reported in the studies.

In cases of incomplete methodological descriptions, only explicitly reported data
were included in the analysis. Eligible studies were categorised according to the reported
methodologies and could be assigned to more than one category when multiple methods
were described.

Figure 1. PRISMA flow diagram of study selection process.

Data extraction and coding were performed manually after reviewing the publications.
Each feature was individually assessed and coded as a binary variable, as follows: 1 for
presence, 0 for absence.

Descriptive statistical analyses were performed using MS Excel 2013 (Microsoft, Red-
mond, WA, USA). The extracted data were synthesised using frequency analysis. For
each feature, the occurrence count (n) and relative frequency (%) among all included ar-
ticles (N = 74) were calculated. The results were presented in tabular form to facilitate
comparison of methodological approaches reported in the literature.
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Additionally, binary co-occurrence and similarity analyses were conducted in R (R
Foundation for Statistical Computing, Vienna, Austria). The binary data matrix was used
to assess pairwise associations among categorical variables, including treated materials,
nanoparticle type, application methods, and testing methods. Co-occurrence patterns
were evaluated using presence–absence data, enabling the identification of frequently
co-occurring feature combinations and similarity structures within the dataset. The results
were visualised using a heatmap.

Due to the methodological nature of the review and the absence of a quantitative
synthesis of the experimental results, formal risk of bias assessment, heterogeneity analyses,
sensitivity analyses, and formal evaluation of certainty of evidence were not conducted.

An internal review protocol specifying the search strategy, eligibility criteria, and data
extraction procedures was prepared prior to conducting the literature search; however, it
was not formally registered or publicly available. No major deviations from the original
review protocol occurred during the review process.

The datasets generated and analysed during the current study, including literature
screening records and extracted methodological data, are available from the corresponding
author upon reasonable request.

3. Results
A total of 74 studies met the predefined inclusion criteria and were included in the

final analysis. The selected publications investigated nanomaterial-based wood-treatment
systems, encompassing treatment materials and application methods, physicochemical
and instrumental characterisation techniques, durability assessment procedures, and eval-
uations of mechanical, physical, biological, and fire-related properties. The review also
examined the use of standardised testing methods and statistical approaches. To facil-
itate a systematic comparison of the reported methodologies, the extracted data were
organised into thematic blocks, including wood species, nanomaterial type, application
method, characterisation techniques, evaluated properties, testing standards, and statis-
tical methods. Due to the dataset’s multi-label binary structure, each thematic block was
analysed separately.

Among the studies assessed for eligibility, three articles were excluded after full-text
review despite their apparent relevance during title and abstract screening. Two studies
focused primarily on nanoparticle synthesis and characterisation without evaluating the
performance of the resulting wood-treatment systems [21,22], while one study investigated
nanoparticle properties and mechanisms of action without assessing their effect on wood-
treatment performance [23].

The reasons for exclusion further define the scope of the present review, which focuses
on nanomaterial-based wood-treatment technologies and their performance rather than on
nanoparticle development and characterisation alone.

3.1. Materials and Application of Wood Surface Treatments

The most commonly used nanoparticles were TiO2 (31% of publications) and zinc
oxide (ZnO) (28% of publications). Moving to the next group, SiO2, silver, and copper-based
nanoadditives were reported in 14%, 12%, and 11% of the reviewed articles, respectively.

Nanocellulose- and lignin-based nanomaterials represented smaller but increasingly
important groups of bio-based modifiers. The nanocellulose category included nanofib-
rillated cellulose (NFC) [24,25], cellulose nanocrystals (CNCs) [26], and nitrocellulose
nanoparticles [27]. These materials were incorporated into coating formulations and
surface-treatment systems as bio-based nanoscale additives in 8% of publications.
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The nanolignin category comprised kraft lignin [28,29], acetylated lignin [28], organo-
solv lignin [30], and lignin nanoparticles (LNPs) produced from different biomass
sources [28,29,31]. The analysed studies demonstrated a diversity of lignin-based ma-
terials and preparation methods, ranging from chemically modified lignins to engineered
lignin nanoparticles intended for incorporation into wood protection systems.

Finally, other or less frequently used nanoparticles were reported in 16% of the re-
viewed articles. The results are presented in Table 1.

Table 1. Overview and frequency of nanomaterial additives in the reviewed studies.

No. Nanoparticles Frequency of
Occurrence (n) Relative Frequency [%] References

1 Titanium dioxide (TiO2) 23 31 [26,32–53]
2 Zinc oxide (ZnO) 21 28 [36,38–40,45,46,50–52,54–65]
3 Silicon dioxide (SiO2) 10 14 [50,66–74]
4 Silver (Ag) 9 12 [46,75–82]

5 Copper/Copper oxide (Cu,
CuO) 8 11 [41,60,63,83–87]

6 Nanolignin 6 8 [28–31,35,88]
7 Nanocellulose 6 8 [24–27,88,89]
8 Other nanoparticles 12 16 [40,46,65,70,90–96]

The most commonly tested wood substrate was softwood (41% of articles), suggesting
applications primarily in the building sector. Hardwood was reported in 26% of studies,
while exotic wood species accounted for 12% of publications, representing a second major
application area potentially related to furniture and high-value products. Poplar wood
was excluded from the hardwood category due to its distinct mechanical properties. In
European standards, poplar is often classified separately from typical hardwood species
and is sometimes grouped with softwood species [97–99]. Other tested materials, such as
bamboo and rigid panels (e.g., steel or glass substrates), were each represented in approxi-
mately 5% of publications. In several studies, steel and glass were used as model substrates
to characterise coating properties, transparency, photocatalytic activity, and nanoparticle
distribution in coating systems intended for wood protection applications. Approximately
19% of studies involved other individually reported materials. The distribution is presented
in Table 2.

Table 2. Overview and frequency of treated substrate types in the reviewed studies.

No. Materials Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Softwood 30 41 [24,27–29,32,39,41,42,44,47–
51,55,56,59,66,67,70,72,73,81,84,86,90–93,95]

2 Hardwood 19 26 [25,28,31,38–
40,44,54,58,64,67,72,74,78,80,86,93–95]

3 Poplar 5 7 [43,76,77,87,96]
4 Exotic wood 9 12 [33,36,37,52,57,71,79,89,100]
5 Bamboo 4 5 [61,62,68,86]
6 Steel/glass plates 5 5 [26,34,45,65,69]

7 Other materials/
unnamed wood 14 19 [26,30,35,45,46,53,60,63,69,75,82,83,85,88]

In 30 articles (41%), nanoparticle synthesis was performed prior to wood treatment.
Subsequently, the application was performed using the methods described in Table 3.
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The most common methods were brushing and immersion, reported in 32% and 27% of
the articles, respectively. Vacuum-based techniques ranked third, accounting for 15% of
publications. Other treatment methods, such as pressure impregnation and layer-by-layer
(LbL) assembly, were used less frequently.

Table 3. Overview and frequency of treatment application methods in the reviewed studies.

No. Methods Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Brushing 24 32 [24,29,35,38,40,41,44–47,52,54,58–
60,63,65,70,75,80,81,84,93,94]

2 Spraying 6 8 [37,39,41,53,57,69]

3 Immersion 20 27 [31,32,41,48–50,53,57,58,61,66,73,74,76,
77,80,86,87,92,93]

4 Vacuum
impregnation 11 15 [28,51,52,66,67,72,86,87,91,92,95]

5 Vacuum-pressure
impregnation 5 7 [33,42,48,72,79]

6 Pressure
impregnation 3 4 [63,83,84]

7 Layer-by-layer (LbL) 4 5 [36,43,55,100]
8 Other methods 7 9 [26,27,62,64,82,88,96]

3.2. Physicochemical and Instrumental Analysis Methods

Data related to spectroscopic and X-ray characterisation methods are presented in
Table 4. The most commonly used spectroscopic methods were FTIR (28% of articles) and
UV-Vis (DRS) (22%). The most widely used X-ray-based methods were EDS (EDX) and
XRD, reported in 38% and 26% of articles, respectively. These techniques were primarily
used for chemical composition analysis and structural characterisation.

Table 4. Overview and frequency of spectroscopic and X-ray characterisation methods in the reviewed
studies.

No. Methods Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 FT-IR 21 28 [29–31,33,42,43,53,54,58,61–
63,67,71,72,78,82,87,90,91,94]

2 FT-IR-ATR 17 23 [25,26,29,34,42,47,50,52,55,58,60,62,67,78,91,94,96]
3 UV-vis (DRS) 16 22 [24,26,31,32,34,35,37,39,45,53,55,62,69,73,94,95]

4 Raman
spectroscopy 2 3 [90,94]

5 XPS 3 4 [63,86,90]

6 XRD 19 26 [25,33,37,42,43,45,48,53,54,56–
58,61,76,83,86,87,94,95]

7 XRPD 2 3 [32,58]

8 EDS/EDX 28 38 [33,35,36,39,40,42–45,48,50–
54,57,58,60,61,66,67,72,76,86,90,94–96]

9 XAFS 3 4 [60,63,83]

Microscopic techniques used in the reviewed studies are presented in Table 5. The
most commonly applied method was scanning electron microscopy (SEM), reported in
57% of the articles, including its high-resolution variant FE-SEM. These techniques were
primarily used to examine surface morphology, coating distribution, and nanoparticle
dispersion on wood substrates. Transmission electron microscopy (TEM) and scanning
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transmission electron microscopy (STEM) were reported in approximately 24% of the
studies and were mainly used for nanoscale structural characterisation of nanoparticles
and coating systems. In the reviewed literature, TEM and STEM were often reported jointly
without clear methodological separation.

Table 5. Overview and frequency of microscopy techniques in the reviewed studies.

No. Techniques Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 SEM 42 57
[25,27,29,32,34–36,39,40,42–45,47,48,50,51,53–

56,58,61,62,66,67,71–73,75,77,80,83,84,86–
88,90,94–96,100]

2 FE-SEM 15 20 [25,26,35,42,44,49,52,57,58,69,72,76,77,80,83]

3 TEM/STEM 18 24 [25,37,45,47,56,60,63,66,72,75–
77,79,80,83,86,90,95]

4 AFM 8 11 [25,32,49,55,61,76,79,88]

5 Optical microscopy
(OM) 5 7 [27,51,58,81,94]

6 CLSM 4 5 [39,40,64,70]

In addition, atomic force microscopy (AFM), optical microscopy (OM), and confo-
cal laser scanning microscopy (CLSM) were also used, although less frequently. These
techniques were used to analyse surface topography, microstructural features, and three-
dimensional surface characteristics of nanomodified wood materials.

According to current nanomaterial characterisation guidelines, SEM- and TEM-based
methods provide direct imaging of deposited nanoparticles and enable the determination
of particle morphology, agglomeration state, and particle size distributions from micro-
graphs [101]. AFM complements electron microscopy by providing three-dimensional
surface topography and height measurements at the nanoscale, while CLSM enables vi-
sualisation of coating architecture and spatial distribution of selected components within
multilayer systems [101].

The identified microscopy techniques provided complementary information on coat-
ing structure and wood surface characteristics. SEM and FE-SEM were primarily used for
the observation of surface morphology, coating coverage, and nanoparticle distribution,
whereas TEM/STEM enabled the characterisation of nanoparticle size, shape, and internal
nanostructure. AFM was applied to assess nanoscale surface topography and roughness
through three-dimensional surface mapping. Optical microscopy was mainly used for
the evaluation of macroscopic surface features and coating defects, while CLSM provided
three-dimensional visualisation of coating layers and the spatial distribution of selected
components within the analysed systems.

Thermogravimetric methods are presented in Table 6. The most commonly applied
technique was thermogravimetric analysis (TGA), reported in 19% of the articles, which
was used to evaluate the thermal stability and decomposition behaviour of nanomodified
wood coatings and their components. Derivative thermogravimetry (DTG), reported in
7% of studies, was used to determine the rate of mass loss and to identify characteristic
degradation stages of the investigated materials.
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Table 6. Overview and frequency of thermogravimetric methods in the reviewed studies.

No. Methods Frequency of
Occurrence (n) Relative Frequency [%] References

1 TGA 14 19 [25,27–29,32,34,36,42,43,53,54,66,87,100]
2 DTG 5 7 [28,42,43,53,87]
3 DSC 3 4 [29,34,54]

The frequencies of particle-size-, dispersion-, and colloidal-stability-related properties
are summarised in Table 7. Dynamic light scattering (DLS) was the most frequently
used technique, reported in 12% of the articles and was applied to determine particle
size distribution and assess the dispersion state of nanoparticles in liquid formulations.
Zeta potential and viscosity measurements were each reported in 4% of the studies. Zeta
potential was used to evaluate the electrokinetic stability of nanoparticle suspensions, while
viscosity measurements characterised the rheological behaviour of coating formulations
and their suitability for application processes, such as brushing, spraying, or impregnation.
The determination of the zeta potential and the isoelectric point of particles (when stabilised
by surface charge) can also provide supporting information on the stability of nanomaterials
in dispersion [102].

Table 7. Overview and frequency of particle size, dispersion, and colloidal properties in the reviewed
studies.

No. Methods Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 DLS 9 12 [27,34,54,55,63,72,73,88,90]
2 Zeta potential 3 4 [27,29,72]
3 Viscosity/rheological measurement 3 4 [26,27,34]

DLS determines the hydrodynamic diameter of nanoparticles dispersed in liquid
systems and is particularly useful for evaluating particle dispersion prior to coating appli-
cation [101]. However, the method does not distinguish between individual particles and
agglomerates and may overestimate particle size due to the influence of hydration layers
and particle clustering [101]. Consequently, DLS is frequently complemented by imaging
techniques such as SEM or TEM when detailed nanoparticle characterisation is required.

A wide range of guidance documents for nanomaterial characterisation has been devel-
oped by the Organisation for Economic Co-operation and Development (OECD), including
the OECD Series on the Safety of Manufactured Nanomaterials and Other Advanced Ma-
terials and the OECD Guidelines for the Testing of Chemicals [101,102]. Some dedicated
OECD documents describe analytical methods, such as AFM, DLS, EM, PTA, SAXS, SEM,
and TEM. These documents provide general principles, dosimetry considerations, and
sample preparation procedures for physical–chemical, environmental, ecotoxicological,
and toxicological testing. They also include annexes listing relevant OECD Test Guide-
lines and Guidance Documents, as well as recommendations for reporting data on stock
dispersions [102].

The application of OECD-recommended procedures can improve the planning, com-
parability, and reproducibility of nanomaterial testing; however, such approaches were
only occasionally reported in the reviewed studies.
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3.3. Nanotechnology-Based Wood-Surface-Treatment Properties

After the identification of the physicochemical and instrumental analysis methods
reported in the reviewed articles, the test methods used to assess the functional properties
of the nanomodified wood treatments were analysed. All parameters were classified into
the following two main groups: physical and mechanical properties of the coatings and
their durability-related properties.

The first group includes water- and moisture-related properties, such as contact angle;
surface functional properties, such as gloss and self-cleaning ability; and mechanical and
surface properties, including abrasion resistance, surface roughness, and hardness.

The second group comprises biological resistance assessments and ageing and weath-
ering tests used to evaluate the long-term performance and stability of nanomodified wood
coatings under environmental exposure.

3.3.1. Mechanical and Physical Properties

The most commonly investigated parameter was the contact angle, reported in 32% of
the articles, which was primarily used to evaluate the surface wettability and the hydropho-
bic or hydrophilic character of the nanomodified wood coatings. Water absorption was
assessed in 11% of the reviewed studies and was used to quantify the overall water uptake
of the treated wood systems under immersion or exposure conditions. Hygroscopicity,
reported in 7% of articles, was used to describe the moisture sorption behaviour under
varying relative humidity conditions.

Swelling behaviour after water exposure was less frequently evaluated and was
reported in only 3% of the reviewed studies, typically expressed in terms of anti-swelling
efficiency (ASE), which describes the effectiveness of treatments in reducing dimensional
changes in wood under moisture exposure. All water and moisture-related properties are
presented in Table 8.

Table 8. Overview and frequencies of the water- and moisture-related properties in the reviewed
studies.

No. Parameters Frequency of
Occurrence (n)

Relative Frequency
[%] References

1 Contact angle
(wettability) 24 32 [28,29,38,40,43,49,52–55,57,62,64,67–

71,73,75,82,88,93,96]
2 Water absorption 8 11 [33,37,53,66,67,73,87,89]
3 Hygroscopicity 5 7 [28,29,55,69,94]
4 Swelling (ASE) 2 3 [33,67]

The influence of the nanomaterials on the colour parameters according to the CIELAB
system was investigated in 38% of the reviewed articles. These measurements were pri-
marily used to quantify the changes in the lightness (L*), chromatic coordinates (a*, b*),
and overall colour difference (∆E), enabling an assessment of the aesthetic stability and
potential discolouration effects of the nanomodified coatings over time.

Gloss measurements were reported in 11% of the studies and used to evaluate changes
in surface reflectance, which is closely related to the optical appearance of the treated wood.
Self-cleaning and photocatalytic activity were reported in 14% of the articles; however,
these terms were not consistently distinguished in the analysis.

Hardness was measured in about 15% of the articles and surface roughness in 9% of
the studies.

The surface functional properties used in the reviewed studies are presented in Table 9.
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Table 9. Overview and frequencies of the surface functional properties in the reviewed studies.

No. Parameters Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Colour parameters (CIELAB) 28 38 [24,28,29,31,35,37–40,47–51,54,55,57–
59,62,65,70,74,81,93–96]

2 Gloss 8 11 [25,35,38,40,59,75,81,93]

3
Photocatalytic
activity/self-cleaning
properties

10 14 [29,32,33,44,45,47,53,56,69,73]

4 Surface roughness 7 9 [29,39,50,64,70,74,96]
5 Hardness 7 9 [35,42,50,56,65,75,94]
6 Pencil hardness 4 5 [25,35,54,64]

The surface mechanical properties of the materials were most commonly tested using
abrasion resistance (about 15% of articles). Some studies also examined the effect of
impregnation on the strength properties of wood, particularly compression parallel to
the grain.

In surface film coatings, elongation was reported in 5% of the articles, while coating
adhesion was evaluated in 7% of the articles, typically to assess the bonding strength
between the coating layer and the wood substrate. All data are presented in Table 10.

Table 10. Overview and frequencies of the mechanical and surface properties in the reviewed studies.

No. Parameters Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Abrasion resistance 11 15 [25,29,35,53,60,64,68,73,75,83,84]
2 Strength properties 6 8 [24,26,50,66,87,89]
3 Tensile strength/elongation 4 5 [25,26,75,82]
4 Coating adhesion 5 7 [24,35,37,75,80]

3.3.2. Durability Tests

The most commonly reported test related to the biological durability of nanocoatings
was decay fungi resistance, noted in 15% of the reviewed articles. Studies were also
conducted on resistance to mould fungi (9% of articles) and the antibacterial properties
of wood with nanomodified treatments (8%). A limited number of studies investigated
insect resistance, suggesting a research gap in this area (3% of articles). Biological resistance
properties used in the reviewed studies are presented in Table 11.

Table 11. Overview and frequencies of biological resistance in the reviewed studies.

No. Parameters Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Decay fungi resistance 11 15 [30,48,50,51,54,56,58,78,79,81,90]
2 Mould resistance 7 9 [44,58,61,76,77,86,93]
3 Antibacterial activity 6 8 [32,45,46,75,82,95]
4 Insect resistance 2 3 [52,92]

The most common ageing factors in the reviewed articles were UV exposure (36% of
articles) and leaching (16%). Some studies also evaluated the durability of nanocoatings
under humidity fluctuations, high-temperature exposure, and natural weathering (each
reported in approximately 8% of articles). Less frequently, acid and alkaline exposure, as
well as water exposure (mostly applied in ageing chamber conditions), were considered

https://doi.org/10.3390/app16136489

https://doi.org/10.3390/app16136489


Appl. Sci. 2026, 16, 6489 12 of 37

(below 5% of articles). The frequencies of ageing and weathering resistance tests are
presented in Table 12.

Table 12. Overview and frequencies of ageing and weathering resistance tests in the reviewed studies.

No. Tests Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 UV exposure 27 36
[28,29,31,33–35,38–

40,44,46,47,49,54,55,57,59,62,64,65,68–
70,74,93,94,96]

2 IR exposure 3 4 [58,65,74]
3 Water exposure 4 5 [39,40,64,70]
4 Humidity fluctuations 6 8 [28,29,39,40,74,94]
5 High temperature exposure 6 8 [39,40,70,74,80,87]
6 Acid and alkali exposure 3 4 [53,68,73]
7 Natural weathering 5 7 [24,51,53,63,83]
8 Leaching 12 16 [28,33,49,57,60,63,76,77,86,90,91,95]

Nanomaterials can be used as antimicrobial and antifungal coatings and impregnation
agents. Wood preservation treatments are essential for increasing the service life of timber
by imparting bactericidal, fungicidal, and insecticidal properties [85]. The analysed litera-
ture indicates that studies related to biological degradation and ageing of nanomodified
materials (excluding UV durability tests) account for less than 15% of the reviewed articles,
highlighting a significant research gap in this area.

3.4. Human Safety Tests End Environmental Impact

Research on the safety assessment of nano-based wood treatments was reported in
only five of the reviewed articles (7%), indicating an important research gap in this area.
The methods and findings of these studies are summarised and discussed in relation to key
guidelines for the design of safe and sustainable nanomaterial-based products proposed by
OECD [103].

Most research on nanomaterial safety has focused on nanoparticles of Cu com-
pounds [41,83,85]. Analysis of the most important human health effects associated with
nanoscale copper-based wood preservatives was conducted using the SUNDS methodol-
ogy [104,105]. The Decision Support System developed within the EU FP7 SUN project was
designed to estimate environmental, occupational, and consumer health risks associated
with nanomaterials used in industrial products throughout their life cycle [41,85]. Based
on simulations and risk assessment methods applied to nano-treated wood products, the
main exposure scenarios identified were as follows:

• Inhalation of nanoparticles by workers during the preparation of coating formulations
involving the handling and mixing of nanoscale powders;

• Inhalation or accidental ingestion of nanoparticles by workers during mechanical
processing operations, such as scraping, sanding, and sawing of nano-treated wood;

• Hand-to-mouth transfer of nanoparticles from impregnated wood surfaces, represent-
ing a particularly relevant exposure pathway for children.

Due to these risks, nanoparticles can enter the mouth and digestive system or the
lungs via inhalation [85].

Safety studies of potentially hazardous particles released during the abrasion of
nanoparticle-treated wood were conducted using micronised copper azole (MCA)-treated
wood as an example. Particle size distribution was analysed to estimate potential depo-
sition in the respiratory system. Toxicological evaluation was performed in vitro using
human lung cells (A549) and immune system cells (THP-1-derived macrophages). Cellular

https://doi.org/10.3390/app16136489

https://doi.org/10.3390/app16136489


Appl. Sci. 2026, 16, 6489 13 of 37

responses were assessed using cytotoxicity measurements and oxidative stress indicators,
such as reactive oxygen species (ROS) production determined by the DCF assay. The results
suggested that the observed cytotoxicity of MCA was more likely associated with released
Cu2+ ions rather than with nanoparticles themselves. Therefore, toxicity assessment of
nanoparticle-based wood coatings and preservatives should include not only nanoparti-
cle effects but also all components of impregnation formulations, as well as potentially
hazardous particles released during the service life of nanoparticle-treated wood [84].

An important method used for testing dermal transfer of nanomaterials is the CPSC
wipe sampling method. In this procedure, a cloth was dragged over a 50 cm distance across
treated samples, and the copper retained on the cloth was subsequently extracted with
nitric acid. In addition, abrasion-based sampling was performed to simulate board wear, in
which weathered samples were sanded, and the amount of copper released immediately
after sanding was quantified [83].

Simulated dermal contact tests showed that potential exposure is strongly associated
with the degradation of the coated material. Leaching experiments show a decrease in zinc
nanoparticle release after lumber ageing, whereas dermal contact studies indicate increased
potential exposure when coatings are applied to aged substrates [63]. It is the reason why
coatings should be applied soon after drying lumber, as this reduces nanoparticle removal
during dermal contact tests [60].

As the marketing and application of nano-enabled products continue to expand in
both commercial and residential sectors, there is a growing need to develop reproducible
methods for quantifying the release and transformation of nanoparticle-based additives
under realistic use conditions. Risk assessment approaches include quantitative methods
incorporating risk-control measures across the life cycle of nano-enabled products, which
are of practical relevance for industrial applications [85].

A wide range of safety testing and risk-assessment frameworks for nanomaterials has
been developed by the Organisation for Economic Co-operation and Development (OECD),
which provides methodological guidance for the further development of research in this
field [101,103,106,107].

Current regulatory frameworks for furniture and building materials primarily address
chemical composition and the emissions of hazardous substances, such as formaldehyde
and VOCs [108,109]. However, specific requirements for the release of nanoparticles during
the service life of nano-treated wood products remain limited, suggesting a potential gap
between emerging nanotechnology applications and existing safety regulations.

3.5. Testing Standards and Standardisation of Nanomaterials

Normative testing procedures were reported in more than 54% of the reviewed articles.
The most common field in which standardised methods were applied was colour and
gloss evaluation (14% of articles). Examples of standards used for these measurements
include the UNI EN 15886 protocol [54,58], ASTM D523–14:2008, ASTM D2244-14 [62], and
EN ISO 2813 for gloss determination [110–113].

Standardised procedures for fungal durability assessment were reported in 11%
of the articles. Examples of standards applied for fungal-resistance testing include
EN 113:1996 [78,114], ASTM D2017 [48,56,115], and EN 152–1:1990 [50,116].

Standardised ageing and artificial-weathering procedures were also reported in 11% of the
reviewed articles, with EN 927-6 [117] being the most frequently used protocol [38,93]. Stan-
dardised abrasion tests were identified in 8% of studies, while hardness-related standards
were reported in 7%. Other properties were less frequently evaluated using standardised
testing procedures. All data are presented in Table 13.
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Table 13. Overview and frequency of testing standards used in the reviewed studies.

No. Standards Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Testing standards—total 40 54 [24–26,28,29,35–40,42,45,46,48,50,54,56,58,62,64,
65,70,72,74,75,77,78,80,81,84,86,87,89,90,92–96]

2 Colour and gloss measurement
standards 10 14 [25,35,37,38,40,54,58,62,74,93]

3 Fungal durability standards 8 11 [48,50,56,78,79,90,92,93]
4 Ageing and weathering standards 8 11 [38,40,45,64,65,70,74,93]
5 Abrasion testing standards 6 8 [25,29,35,42,64,75]
6 Leaching standards 4 5 [28,77,86,91]
7 Hardness testing standards 5 7 [25,35,64,65,75]
8 Coating adhesion standards 4 5 [35,37,75,80]
9 Antimicrobial activity standards 2 3 [46,86]
10 Water-related property standards 3 4 [54,64,87]
11 Other testing standards 17 23 [24–26,36,37,39,56,70,72,74,81,84,87,89,94–96]

In 2005, the ISO Technical Committee (TC) 229—Nanotechnologies was established
to support standardisation in the field of nanotechnology. Several key working areas of
the committee include terminology and nomenclature, measurement and characterisa-
tion, health, safety and environmental aspects, and material specifications. The termi-
nology and nomenclature group aims to establish clear and harmonised definitions for
nanotechnology-related concepts. Measurement and characterisation activities focus on
developing standards for analytical methods, metrology, reference materials, and testing
procedures. The health, safety, and environmental group is responsible for developing
science-based standards for the safe use and environmental impact of nanomaterials, while
material specifications define the relevant properties and characteristics of manufactured
nanomaterials [118].

By 2026, ISO/TC 229 has published 117 standards and has another 37 standards
under development. The use of these normative references in nanotechnology research
is strongly recommended because they improve reproducibility, comparability, and har-
monisation of experimental procedures. However, the reviewed studies showed lim-
ited implementation of nanotechnology-specific standards developed by ISO. A com-
plete catalogue of ISO/TC 229 standards can be accessed through the ISO database
(https://www.iso.org/committee/381983/x/catalogue/, accessed on 26 May 2026).

Using local or international standards of testing is important to compare outcomes
from different researchers and improve the level of knowledge about the quantitative
influence of nanomaterials.

3.6. Statistical Methods

The choice of statistical methods in studies on wood coatings modified with nanoma-
terials depends strongly on the experimental design and the number of investigated factors.
In most analysed articles, the results are reported using descriptive statistics, primarily
mean values and standard deviations. However, in many studies, detailed methodological
descriptions of statistical procedures are limited or absent, as shown in Table 14.

Analysis of variance (ANOVA) was the most frequently reported inferential statis-
tical method in the reviewed literature. In many cases, it was referred to generically as
“ANOVA”, without specification of the model structure or experimental design. Only a
subset of studies explicitly indicated the use of one-way ANOVA.
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Table 14. Overview and frequencies of the statistical methods in the reviewed studies.

No. Method Frequency of
Occurrence (n)

Relative
Frequency [%] References

1 Descriptive statistics (mean values,
standard deviations) 24 32 [24,25,29,35,38–40,47,48,50,55,58–60,62–

64,70,77,81,83,90,93,95]
2 Significance level (p < 0.05) 13 18 [24,30,47,48,50,51,59,66,67,74,80,89,95]
3 One-way ANOVA 6 8 [37,50,64,74,80,91]
4 ANOVA (not specified) 16 22 [28,30,33,39,48,51,52,59,62,63,67,70,79,87,89,95]
5 Tukey’s test 13 18 [24,28,37,39,40,48,52,56,59,63,70,79,87]
6 Duncan’s test 6 8 [33,62,64,80,89,95]
7 Shapiro–Wilk test 3 4 [30,50,78]
8 Bartlett’s test 2 3 [24,78]
9 Kruskal–Wallis test 2 3 [24,30]
10 Other statistical methods 1 9 12 [24,41,50,51,66,78,80,85,91]

11 Not described 31 42 [27,31,32,34,36,42–46,49,53,54,57,61,65,68,69,71–
73,75,76,82,84,86,88,92,94,96,100]

1 Single-occurrence methods included the following: Student’s t-test, linear mixed models, bootstrapping tech-
niques, Welch’s test, robust statistical approaches, regression analysis, Wilcoxon rank-sum test, Grubbs’ test, and
Fisher’s least significant difference (LSD) test.

One-way ANOVA is used to determine whether statistically significant differences
exist between groups defined by a single independent variable (e.g., nanoparticle type or
concentration) with respect to a dependent variable (e.g., hardness, abrasion resistance,
or durability). While one-way ANOVA enables identification of statistically significant
differences among treatment groups, it does not account for interaction effects among
multiple factors.

For more complex experimental designs involving multiple independent variables,
factorial ANOVA may be used to evaluate both main effects and interactions among factors,
such as different additives, wood species, or application methods.

In a broader methodological context, the general linear model (GLM) framework
may also represent a useful analytical approach, as it allows simultaneous analysis of
multiple predictors and their interactions. Such approaches are particularly relevant for
nanomodified coating systems, where combined effects of nanoparticle type, concentration,
and substrate properties may influence performance outcomes. Although these more
advanced modelling approaches were not explicitly reported in the reviewed literature,
their application in related materials science studies suggests potential value for improving
the robustness and interpretability of statistical analyses.

Before applying parametric tests, the assumptions of normality and homogeneity of
variances should be verified. In the analysed literature, only isolated examples of diagnostic
procedures were identified. The Shapiro–Wilk test was used to assess normality, while
Bartlett’s test was used to evaluate homogeneity of variances [24,30,50,78].

When assumptions for parametric analyses are violated, alternative statistical ap-
proaches may be applied. In the reviewed articles, non-parametric methods such as the
Kruskal–Wallis and Wilcoxon rank-sum tests were used, along with bootstrapping, Welch’s
test, and robust statistical procedures [24,30,50]. Although these methods may provide
more reliable analyses under non-normal or heteroscedastic conditions, their application in
the reviewed studies was limited.

Post hoc comparisons were performed when ANOVA revealed significant differences.
The most commonly applied post hoc test was Tukey’s HSD test, followed by Duncan’s
multiple range test. Fisher’s least significant difference (LSD) test was also occasionally
used [51]. Outlier detection was occasionally performed using Grubbs’ test for outliers [24].

Statistical significance was commonly evaluated using a p < 0.05 threshold. In general,
a p-value greater than 0.05 indicates insufficient evidence to reject the null hypothesis and
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should not be interpreted as definitive proof of the absence of an effect. However, within
nanotechnology studies, non-significant results may also have practical relevance depend-
ing on the research objective. In studies evaluating treatment stability, colour difference,
or safety-related properties of modified materials, the absence of significant differences
between treated and reference samples may represent an acceptable or practically relevant
outcome depending on the study objective. In the context of nanomodified coatings, this
may be particularly relevant for tests related to human safety or potential adverse effects,
where the objective is to demonstrate that nanoparticle incorporation does not negatively
affect selected properties.

Overall, the reviewed literature indicates that while basic statistical methods are widely
used, more advanced experimental designs and multivariate statistical approaches remain
underrepresented. Improved reporting of statistical assumptions, clearer specification of
ANOVA models, and broader adoption of factorial and mixed-model approaches could
significantly enhance the robustness and interpretability of future studies on nanomodified
wood coating systems.

4. Co-Occurrence Analyses and Discussion
To identify dominant experimental approaches and relationships among investigated

variables, a co-occurrence analysis was performed based on the binary dataset. Heatmaps
were used to visualise the frequency with which specific materials, nanomaterials, treatment
methods, characterisation techniques, durability tests, and evaluated properties appeared
together within individual studies. This approach enabled the identification of prevailing
research gaps and underrepresented areas.

4.1. Materials and Application of Wood Surface Treatments

The co-occurrence patterns between treatment methods and nanoparticle types are
presented in Figure 2. The results indicate a clear preference for a limited number of
treatment–nanoparticle combinations. Titanium dioxide (TiO2), the most frequently investi-
gated nanomaterial, was predominantly associated with nanoparticle synthesis, brushing,
and immersion treatments. Similarly, ZnO systems were most commonly linked to brushing
applications, highlighting the importance of surface coating approaches in wood nanomod-
ification studies.

Figure 2. Co-occurrence of treatment methods and nanoparticle types used in the analysed studies.

https://doi.org/10.3390/app16136489

https://doi.org/10.3390/app16136489


Appl. Sci. 2026, 16, 6489 17 of 37

Among all treatment methods, brushing emerged as the most frequently applied
technique across different nanoparticle systems, suggesting its widespread acceptance as a
simple and effective method for nanomaterial deposition on wood surfaces. Immersion
treatments were also commonly associated with TiO2-based systems, whereas vacuum-
assisted impregnation methods were used less frequently and were limited to selected
nanoparticle types.

In contrast, nanolignin and nanocellulose showed a markedly different application
profile. These materials were predominantly associated with nanoparticle synthesis rather
than conventional wood-treatment methods. This pattern suggests that current research
on bio-based nanomaterials remains focused on material development and characterisa-
tion, while their practical implementation in wood-treatment systems is comparatively
less explored.

The co-occurrence structure presented in Figure 3 further demonstrate that most
frequent pairing was softwood–TiO2, indicating its role as a primary nanoparticle in wood
nanomodification studies.

Figure 3. Co-occurrence of treated material and nanoparticle types used in the analysed studies.

Zinc oxide (ZnO) exhibit a balanced distribution across softwood and hardwood.
Identical occurrence frequencies in both substrate types, suggesting that their application is
largely independent of wood type and reflects broader material compatibility rather than
substrate-specific selection. Silicon dioxide (SiO2) and other nanoparticle systems were less
frequent but were predominantly associated with softwood substrates.

The co-occurrence analysis between treatment methods and treated materials are
presented in Figure 4.

The results reveal a strong concentration of research efforts on softwood substrates,
which were most frequently associated with nanomaterial synthesis, brushing, immersion,
and vacuum-impregnation treatments. These combinations represent the dominant experi-
mental configurations identified in the analysed studies, indicating that softwood serves
as the principal model material for evaluating nanomaterial-based wood-modification
strategies.
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Figure 4. Co-occurrence of treatment methods and treated material used in the analysed studies.

The predominance of softwood is consistent with its dominant role in the global
construction sector. In the United States, softwood species account for more than 80% of
total lumber consumption and are primarily used in residential construction and engineered
timber products such as glued laminated timber (GLT) and cross-laminated timber (CLT) [2].
The growing mass-timber sector is expected to further increase demand for softwood
resources, reinforcing their importance as the principal substrate for the development of
advanced wood-protection technologies [119]. Consequently, the strong focus on softwood
observed in the analysed literature reflects the practical need to develop nanomodified
treatments for the most widely used structural wood products.

A similar pattern was observed for hardwood substrates; however, the frequency
of co-occurrence was lower than that recorded for softwood. This finding is consistent
with the primary use of hardwoods in furniture production, flooring, joinery, veneers,
and decorative products rather than in structural timber applications [3,4]. The relatively
frequent occurrence of exotic wood species may also be explained by their use in specialised
products requiring unique aesthetic, acoustic, or mechanical properties, including decora-
tive veneers and musical instruments [4]. In contrast, poplar and bamboo, although less
frequently represented, reflect the importance of these materials in Asian markets. Poplar
constitutes a major raw material for the Chinese plywood industry, while bamboo remains
one of the most important rapidly renewable lignocellulosic resources used in construction
and furniture production in China [3].

Overall, the co-occurrence structure indicates that contemporary research is strongly
focused on modifying softwood using a limited number of well-established treatment
techniques, particularly brushing, immersion, and vacuum impregnation with methods
of nanomaterial synthesis. This pattern reflects current industrial wood-preservation
practices, in which softwood species dominate construction applications and are commonly
protected through impregnation-based technologies. Vacuum impregnation and pressure-
based treatments are widely employed for preservative applications in softwood products,
while surface treatments applied by brushing or coating are gaining importance due to the
growing demand for highly processed wood products requiring reduced on-site labour,
improved durability, and enhanced resistance to environmental degradation [9].

The co-occurrence analyses presented in Figures 2–4 reveal a highly structured research
landscape dominated by a limited number of experimental configurations. Softwood
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emerged as the primary substrate, most frequently treated with TiO2- and ZnO-based
systems using brushing and immersion methods. The results indicate that methodological
choices are not randomly distributed but rather follow a well-established wood type–
nanomaterial–treatment method, suggesting a relatively narrow experimental approach
within the field. In contrast, alternative substrates and emerging bio-based nanomaterials
remain comparatively underrepresented and are characterised by greater methodological
diversity.

4.2. Testing and Instrumental Methods

The co-occurrence patterns of physicochemical and instrumental characterisation
methods are presented in Figure 5. The most frequently observed analytical configuration
was the combined use of SEM and EDS, reflecting the complementary nature of morpholog-
ical and elemental characterisation. Other commonly co-occurring method pairs included
SEM–XRD, EDS–XRD, ATR-FTIR–SEM, TGA–SEM, UV-Vis–SEM, and SEM–TEM.

Figure 5. Co-occurrence of physicochemical and instrumental characterisation methods used in the
analysed studies.

These results indicate that scanning electron microscopy (SEM) occupies a central
position within the analytical framework of nanomodified wood research. SEM was
frequently combined with elemental (EDS), structural (XRD), chemical (FTIR), thermal
(TGA), optical (UV-Vis), and high-resolution imaging (TEM) techniques, demonstrating its
role as the primary tool for complementary material characterisation.

The observed co-occurrence patterns are consistent with current recommendations for
nanomaterial characterisation, which emphasize the use of complementary analytical tech-
niques based on independent measurement principles [101]. Electron microscopy provides
direct visual evidence of nanoparticle morphology, distribution, and agglomeration state,
whereas techniques such as EDS, XRD, FTIR, UV-Vis, and TGA supply elemental, structural,
chemical, optical, and thermal information, respectively. The frequent combination of these
methods reflects the need to characterise nanomodified coatings simultaneously at the
morphological, compositional, and functional levels.

The relatively limited use of AFM and CLSM suggests that three-dimensional surface
characterisation and coating architecture remain less explored than conventional electron
microscopy. Future studies could benefit from a more integrated use of these techniques,
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particularly when investigating surface roughness, coating thickness, and nanoparticle
distribution within multilayer coating systems.

The co-occurrence between treatment methods and evaluated properties is presented
in Figure 6.

Figure 6. Co-occurrence of testing methods and treatment methods used in the analysed studies.

The most frequent associations were observed for brushing treatments combined with
UV exposure testing and colour parameter measurements (CIELAB). This indicates that
studies primarily focus on assessing the appearance-related properties of nanomodified
treatments. Contact-angle measurements, leaching and gloss evaluation also frequently
co-occurred with brushing treatments, although at lower frequencies.

A second prominent group of associations was identified for immersion treatments.
In these studies, UV exposure, mould resistance, colour parameters, leaching resistance,
and contact-angle measurements were commonly evaluated. This pattern suggests that
immersion-based treatments are often investigated for both durability performance and
surface property modification.

In contrast, most other treatment–property combinations occurred at relatively low
frequencies and did not form clearly defined clusters. The absence of strong co-occurrence
patterns outside the dominant brushing and immersion-based systems.

Overall, the results suggest that current research is strongly focused on assessing UV
resistance and surface-related properties, particularly colour stability and wettability, while
many other performance characteristics remain comparatively underexplored.

The co-occurrence between evaluated properties and durability tests is presented in
Figure 7.
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Figure 7. Co-occurrence of the tested mechanical and physical properties and durability tests used in
the analysed studies.

The strongest associations were observed between UV exposure tests and the assess-
ment of colour parameters (CIELAB), as well as contact-angle measurements. This finding
indicates that artificial weathering studies primarily focus on monitoring changes in the
surface appearance and wettability following exposure to ultraviolet radiation.

Apart from the UV exposure–colour and UV exposure–wettability combinations,
no clearly defined clusters of durability tests and evaluated properties were identified.
Durability-related factors, such as humidity fluctuations, water exposure, high-temperature
exposure, acid and alkali resistance, natural weathering, and biological degradation tests,
showed relatively weak and scattered associations with the assessed material properties.

The absence of well-defined co-occurrence patterns suggests that ageing and degra-
dation processes are not systematically integrated into the evaluation of nanomodified
wood systems. Instead, most studies focus on short-term assessments of surface-related
properties, while the long-term effects of environmental exposure on the performance and
durability of nanomaterial-based wood treatments remain comparatively underexplored.

The results demonstrate that research on nanomaterial-based wood modification pri-
marily focuses on material characterisation and the evaluation of physical and mechanical
properties. In contrast, studies addressing long-term durability, fire performance, and
standardised ageing procedures remain relatively limited.

Several limitations of the review process should be acknowledged. The analysis was
restricted to publications indexed in the Web of Science and Scopus databases and to studies
published within the last ten years, and it is characterised by substantial methodological
heterogeneity. Furthermore, variations in terminology used across different research fields
may have affected the retrieval of relevant studies. The relatively small number of publica-
tions addressing fire performance suggests that some relevant studies may not have been
captured by the applied search strategy.
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Although the search strategy identified a substantial body of literature on nano-
material-based wood modification, studies focusing specifically on fire performance and
fire testing were underrepresented in the final dataset. This may reflect limitations related
to database coverage, keyword selection, or inconsistencies in terminology used across
different research fields.

The findings highlight the need for greater standardisation of research methodologies
used to evaluate nanomaterial-based wood-treatment systems. Future studies should place
greater emphasis on long-term durability, fire performance, and environmentally relevant
ageing procedures. The development of harmonised testing protocols may improve com-
parability between studies and facilitate the practical implementation of nanotechnology-
based wood protection systems in industrial applications.

Overall, the co-occurrence analyses revealed a highly concentrated research land-
scape characterised by a limited number of dominant wood type–nanomaterial–treatment
method combinations and analytical workflows. Softwood substrates, TiO2 and ZnO-based
nanomaterials, brushing and immersion treatments, and SEM-centred characterisation
strategies represented the most common experimental configurations. At the same time,
the results highlighted the limited exploration of alternative substrates, emerging bio-
based nanomaterials, and long-term durability assessments, indicating several potential
directions for future research.

5. From Scientific Research to Commercial Application
The commercial implementation of nanomaterial-based wood protection systems

requires not only the development of effective treatment technologies but also compliance
with regulatory frameworks governing construction products. For products intended for
use in the building sector, technical performance must be evaluated in relation to legal
requirements, harmonised standards, and assessment procedures that define the essential
characteristics required for market introduction.

From a research and development perspective, these requirements provide an im-
portant reference for selecting performance criteria, designing experimental programmes,
and identifying the key properties that should be verified before commercialisation. Con-
sequently, the analysis of applicable regulations and assessment documents can be used
to define research priorities and establish testing strategies that support both product
development and future certification.

5.1. Regulatory Requirements and Essential Product Characteristics

To project and implement new nano-based wood treatments to market, a useful tool is
the OECD report, which identifies the most important nanoproduct properties, provides
hints for planning research according to the Technology Readiness Level, and presents
recent digital tools for planning new nanotechnology solutions [103].

New nano-based wood treatments intended for building applications should com-
ply with relevant local legal requirements and standardised testing protocols. In the
European Union, the assessment of building materials is regulated through harmonised
standards and regulatory frameworks that define the required performance and safety
parameters [108,109,120]. Within the European product families defined under applica-
ble regulations, nanomodified wood coatings may fall into several categories, including
the following:

1. Code 3: Membranes, including liquid applied and kits (for water and/or water vapour
control).

2. Code 21: Internal and external wall and ceiling finishes. Internal partition kits.
3. Code 35: Fire stopping, fire sealing and fire protective products. Fire-retardant products.
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The most probable applications of nano-based wood treatments in the building indus-
try include their use in watertight liquid-applied coatings and fire-retardant compositions.
Such products must comply with requirements defined in relevant European Assessment
Documents [121,122].

Nanotreatments intended for fire-retardant products or kits are typically evaluated us-
ing standardised methods. Reaction to fire should be assessed in accordance with EN 13238,
including single burning item (SBI) tests [123], while the durability of fire-protective perfor-
mance after weathering can be evaluated using cone calorimeter methods (ISO 5660-1) [124].
Abrasion resistance for fire-retardant flooring systems should be determined according to
EN ISO 7784-2 [125]. Emissions of semi-volatile organic compounds (SVOCs) and volatile
organic compounds (VOCs) are assessed in accordance with EN 16516 [126]. Leaching
behaviour is evaluated using CEN/TS 16637-2:2014 [127].

The European Assessment Document EAD 350865-00-1106 also defines requirements
for biological performance testing and exposure to varying relative humidity conditions. In
addition, production and quality-control parameters for fire-retardant formulations include
solids content, viscosity, density, sag resistance, ash content, drying time, brightness, pH,
and abrasion resistance. The document also provides guidance on thermogravimetric
analysis and infrared spectroscopy for material characterisation [122].

The EAD 030352-00-0503 standard [121] defines requirements for liquid-applied wa-
tertight covering kits intended for use on wet room floors and walls. Such systems can
also be applied to engineered timber elements, including cross-laminated timber (CLT), as
protective surface coatings to enhance water resistance and overall durability [121].

The standard includes methods for assessing the content, emission, and/or release
of dangerous substances; vapour permeability; water tightness; crack-bridging ability;
bond strength; scratching resistance; joint-bridging ability; and watertightness around
penetrations. In addition, it covers resistance to temperature, water, alkalinity, and
mechanical wear.

Overall, aligning research methodologies with these normative references can facilitate
the standardisation, comparability, and potential commercialisation of nanotechnology-
based fire-protective and water-proofing wood coatings.

The development of nano-based wood treatments intended for building applications
requires not only the optimisation of material performance but also alignment with regu-
latory frameworks governing construction products. In particular, the successful market
introduction of such technologies depends on the early consideration of essential safety,
environmental, and functional requirements defined within European regulatory systems.
From a research and development perspective, this implies that experimental design should
not be limited to performance enhancement alone but should also incorporate evaluation
criteria relevant to product certification and compliance.

For nano-based wood treatments, the identification of essential product characteristics
is required within the regulatory framework for construction materials [89,90]. These
essential requirements can be grouped into the following key categories [121,122]:

1. Fire safety and combustion control: the generation and spread of fire and smoke.
2. Emission of hazardous substances indoors and to the environment: the emissions

of hazardous substances, greenhouse gases, toxic gases, and hazardous particles,
including microplastics.

3. Water and soil protection: the release of hazardous substances into drinking water,
ground water, marine and surface waters, or soil is controlled.

4. Moisture and water transfer: the passage of moisture into the interior of the building,
or dampness within construction works.
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5. End-of-life and circularity aspects: the reuse or recyclability of treated woods after
end-of life.

Consequently, future studies should systematically address the key categories of prop-
erties that determine the suitability of nanomodified wood coatings for commercialisation.
These include aspects related to fire safety, emissions and indoor air quality, environmental
release pathways, moisture and structural integrity, waste management, and end-of-life
considerations. Integrating these categories at the material design and testing stage can
significantly improve the translational potential of laboratory-scale developments into
market-ready construction products.

5.2. Framework for Further Research and Development Works

The analysis of testing standards, regulatory requirements, and assessment proce-
dures presented in the previous sections provides a basis for planning future research and
development activities related to nanomaterial-based wood protection systems. However,
the successful implementation of such technologies requires not only compliance with
technical and regulatory requirements but also a structured development pathway leading
from fundamental research to commercial application.

Technology Readiness Levels (TRLs) provide a widely recognised framework for
managing this process by linking scientific research, proof-of-concept studies, product
development, durability assessment, certification activities, and market implementation.
In parallel, the OECD Safe and Sustainable by Design (SSbD) framework emphasises the
integration of functionality, safety, and sustainability considerations throughout the entire
innovation process. The following sections propose a research and development framework
for nanomaterial-based wood protection technologies based on the combined application
of TRL methodology, SSbD principles, and the research directions identified through the
analysis of the reviewed literature.

5.2.1. TRL 1—Basic Principles Observed and Reported

At TRL 1, research focuses on identifying and understanding the fundamental physic-
ochemical properties of nanomaterials and their potential relevance for future wood protec-
tion applications. At this stage, potential applications may be identified, but performance
requirements, product specifications, and validation procedures are not yet defined [128].

According to the OECD Safe and Sustainable by Design (SSbD) framework, early-
stage nanomaterial research should address the following three key aspects: functionality,
safety, and sustainability [103]. For nanomaterial-based wood coatings, this includes the
selection of promising nanomaterials, mechanism of impregnation or a coating application,
identification of design principles, evaluation of physicochemical stability, and assessment
of the potential impacts on human health and the environment. Sustainability-related
considerations include the use of renewable or critical raw materials, resource efficiency,
recyclability, and circularity potential throughout the product life cycle.

Fundamental characterisation is typically performed using microscopic, spectroscopic,
thermal, and colloidal characterisation techniques. Electron microscopy (SEM, TEM, STEM)
and atomic force microscopy (AFM) are used to determine nanoparticle morphology,
particle size, agglomeration state, and surface topography. Spectroscopic and structural
techniques, such as FTIR, UV–Vis, EDS, and XRD, provide information on chemical compo-
sition, molecular structure, crystallinity, and elemental distribution. Thermogravimetric
methods (TGA and DTG) are applied to investigate thermal stability and degradation
behaviour, while DLS, zeta potential, and viscosity measurements are used to evaluate
particle size distribution, dispersion quality, and colloidal stability of nanomaterial sus-
pensions [102]. Fundamental research at TRL 1 encompasses not only the characterisation
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of nanomaterials themselves but also the development of scientific methodologies for
investigating durability, ageing mechanisms, environmental interactions, and long-term
performance. Such studies establish the scientific basis for the future evaluation of weather-
ing resistance, hydrophobicity, UV protection, fire performance, antimicrobial activity, and
other functional properties relevant to wood protection systems.

In parallel, the OECD SSbD framework recommends the early identification of physic-
ochemical properties potentially associated with human and environmental hazards, in-
cluding particle size, shape, surface characteristics, reactivity, dissolution behaviour, and
the potential for release during future use scenarios [103]. Sustainability-related consider-
ations should also be introduced at this stage, including the expected use of critical raw
materials, resource efficiency, and the potential recyclability of future products.

Consequently, TRL 1 research establishes the scientific basis required for subsequent
formulation development, proof-of-concept studies, and safe-and-sustainable-by-design
optimisation at higher technology readiness levels.

5.2.2. TRL 2—Technology Concept or Application Idea

At TRL 2, knowledge generated during fundamental research is translated into prelim-
inary technological concepts and potential application scenarios. For nanomaterial-based
wood protection systems, this stage involves the identification of promising nanomaterials,
target wood products, intended service conditions, and potential market applications.
Potential functionalities, such as weathering resistance, hydrophobicity, UV protection, fire
retardancy, antimicrobial performance, self-cleaning ability, or extended service life, are
identified according to anticipated user needs and application requirements. Although the
expected benefits of the technology are formulated, experimental proof of effectiveness has
not yet been demonstrated [128].

According to the OECD Safe and Sustainable by Design (SSbD) framework, func-
tionality, safety, and sustainability considerations should already be integrated into the
technology concept [103]. Potential nanomaterials are selected based on physicochemical
properties and mechanisms identified during TRL 1 studies, while preliminary assessments
are performed regarding raw material cost and availability, environmental and human
health impact, recyclability, and end-of-life scenarios.

At this stage, performance requirements remain general and broadly defined but
consistent with the proposed application concept [128]. Activities in TRL 2 may include
identification of target users, preliminary market analysis, assessment of acceptable pro-
duction costs, evaluation of potential distribution pathways, and identification of relevant
legal, regulatory, and standardisation requirements.

The activities presented in Section 5.1, including the identification of relevant stan-
dards, testing methods, performance requirements, and regulatory frameworks, represent
part of typical TRL 2 works supporting the formulation of a technology concept and devel-
opment strategy. The outcome of this stage is a scientifically and commercially justified
concept describing the intended application, expected functionality, potential risks, and the
key parameters to be verified during proof-of-concept studies at TRL 3.

5.2.3. TRL 3—Analytical and Experimental Proof of Concept Critical Function

At TRL 3, critical functions associated with the proposed technology concept are
experimentally verified under controlled laboratory conditions. The objective is not yet to
comprehensively assess product performance, durability, or regulatory compliance, but
rather to demonstrate that the key functionality underlying the technology concept can be
achieved [128].
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For nanomaterial-based wood protection systems, proof-of-concept studies focus
on the most critical functional properties associated with the intended application. For
fire-retardant treatments, this may include preliminary determination of gross heat of com-
bustion according to EN 1716 [129] and preliminary fire-performance assessment, like cone
calorimeter tests. Hydrophobic and moisture-protective systems are typically evaluated
through contact-angle measurements, water absorption tests, and moisture-related proper-
ties. For coating technologies intended for construction applications, critical functions may
additionally include water vapour permeability, coating adhesion, dimensional stability,
and resistance to moisture-induced swelling and cracking.

According to the OECD Safe and Sustainable by Design (SSbD) framework, TRL 3
should also include preliminary verification of critical safety-related characteristics [103].
For nanomaterial-based systems, this may involve initial assessment of nanoparticle release
during abrasion, leaching, weathering, or other degradation processes, together with
screening-level evaluation of potential human and environmental hazards.

The outcome of TRL 3 is the experimental demonstration that the proposed technology
concept is capable of delivering its intended critical function and that no fundamental technical
or safety-related barriers have been identified prior to further technology development.

5.2.4. TRL 4—Component Functional Verification in Laboratory Environment

At TRL 4, the individual functions demonstrated during proof-of-concept studies
are integrated into a laboratory-scale prototype of the product to verify that the differ-
ent components operate together as intended. For nanomaterial-based wood protection
technologies, this typically involves the preparation of complete coating or impregnation
systems consisting of nanomaterials, binders, additives, and wood substrates according
to the proposed treatment technology. Verification of compliance with the functional re-
quirements specified during TRL 2 is performed under controlled laboratory conditions
and remains limited to small-scale laboratory testing [128].

The primary objective of TRL 4 is to establish the base performance of the developed
material system and to verify that the intended properties can be achieved simultaneously.
Therefore, testing focuses on the reference functional properties of the product rather than
on long-term durability. Depending on the intended application, the assessed properties
may include preliminary fire performance (e.g., cone calorimeter tests), emissions and
release of hazardous substances, water vapour permeability, watertightness, wettability
(contact angle), water absorption, hygroscopicity, swelling resistance, colour and gloss
properties, photocatalytic activity, abrasion resistance, coating adhesion, hardness, surface
roughness, mechanical performance, and biological resistance against moulds, decay fungi,
insects, or microorganisms. Preliminary assessments of human safety and environmental
compatibility should also be conducted at this stage [103].

In parallel with laboratory performance verification, TRL 4 activities should include
optimisation of formulation design, manufacturing procedures, and treatment technologies.
For nanomaterial-based wood protection systems, this may involve the development of
laboratory-scale impregnation or coating processes, optimisation of nanomaterial con-
tent, reduction in raw-material consumption, improvement in application efficiency, and
adaptation of the technology to existing industrial production reality. The objective is to
demonstrate that the proposed technology can be manufactured and applied in a repeatable
manner while maintaining the intended functional properties.

At this stage, a preliminary techno-economic assessment should be performed. Es-
timated production costs, scalability of the manufacturing process, availability of raw
materials, compatibility with industrial application methods, and potential market accep-
tance should be evaluated before progressing to extensive durability and environmental
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ageing studies. The objective is to establish a laboratory-scale prototype representing a
minimum viable product (MVP) from a technological and commercial perspective.

TRL 4 is also an important decision point within the innovation process. If the de-
veloped technology cannot realistically satisfy the requirements identified during TRL 2,
including technical feasibility, economic viability, regulatory constraints, or market ex-
pectations, further optimisation may be required before advancing to higher technology
readiness levels. In some cases, the identified limitations may indicate the need to revisit
the technology concept formulated at TRL 2 or even return to TRL 1 research to investigate
alternative nanomaterials, physicochemical mechanisms, or design principles capable of
overcoming the observed barriers.

The outcome of TRL 4 is a laboratory-verified nanomaterial-based wood protection
system with the established base performance characteristics, preliminary manufacturing
procedures, and an initial assessment of its technical, economic, safety, and implementation
potential. These results provide the basis for progression to durability validation and
environmental exposure studies under relevant service conditions at TRL 5.

5.2.5. TRL 5—Component Critical Function Verification in a Relevant Environment

At TRL 5, the critical functions tested during TRL 3 and TRL 4 are assessed under
representative service conditions relevant to the intended application. The objective is to
demonstrate that the developed nanomaterial-based wood protection system maintains
its functionality when exposed to environmental factors expected during its service life.
Although the tested specimens may still be laboratory-scale prototypes, they should be
representative of the final product in terms of composition, manufacturing process, and
treatment technology [128].

For wood protection systems, the relevant environment is typically defined by the prin-
cipal degradation factors expected during service. Depending on the intended application,
these may include ultraviolet radiation, water exposure, humidity fluctuations, biological
attack, leaching, abrasion, or combinations of these factors. Consequently, TRL 5 research
is primarily focused on artificial ageing procedures and durability assessment methods
designed to reproduce relevant environmental exposures under controlled conditions.

The functional properties determined during TRL 4 are re-evaluated following envi-
ronmental exposure. The objective is not only to determine whether degradation occurs
but also to quantify the magnitude of the performance loss and identify the dominant
degradation mechanisms.

TRL 5 also enables verification of assumptions adopted during TRL 2 regarding
product durability, service life, and suitability for the intended application. Where critical
performance losses or unexpected degradation mechanisms are identified, modifications
to the formulation, application technology, or product concept may be required. In some
cases, the obtained results may justify returning to earlier development stages in order to
optimise the technology before further scale-up.

According to the literature review and the OECD Safe and Sustainable by Design
(SSbD) framework, TRL 5 represents a critical stage for evaluating the potential impacts of
nanomaterial-based wood protection systems on human health and the environment [103].
At this stage, environmental ageing procedures can be combined with the assessment
of nanoparticle release and exposure pathways. Particular attention should be given to
quantifying nanoparticle emissions and degradation products generated during service-life
simulation.

An important method used for assessing potential dermal transfer of nanomaterials
from treated ageing surfaces is the standardised surface wipe testing method developed
by the Consumer Product Safety Commission (CPSC) to simulate dermal contact with
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nanomaterial-based products [60,63]. Combined with ageing procedures, release measure-
ments, and cytotoxicity testing, such approaches provide valuable information regarding
the potential risks associated with the long-term use of nanomaterial-based wood protection
systems. The generated data support both technology optimisation and the development
of safe-by-design solutions before progression to larger-scale validation studies.

The outcome of TRL 5 is the demonstration that the developed nanomaterial-based
wood protection system can maintain its critical functions under representative environ-
mental conditions. Small-scale durability studies at TRL 5 provide a means to identify
critical degradation mechanisms and technological weaknesses before large-scale validation.
Because testing is conducted on small-scale laboratory specimens, unsuccessful solutions
can be modified and re-evaluated at significantly lower cost and shorter development time
than would be possible at higher technology readiness levels.

5.2.6. TRL 6—Model Demonstrating the Critical Functions of the Element in a
Relevant Environment

At TRL 6, the developed nanomaterial-based wood protection technology is evaluated
using representative product models that closely resemble the intended final application
in terms of materials, dimensions, manufacturing procedures, and treatment technology.
The objective is to demonstrate that the critical functions previously verified during TRL 5
remain effective when implemented in realistic product configurations and exposed to
relevant service conditions [128].

For wood protection systems, TRL 6 should involve the transition from laboratory-
scale specimens to representative building products and structural elements. These may
include [123,130] façade claddings, decking boards, windows, doors, structural timber
members, or pilot-scale demonstrator constructions. The investigated elements should be
manufactured using application methods, process parameters, and material compositions
representative of the intended industrial implementation.

Artificial ageing procedures may be supplemented by outdoor exposure tests, semi-
natural weathering experiments, pilot-scale demonstrations, or field trials. Representative
elements may be exposed to natural weathering conditions, including solar radiation,
rainfall, humidity fluctuations, biological attack, and wetting–drying cycles. Such studies
enable verification of ageing processes under realistic service conditions and provide
valuable information on the expected service life of the developed technology.

For fire-retardant wood protection systems, TRL 6 should involve the transition from
small-scale fire testing methods used during TRL 4 and TRL 5, such as cone calorimeter
tests, to intermediate-scale fire performance assessment. In the European construction
sector, this may include single burning item (SBI) testing according to EN 13823 and
classification of reaction-to-fire performance according to EN 13501-1 [123,130]. These
tests verify whether the fire performance demonstrated on laboratory specimens can be
maintained in representative product configurations and treatment systems.

According to the OECD Safe and Sustainable by Design (SSbD) framework, TRL 6
should include more comprehensive assessment of human health and environmental
aspects under realistic use scenarios [103]. This may involve evaluation of nanoparticle
release during weathering, abrasion, maintenance operations, cleaning procedures, or
end-of-life processing. Exposure pathways identified during earlier development stages
should be verified using representative product configurations and service conditions.

TRL 6 also provides the basis for preliminary implementation planning. Manufactur-
ing reproducibility, quality-control procedures, production scalability, and expected service
life should be reassessed based on results from representative demonstrators. Remaining
technical uncertainties should be sufficiently reduced to support pilot implementation and
larger-scale validation activities.
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The outcome of TRL 6 is a representative product model demonstrating that the
nanomaterial-based wood protection technology can reliably deliver its intended func-
tionality under relevant service conditions. At this stage, the technological feasibility of
the solution is largely confirmed, with the remaining uncertainties primarily related to
full-scale implementation and long-term performance under operational conditions.

5.2.7. TRL 7–9—Validation, Certification and Commercial Deployment

While the previous technology readiness levels are primarily concerned with testing
and verifying performance, TRL 7–9 aim to demonstrate that the developed technology
can be successfully manufactured, certified, and distributed to end users [128].

At TRL 7, the performance of the developed technology is demonstrated under op-
erational conditions using full-scale or near full-scale product models. For nanomaterial-
based wood protection systems, this may include pilot-scale production and demonstrator
structures, such as façade systems, decking elements, parts of timber buildings, or other
representative applications exposed to real environmental conditions.

At this stage, demonstration projects may be implemented in real construction works.
According to European construction-product regulations, individually manufactured or
custom-made products intended for a single identified construction work may be placed
on the market using specific technical documentation demonstrating compliance with
the applicable requirements and equivalence of the procedures used to those specified
in harmonised standards [108]. Such simplified procedures may facilitate the practical
verification of innovative technologies before full certification is obtained.

At TRL 8, the technology is considered technically complete and ready for market
introduction. Manufacturing procedures, quality control systems, and supply chains are
established as the product undergoes final qualification and certification. For construction
products, this stage may involve obtaining European technical assessments (ETAs), CE
marking, national approvals, or other certification pathways required for commercialisation.
Product documentation, application guidelines, and safety information should also be
completed at this stage.

For nanomaterial-based products, compliance with chemical regulations becomes
particularly important. Depending on the composition and intended use of the product,
registration and safety assessment requirements under REACH should be fulfilled, includ-
ing nanoform-specific data, where applicable [120]. Information generated during earlier
development stages regarding exposure, release, toxicity, and environmental behaviour
may support the preparation of regulatory dossiers and safe-use recommendations.

TRL 9 is reached when the technology is successfully implemented and operated
under real service conditions. For nanomaterial-based wood protection systems, this
includes commercial production, market deployment, and long-term use in buildings and
infrastructure. The technology is no longer evaluated as a prototype or demonstrator but
functions as a commercial product within its intended operational environment.

Activities at TRL 9 should include post-market monitoring, long-term durability
observations, collection of user feedback, and verification of environmental and health
performance throughout the product life cycle. Information gathered during operational
use can support future product improvements and refinement of the achieved properties.

According to the OECD Safe and Sustainable by Design (SSbD) framework, TRL 9
should also include continuous assessment of occupational, consumer, and environmental
safety associated with large-scale production and use of nanomaterial-based products [103].
Depending on the application and exposure scenarios, activities may include periodic occu-
pational exposure measurements, health surveillance of exposed workers or consumers.
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From a sustainability perspective, industrial-scale production enables comprehensive
life-cycle evaluation of the developed technology. At this stage, environmental impacts
may be quantified using life-cycle assessment (LCA) methods, taking into account actual
manufacturing processes, transport, service life, and end-of-life scenarios. The resulting
data can support the preparation of Environmental Product Declarations (EPD Type III)
in accordance with EN 15804 and related standards, providing transparent and verified
environmental information for building-sector users [131].

The outcomes of TRL 7–9 are the successful transformation of a laboratory-developed
technology into a commercially implemented product with demonstrated performance,
established manufacturing procedures, regulatory acceptance, verified environmental and
safety impacts, and documented essential characteristics.

6. Conclusions
This study analysed the current state of research on nanomodified wood coatings and

related testing approaches. The following conclusions can be drawn:

1. Approximately half of the reviewed studies used normative references for testing
the physical, mechanical, and durability properties of nanomodified coatings and
preservatives, particularly for colour and gloss evaluation, fungal durability, and
ageing and weathering resistance. However, standardised testing procedures were
less frequently applied in other areas, such as abrasion resistance and leaching tests. In
general, many of the methods used to assess the physical, mechanical, and durability
properties of the nanomodified coatings and preservatives do not fully comply with
harmonised European standards for nanomaterials intended for civil engineering
applications.

2. Standardisation of testing methods for nanomaterials is still under development.
A wide range of techniques and guidance documents is provided within OECD
frameworks and ISO/TC 229 standards. The use of standardised procedures for
nanomaterial sample preparation and testing represents a clear direction for future
research; however, further development and harmonisation of these standards are
still required.

3. Only a small number of studies addressed the safety and biological durability of
nanomaterial-based wood treatments, indicating a significant research gap in this area.

4. Safety assessments and nanoparticle emission scenarios suggest that the most appro-
priate application of nanotechnology-based wood treatments may be industrial pre-
fabrication processes, particularly surface modification of engineered timber products
such as CLT and GLT, rather than on-site application. This approach may reduce occu-
pational exposure risks and ensure higher quality and more controlled coating condi-
tions, thereby minimising nanoparticle release and improving coating performance.

5. The co-occurrence analyses revealed a limited number of dominant wood type–
nanomaterial–treatment combinations and identified the most frequently applied
analytical approaches in nanomaterial-based wood-modification studies. Softwood
was the most commonly treated substrate and was predominantly associated with
TiO2- and ZnO-based nanomaterials applied by brushing and immersion. SEM-
centred characterisation strategies represented the most frequently used analytical
framework. The results further demonstrated a strong research focus on colour stabil-
ity and wettability, while comprehensive long-term durability assessments remain
relatively scarce, highlighting important opportunities for future research.
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Abbreviations
The following abbreviations are used in this manuscript:

Spectroscopy Techniques:
ATR Attenuated Total Reflectance (mode to FTIR)
DRS Diffuse Reflectance Spectroscopy
FTIR Fourier Transform Infrared Spectroscopy
UV-Vis Ultraviolet–Visible spectroscopy
Microscopy Techniques:
ATM Atomic Force Microscopy
CLSM Confocal Laser Scanning Microscopy
FE-SEM Field Emission Scanning Electron Microscopy
SEM Scanning Electron Microscopy
STEM Scanning Transmission Electron Microscopy
TEM Transmission Electron Microscopy
X-ray Techniques:
EDS Energy-Dispersive Spectroscopy
EDX Energy-Dispersive X-Ray Spectroscopy
XRD X-Ray Diffraction
XRPD X-Ray Powder Diffraction
Thermal Analysis Methods:
DSC Differential Scanning Calorimetry
DTA Differential Thermal Analysis
TA Thermal Analysis (including TGA, DSC, and DTA)
TGA Thermogravimetric Analysis
Other:
DLS Dynamic Light Scattering
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50. Paul, D.; Humar, M.; Tesařová, D.; Petrič, M.; Gaff, M. Nanoparticle-based impregnation coatings for wood: Improving
hydrophobicity, mechanical properties, and blue stain fungi resistance through structure–property relationship. J. Mater. Sci.
2025, 60, 13381–13397. [CrossRef]

51. Hernandez, V.A.; Sagredo, N.; Riquelme, J.; Romero, R.; Evans, P.D. Fungal Colonization of Weathered Radiata Pine Surfaces
Protected with Inorganic Nanoparticles and Coatings. Forests 2023, 14, 1338. [CrossRef]

52. Urriza, L.M.C.; Acda, M.N.; Grande-Flores, J.O. Polymethylmethacrylate and polydimethylsiloxane coatings with nano TiO2 and
ZnO: Surface property and resistance against drywood termite. Results Surf. Interfaces 2025, 21, 100684. [CrossRef]

53. Srivastava, A.A.; Bondarev, V.P.; Kostyleva, E.I.; Novikov, A.N.; Fukina, D.G.; Markov, A.N.; Markin, Z.A.; Kazarina, O.V. Doped
TiO2 and oligoalkylhydrosiloxane-based surface modifiers with self-cleaning and hydrophobic properties. Next Mater. 2026, 10,
101414. [CrossRef]

54. Weththimuni, M.L.; Milanese, C.; Licchelli, M.; Malagodi, M. Improving the Protective Properties of Shellac-Based Varnishes by
Functionalized Nanoparticles. Coatings 2021, 11, 419. [CrossRef]

https://doi.org/10.3390/app16136489

https://doi.org/10.3390/polym14204463
https://www.ncbi.nlm.nih.gov/pubmed/36298042
https://doi.org/10.3390/polym13162609
https://www.ncbi.nlm.nih.gov/pubmed/34451149
https://doi.org/10.1016/j.ijbiomac.2023.128827
https://www.ncbi.nlm.nih.gov/pubmed/38134989
https://doi.org/10.3390/coatings10030296
https://doi.org/10.1007/s11998-016-9848-7
https://doi.org/10.3390/coatings7100172
https://doi.org/10.3390/ma11091653
https://www.ncbi.nlm.nih.gov/pubmed/30205474
https://doi.org/10.3390/nano9111568
https://www.ncbi.nlm.nih.gov/pubmed/31694326
https://doi.org/10.1080/17435390.2018.1472314
https://www.ncbi.nlm.nih.gov/pubmed/29893192
https://doi.org/10.1039/C9RA05200C
https://www.ncbi.nlm.nih.gov/pubmed/35530478
https://doi.org/10.15376/biores.11.2.4605-4620
https://doi.org/10.1016/j.culher.2017.04.006
https://doi.org/10.1177/1847980420909188
https://doi.org/10.3390/coatings9060403
https://doi.org/10.3390/coatings10111033
https://doi.org/10.4067/S0718-221X2017005000901
https://doi.org/10.4067/S0718-221X2021000100438
https://doi.org/10.1007/s10853-025-11247-0
https://doi.org/10.3390/f14071338
https://doi.org/10.1016/j.rsurfi.2025.100684
https://doi.org/10.1016/j.nxmate.2025.101414
https://doi.org/10.3390/coatings11040419
https://doi.org/10.3390/app16136489


Appl. Sci. 2026, 16, 6489 34 of 37

55. Lozhechnikova, A.; Bellanger, H.; Michen, B.; Burgert, I.; Österberg, M. Surfactant-free carnauba wax dispersion and its use for
layer-by-layer assembled protective surface coatings on wood. Appl. Surf. Sci. 2017, 396, 1273–1281. [CrossRef]

56. De Peres, M.L.; Delucis, R.D.A.; Amico, S.C.; Gatto, D.A. Zinc oxide nanoparticles from microwave-assisted solvothermal
process: Photocatalytic performance and use for wood protection against xylophagous fungus. Nanomater. Nanotechnol. 2019, 9,
184798041987620. [CrossRef]

57. Tuong, V.M.; Huyen, N.V.; Kien, N.T.; Dien, N.V. Durable Epoxy ZnO Coating for Improvement of Hydrophobicity and Color
Stability of Wood. Polymers 2019, 11, 1388. [CrossRef] [PubMed]

58. Weththimuni, M.L.; Capsoni, D.; Malagodi, M.; Licchelli, M. Improving Wood Resistance to Decay by Nanostructured ZnO-Based
Treatments. J. Nanomater. 2019, 2019, 6715756. [CrossRef]
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