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Abstract

Lignocellulosic bio-based materials, such as wood, biocomposites, and natural fibers,
exhibit desirable structural properties. This comprehensive review emphasizes the foun-
dational and latest advancements in bioinspired improvement strategies, such as direct
mineralization, biomineralization, lignocellulosic nanomaterials, protein-based treatments,
and metal-chelating processes. Significant focus was placed on biomimetics, emulating
natural protective mechanisms, with discussions on relevant topics including hierarchical
mineral deposition, free-radical formation and quenching, and selective metal ion binding,
and relating them to lignocellulosic bio-based material property improvements, particu-
larly against fire and fungi. This review evaluates the effectiveness of different bioinspired
processes: mineralized and biomineralized composites improve thermal stability, nanocel-
lulose and lignin nanoparticles provide physical, thermal, and chemical barriers, proteins
offer biochemical inhibition and mineral templating, and chelators interfere with fungal
oxidative pathways while simultaneously improving fire retardancy through selective
binding with metal ions. Synergistic approaches integrating various mechanisms could
potentially lead to long-lasting and multifunctional protection. This review also highlights
the research gaps, challenges, and potential for future applications.

Keywords: lignocellulosic materials; bioinspired strategies; bio-based materials; thermal
properties; fire retardancy; fungal durability

1. Introduction
Lignocellulose, which constitutes the structural backbone of all land plants, is the most

abundant and renewable source of organic biomass on Earth [1]. The effective use of ligno-
cellulosic biomass feedstock, including forestry and agricultural residues, could facilitate a
global shift from a fossil fuel-dependent economy to a more sustainable future [2–5]. The
structure of lignocellulosic biomass consists mainly of crystalline cellulose fibrils (40–50%)
embedded in an amorphous matrix of hemicellulose (20–30%) and cross-linked by aromatic
lignin polymers (15–30%). This provides a combination of physical, chemical, and thermal
properties [6]. For many years, wood and other lignocellulosic materials have been used
as functional building materials in the construction, furniture-making, and packaging
industries due to their high strength-to-weight ratio, low density, flexibility, and good ther-
mal insulation [7,8]. However, the organic components of lignocellulosic materials render
them susceptible to environmental degradation. The two most significant vulnerabilities
limiting their service life, performance, and application range are their high flammability
and susceptibility to biodeterioration by wood-decay fungi [9–13]. The standard method in
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mitigating these vulnerabilities has been to impregnate wood with broad-spectrum biocidal
chemicals and fire retardants (FR). Traditional wood preservation strategies rely on chemi-
cal treatments containing heavy metals, such as chromated copper arsenate (CCA), and
toxic organic pollutants, such as creosote and pentachlorophenol [14–16]. While effective in
the prevention of fungal and insect attacks, these treatments have come under scrutiny due
to their serious environmental and human health risks. The leaching of toxic components
like arsenic, copper, and chromium from treated wood into soil and groundwater, their
subsequent bioaccumulation in food chains, and the generation of hazardous waste at the
end of the product’s life lead to severe ecological issues [17]. Similarly, traditional fire
retardants, such as halogenated compounds, can release toxic and corrosive gases during
combustion [18]. Others, particularly acidic inorganic salts, promote the acid hydrolysis of
wood, leading to a significant loss of structural integrity and mechanical strength, which
is a problem exacerbated by elevated temperature [19,20]. In response to these hazards,
strict regulatory pressures and a growing global demand for sustainable building mate-
rials are driving an urgent search for effective, non-toxic, and environmentally friendly
alternatives [14].

Bioinspired methods through biomimetics offer a new model for materials designed
or engineered by mimicking the strategies perfected by nature through evolution, build-
ing upon the presence of extractives in wood and the use of naturally durable minerals
against biodegradation [21–24]. A good example of this approach is biomineralization, the
process by which living organisms construct highly organized organic–inorganic hybrid
materials such as bone, teeth, and mollusk shells [25,26]. These natural composites exhibit
exceptional strength, hardness, and toughness by exerting precise, nanoscale control over
the nucleation, growth, and hierarchical assembly of mineral crystals, a process guided
by an organic matrix of proteins and polysaccharides [27,28]. Bioinspired methods do
not rely on introducing exogenous and toxic chemicals to inhibit decay organisms and
combustion. Instead, the strategy leverages the intrinsic porosity of the wood cell wall and
lumen network as a natural scaffold and the presence of functional groups on the surface of
the material, wherein it is possible to induce an in situ formation or deposition of a mineral
phase onto the material’s structure or lignocellulosic modifications using renewable and
environmentally friendly resources [29–32]. These processes do not merely preserve wood;
they facilitate transforming it into a functional, bio-inorganic, hybrid composite. The result-
ing material derives its protection not from toxicity, but from engineered properties, such as
the thermal stability and non-combustibility inherent in minerals leading to reduced heat
transfer, the formation of physical barriers that impede fungal growth, and the alteration
of degradation pathways during combustion to favor the formation of stable, insulating
char. This artificial petrification through mineralization offers a path to improve the perfor-
mance of lignocellulosic bio-based materials, such as wood, natural fibers, biopolymers,
and other polymeric composites. This review provides a comprehensive investigation
of bioinspired and bio-based strategies for enhancing the thermal properties (specifically
thermal degradation and fire retardancy) and fungal durability of lignocellulosic biomate-
rials. The review was structured to establish the degradation mechanisms of wood and
other lignocellulosic materials, followed by a detailed discussion of enhancement strategies.
The scope will encompass (1) direct mineralization; (2) in situ biomineralization through
the use of bacterium; (3) the application of nanostructured biopolymers, including lignin
nanoparticles (LNPs) and cellulose nanocrystals (CNCs); (4) the studies involving proteins
for property improvements; (5) the use of metal chelation to improve the thermal properties
of lignocellulosic materials; and lastly, (6) the use of chitosan as a multifunctional bio-based
polysaccharide to improve both the fungal and fire resistance of lignocellulosic materials.
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This review was developed using a structured literature search and narrative synthe-
sis approach. Peer-reviewed journal articles and relevant conference papers, published
primarily between 2010 and 2025 and with emphasis on the last three years, were identified
using major scientific databases (Google Scholar, Web of Science, and Scopus). Keyword
combinations, such as lignocellulosic materials (wood, natural fibers, biocomposites, and
biopolymers), biodeterioration (fungal decay, mold, brown-rot, white-rot, and soft-rot
fungi), and thermal degradation (fire retardancy, combustion, cone calorimetry, char for-
mation, etc.), along with bioinspired strategies (biomineralization, mineralization, sol–gel
silicification, CaCO3 precipitation, cellulosic nanoparticles, lignin nanoparticles, proteins,
chelation, and chitosan) were utilized during the literature search process. The search
results were screened to prioritize (1) studies reporting quantitative thermal, fire, and
fungal durability performance parameters; (2) treatments with pathways to longevity and
permanence (mineral precipitation, chemical bonding, cell wall deposition, leach resis-
tance); and (3) strategies aligned with green chemistry principles and reduced toxicity
compared to conventional heavy-metal preservatives and halogenated flame retardants.
The selected studies were organized into the strategy classes (sections) used as the main
section structure of this review.

2. Degradation Types
2.1. Biological Degradation

An understanding of the mechanisms of degradation in wood and other lignocellulosic
materials is fundamental to designing effective protective strategies. Degradation can be
broadly categorized into two primary pathways: biological decay by microorganisms and
thermochemical degradation due to heat and fire. The primary wood properties affecting
durability involve the quantity and composition of extractives, such as low-molar-mass
organic compounds generated during heartwood formation. However, additional factors
such as wood anatomy, density, lignin content, and moisture content also play a role
(Figure 1). Wood-decay fungi are the principal cause of biodeterioration in terrestrial
ecosystems and building structures. Their biological activity is dependent on the most
favorable of environmental conditions, particularly wood moisture content above the fiber
saturation point (approximately 30%) and temperatures generally ranging from 10 ◦C to
35 ◦C [33–35]. These fungi are classified into three main groups (brown-rot, white-rot and
soft-rot) based on their mechanisms of degradation.

Brown-rot fungi, such as Gloeophyllum trabeum and Rhodonia placenta, are destructive
to softwood structures, particularly the selective depolymerization of the carbohydrate
components of the cell wall (cellulose and hemicellulose), leaving behind a brittle, brown,
and cubically cracked lignin structure [36–38]. Their specific degradation strategy involves
an initial, non-enzymatic stage driven by a Chelator-mediated Fenton (CMF) system. The
fungus secretes low-molar-mass compounds, such as oxalic acid, which chelate iron ions
present in the wood. These chelators then facilitate a redox cycle that reduces Fe3+ to
Fe2+. The Fe2+ subsequently reacts with hydrogen peroxide (H2O2), also produced by the
fungus, via the Fenton reaction to generate highly reactive and diffusible hydroxyl radicals.
These radicals initiate a rapid, oxidative depolymerization of cellulose and hemicellulose,
breaking them into smaller fragments that can then be assimilated by the hydrolytic
enzymes of the fungi [39].

White-rot fungi, including organisms like Trametes versicolor and Irpex lacteum, are
distinguished by their ability to degrade all major wood polymers, including the highly
recalcitrant and complex lignin structure. The fungi achieve this by utilizing extracellu-
lar oxidative enzymes, primarily laccases and peroxidases (lignin peroxidase and man-
ganese peroxidase), which work in tandem with hydrolytic enzymes to deconstruct and
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degrade the entire lignocellulose matrix [40–43]. On the other hand, soft-rot fungi, such
as Chaetomium thermophilum, are typically active in environments with very high moisture
content or in preservative-treated wood that is resistant to other fungi. They degrade
cellulose and hemicellulose by growing within the secondary (S2) layer of the wood cell
wall, where they secrete cellulolytic enzymes that can erode the wood from the inside,
forming characteristic microscopic cavities [44–46].

Figure 1. Natural durability of wood. Adapted from an open-access reference [34].

2.2. Thermal Degradation

The combustion of wood is a complex thermochemical process requiring three im-
portant components: fuel, or the wood itself, oxygen, and a heat source [47,48]. When
wood is heated, it undergoes pyrolysis, an endothermic thermal degradation process that
occurs in the absence of oxygen. This process occurs in stages, directed through the thermal
stability of constituent polymers. Hemicelluloses are the least stable and begin to degrade
first (180–300 ◦C). Cellulose, with its highly crystalline structure, degrades in a narrower
and higher temperature range (325–400 ◦C). Lignin, an amorphous and highly cross-linked
aromatic polymer, is the most thermally stable component, degrading gradually over a
wide temperature range that extends beyond that of the polysaccharides (>470 ◦C) [49–51].
The pyrolysis of these biopolymers generates three classes of products: (1) non-flammable
gases, such as carbon dioxide (CO2) and water vapor (H2O); (2) a solid, carbon-rich residue
known as char; and (3) a mixture of flammable volatile gases, with levoglucosan from
cellulose being a primary component [52–54]. The visible flame associated with burning
wood is the result of the exothermic gas-phase combustion of these volatile products. This
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combustion is a self-sustaining free-radical chain reaction, propagated by highly reactive
species such as hydrogen and hydroxyl radicals [55].

The main goal of any fire-retardant strategy is the disruption of this combustion cy-
cle. This can be achieved through several mechanisms, which can act in the condensed
phase (wood) or the gas phase (flame) [56,57]. Condensed-phase mechanisms aim to alter
the pyrolysis pathway to favor the formation of a stable, insulating char layer instead
of flammable volatiles. This char layer acts as a physical barrier, insulating the underly-
ing wood from heat and limiting the diffusion of oxygen to the surface [58]. Gas-phase
mechanisms involve the release of non-combustible gases that dilute the fuel–oxygen mix-
ture or the release of radical scavengers that inhibit the combustion chain reaction in the
flame [59,60]. Figure 2 shows the combustion model of an FR material. The degradation
pathways of brown-rot fungi and fire share a similar mechanism through their reliance
on free-radical chemistry. The CMF system employed by brown-rot fungi is initiated by
highly reactive hydroxyl radicals generated via the Fenton reaction, as discussed in the
previous section, while the gas-phase combustion of wood is propagated by a free-radical
chain reaction involving both hydrogen and hydroxyl radicals. This similarity suggests
that a single protective strategy could confer dual resistance against both fungi and fire.
For instance, treatments that introduce antioxidants or radical scavengers into the wood
matrix could simultaneously interfere with the initial oxidative attack of brown-rot fungi
and extinguish the chain reactions that sustain a flame. The structure of lignin, with its
characteristic phenolic groups, already provides this function to a degree, contributing
to the innate durability of wood [61]. Therefore, strategies that enhance or mimic this
radical-scavenging capability, such as the application of lignin nanoparticle coatings or
the introduction of other antioxidants, can lead to the development of multifunctional and
bioinspired lignocellulosic bio-based materials protection treatments.

Figure 2. Combustion model highlighting the condensed and gas phases of a fire-retardant material.
Adapted from an open-access reference [58].

3. Mineralization
3.1. Calcification

Calcification of wood is a promising technique for improving its fire retardancy. The
process typically involves a two-step impregnation of wood with soluble precursors, such
as an aqueous or alcoholic solution of calcium chloride (CaCl2) followed by a solution of
sodium bicarbonate (NaHCO3) or sodium carbonate (Na2CO3), which react deep within
the porous network of wood (after pressure treatment) to precipitate insoluble calcium
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carbonate (CaCO3) [62]. More advanced methods utilize single-component precursors
like calcium acetoacetate, which decomposes to form CaCO3 under controlled humidity
and temperature [63], or employ the alkaline hydrolysis of dimethyl carbonate (DMC)
in the presence of calcium ions [64]. The idea behind this process is the targeting of the
nanoporous cell wall structure in addition to the larger, micron-sized cell lumina. This
can be achieved by controlling the reaction kinetics to promote diffusion deep into the cell
wall prior to precipitation. This strategy avoids the rapid formation of a mineral layer on
the surface or inside large voids, which could potentially block further penetration of the
precursors and result in a less effective and non-uniform treatment [21]. The fire-retardant
mechanism of calcified wood involves both condensed-phase and gas-phase pathways, as
discussed in the previous section. This represents an active chemical fire retardancy, where
the mineral phase directly participates in hindering combustion. When heated, CaCO3

undergoes an endothermic decomposition reaction, which absorbs a significant amount
of thermal energy from the surroundings. This effect serves as a heat sink, cooling the
wood surface and delaying pyrolysis and ignition [65]. The decomposition also releases
a large volume of non-flammable carbon dioxide gas. This gas dilutes the mixture of
flammable volatile gases produced by wood pyrolysis and the ambient oxygen, effectively
raising the energy threshold required to sustain combustion [30]. The solid product of the
decomposition, calcium oxide (CaO), is a thermally stable material. As it remains on the
wood surface, it contributes to the formation of a dense, insulating char-mineral layer. This
layer then acts as a physical barrier that impedes the transfer of heat to the underlying
wood and restricts the outward diffusion of flammable volatiles and the inward diffusion
of oxygen, further inhibiting the combustion process [62,66]. While highly effective for fire
retardancy, the treatment has a relatively limited impact on the mechanical properties or
water resistance of treated wood [62].

Wood is a three-dimensional, anisotropic, and highly porous organic material that can
act as a scaffold for mineralization. Most of the studies in the literature deal with the direct
mineralization of wood, which is the incorporation of inorganic compounds in the wood
structure [67,68]. Calcium carbonate can be introduced and deposited to produce highly
ordered and hierarchically structured materials with enhanced durability and mechanical
properties. Calcium carbonate can be introduced into the wood structure by utilizing
solution exchange cycles of concentrated electrolyte solutions with calcium chloride in
ethanol and sodium bicarbonate in water [29]. The ionic precursors instantaneously react
to form calcium carbonate polymorph structures inside the wood cells. Figure 3 shows the
schematic of direct calcium carbonate mineralization in wood cells via liquid exchange of
supersaturated electrolyte solutions.

Mineralized wood is known to exhibit increased durability and mechanical properties,
resistance against fungal attack, and improved fire retardancy. A study focusing on the
performance enhancement of poplar wood mineralized by calcium carbonate successfully
determined the increase in compressive (15.65%) and flexural (37.66%) strengths [69]. The
same study also reported reductions in maximum heat release rate (HRR), total heat release
(THR), and total smoke production (TSP) as determined by microcalorimetry and cone
calorimetry analyses, at 59.5%, 48.5%, and 51.7%, respectively. Another study combined
mineralization and thermal modifications to improve durability against fungal attacks [70].
They studied the effects of single or combined treatments of European beechwood (Fagus
sylvatica) and Norway spruce (Picea abies) against four different fungi: Gloeophyllum tra-
beum, Rhodonia placenta, Trametes versicolor, and Pleurotus ostreatus. There was an observed
improvement in durability against R. placenta, T. versicolor, and P. ostreatus through thermal
modification. Meanwhile, combined mineralization and thermal treatment produced a
synergistic effect against G. trabeum decay. Lastly, another study utilized spruce mineralized
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by calcium carbonate and tested it in terms of fire retardancy [30]. The researchers found
that mineralized spruce exhibited improved physical and thermal stability after prolonged
heat treatment at 250 ◦C for 20 min. The researchers highlighted that the introduction
of calcium carbonate into the wood structure affected cellulose thermal decomposition
via volatile formation reduction. The heat of combustion of the calcium carbonate/wood
composite they produced as measured by pyrolysis combustion flow calorimetry decreased
by 32–38% relative to unmodified wood. Biomineralization of wood, specifically MICP,
remains an unexplored frontier in terms of developing organic–inorganic materials with
improved thermal and mechanical properties.

 

Figure 3. Schematic of wood cell mineralization via liquid exchange of alternating treatments with
calcium chloride (CaCl2) in ethanol and sodium bicarbonate (NaHCO3) in water. Calcium carbonate
(CaCO3) mineral formation is due to supersaturation. Adapted from an open-access reference [68].

3.2. Silicification

Silicification is a process that mimics natural petrification, where silica-rich groundwa-
ter gradually permineralizes wood over time, replacing organic matter with silica-based
minerals [71]. Reported processes in the literature include impregnating wood with silica
precursors such as aqueous colloidal silica suspensions or organosilanes like tetraethoxysi-
lane (TEOS). TEOS undergoes hydrolysis and condensation via a sol–gel process within the
wood structure to form a network of amorphous silica (SiO2), often referred to as opal-A. To
ensure deep and uniform penetration of these precursors, vacuum-pressure impregnation is
a commonly employed and effective technique. In contrast to the active role of CaCO3, the
protective mechanism of silicification is primarily “passive” and physical. The deposited
SiO2 forms an inert, stable, and hard mineral phase that fills the cell lumina and coats the
cell walls. This vitreous barrier imparts several property improvements. The silica network
physically obstructs the pathways for water ingress into the hygroscopic wood cell walls,
leading to a reduction in water absorption by up to 40%. The intrinsic hardness of the silica
mineral phase (Mohs hardness of around 7 for quartz) improves the surface hardness of
the treated wood. The same research has also shown that the Brinell hardness can be nearly
doubled compared to untreated samples, enhancing resistance to abrasion and mechanical
wear [72]. The non-combustible and thermally stable SiO2 layer acts as an excellent thermal
insulator, as it protects the underlying wood structure from heat, delaying ignition time
from 15 s for native wood to 50 s for silicified wood and reducing the overall thermal
conductivity of the material [73]. The inert silica barrier provides improved weathering re-
sistance and biological attack. However, its protection capability can be limited by the bond
quality between the silica and the wood polymers. The process does not typically form
extensive covalent bonds, which can affect long-term durability and, in some cases, lead to
a decrease in the strength and stiffness of treated wood [74]. The reaction mechanisms of
calcification and silicification highlight a trade-off in mineralization strategies. The active,
chemical fire retardancy offered by CaCO3 versus the passive, physical durability and
hydrophobicity provided by SiO2. A treatment focused solely on calcification may produce
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a highly fire-retardant material that remains susceptible to moisture-induced degradation
and mechanical failures. Conversely, silicified wood might be hard and water-resistant
but possess a less potent fire-retardant capability. This suggests that the most effective and
multifunctional protection could be achieved through a hybrid mineralization approach.
Bioinspired design involves a sequential or co-precipitation process to create a composite
mineral phase. For instance, a durable and hydrophobic layer of SiO2 could be formed in
the outer sections and larger pores of wood to protect it against weathering, while a more
reactive phase of CaCO3 could be precipitated deeper within the nanoporous cell wall
to provide the active fire-retardant functionality. Figure 4 shows the schematic of wood
cell silicification.

Figure 4. Schematic of wood cell silicification via lepisphere growth, settling, and cementation.
Depending on the lepisphere stacking order, the product could either be precious opal or a common
opal. Adapted from an open-access reference [71].
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3.3. Other Mineralization Types

Besides calcification and silicification, other mineralization types exist, such as apatite,
struvite, and zinc borate mineralization, among others. Performance evaluations have
demonstrated the effectiveness of mineralization using other types of minerals. Wood
mineralized with carbonated apatite has shown improvements, with limiting oxygen index
(LOI) values over 60.4% and achieving a rating of UL-94 V-0 [75]. A related study indicated
that struvite-mineralized wood exhibited a mass gain of 80.36% after treatment and was
hardly ignited in a normal atmosphere, as the LOI of the mineralized wood was observed
to be 58.25%, which was about three times higher than that of the natural spruce wood [76].
Another recent study reported successful development of nanostructured wood hybrids
with improved flame retardancy, smoke suppression, mold resistance, and anti-termite
activity via in situ mineralization of nanosized zinc borate (ZnB) particles in wood. There
was an observed increase in LOI from 22.6% to 41.2%, reductions in CO2 yields and smoke
production, and reductions in peak heat release rate (PHRR) and total heat release (THR)
by 46.9% and 47.9% after treatment, respectively [77]. Of the different inorganic minerals
found in nature, only a few have been used in wood research through chemical treatments
and strategies. Examples of these minerals are silica and titania prepared by the sol–gel
process [78,79], aluminosilicates as zeolites prepared by the seeded templating process [80],
calcium phosphate as hydroxyapatite prepared by thermal and hydrothermal processes [81],
and iron oxide in nanocrystalline form synthesized by in situ precipitation [29].

4. Biomineralization
4.1. Background

Biomineralization is the process by which living organisms produce and deposit min-
erals (carbonates, silicates, sulfates, oxides) [82–84]. The biomineralization process involves
a complex interplay of biological and chemical processes, which result in the formation of
structures with unique properties and functionalities, such as organic–inorganic (organism–
matrix) interactions. The process is employed to incorporate specific characteristics into
organic materials, specifically the calcification of wood or other biomaterials for increased
durability by using bacteria through “Microbially Induced Calcium Precipitation (MICP)”
(Figure 5). MICP has been a focus of recent research and extensively used to repair cracks
and enhance the structural integrity of concrete materials [85–87]. Biomineralization in
terms of lignocellulosic bio-based material improvement and protection is a novel approach
to designing green building materials with environmentally friendly methods. Therefore, it
is important to understand the underlying processes concerning the optimal biomineraliza-
tion conditions to enhance the efficiency of the mineralization process and simultaneously
improve the mineral product precipitation and yield. In nature, biomineralization processes
exist in a variety of ways. Biologically controlled mineralization is a process where cells
apply specific spatial, structural, and chemical control over mineral formation. This typi-
cally occurs within specialized, isolated compartments where an organic matrix composed
of proteins and polysaccharides initiates crystal nucleation following a template forming
mineral phases, such as calcite and aragonite [88]. On the other hand, biologically induced
mineralization is more passive. It occurs when the metabolic activities of microorganisms,
such as respiration or photosynthesis, alter the immediate chemical environment by chang-
ing pH or increasing carbonate ion concentration. This ultimately leads to the secondary
precipitation of minerals on or near the cell surfaces [89]. The artificial mineralization
processes applied to wood are biomimetic of these processes, treating the inherent struc-
ture of wood as a pre-existing organic matrix and template, introducing precursors under
controlled conditions to induce the precipitation of the mineral [30].
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Figure 5. Process for quantifying biomineralization (MICP). Adapted from an open-access reference [85].

4.2. Biomineral Formation
4.2.1. Intracellular Biomineralization

Cyanobacteria have played a significant role in forming calcium carbonate deposits
for millions of years and are considered to biomineralize carbonates extracellularly. This
is due to the purpose of calcium carbonate for microorganisms as a metabolic byproduct
or structural support, which is useful if produced extracellularly. The mechanisms of
cyanobacterial carbonate production are not fully understood. However, some species of
cyanobacteria are capable of producing calcium carbonate outside the cell. A cyanobacterial
species, Candidatus Gloeomargarita lithophora, was recently discovered to form intracellu-
lar calcium carbonates [90]. These particular cyanobacteria have received a great deal
of attention from scientists due to their role in carbonate deposits all around the world,
specifically stromatolites, which are almost 3 billion years old [91,92]. Another notable
cyanobacterium to feature intracellular biomineralization is Chroococcidiopsis thermalis PCC
7203 which is capable of forming calcium carbonate and dispersing it throughout its cyto-
plasm [90,93,94]. The size distribution and spatial location of the intracellular carbonates
in different cyanobacterial strains have been discovered to be dependent on specific nu-
cleation sites, such as carboxysomes and cytoskeletal proteins in cyanobacteria [95]. This
does not come without disadvantages, as intracellular dissolved Ca2+, though essential
for metabolic functions, cell signaling, and structure maintenance, may be detrimental to
the cyanobacteria at very high cytosolic concentrations, so it should be tightly regulated
and maintained at very low concentrations [96]. This also means that intracellular calcium
carbonate production in terms of yield will be limited to the cells of the bacteria. Alterna-
tively, the formed intracellular calcium carbonate is transported outside of the cell through
vesicles after a certain limit to prevent the accumulation of the rigid mineral inside the cell.

4.2.2. Extracellular Biomineralization

MICP is mostly due to bacterial extracellular biomineralization and is the result
of bacterial metabolic activity interacting with organic or inorganic materials in their
environment. In extracellular mineralization, the bacterial cell produces a matrix around
the cell that acts as a nucleation site for calcium carbonate deposition. The bacteria actively
transport ions through the cell membrane to the destination nucleation site or store them in
vesicles inside the cell, forming the mineral, which is subsequently transported outside the
cell and deposited [97]. The cell also produces a macromolecular matrix outside the cell
that will serve as a nucleation site. Matrix is loosely defined as organic macromolecules
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composed of carbohydrates and proteins that lead to the assembly of a higher-order 3D
framework [98]. The structure of these resulting matrices is essential in the control and
regulation of biological functions dictating the growth and development of the biominerals.
There are two known pathways involved in extracellular biomineralization. The first
one involves the cellular transport of cations through a membrane pump into the area
surrounding the cell. Outside the cell, the concentration of pumped ions increases and
reaches supersaturation levels; this is gradually maintained by diffusion over long distances
into an organic matrix. For the second pathway, the cations are not pumped out of the cell
but instead collected and stored inside a vesicle until the whole unit is transported outside
the cell. Afterward, the loaded vesicle will interact with the organic matrix, unloading
the cations and forming the biomineral deposits. This pathway is the process exploited
by many researchers in conducting biomineralization studies, such as cartilage and bone
regeneration [99,100]. It is also the process in which animals, such as sea urchins, produce
carbonates and transport them through spicule vesicles, ultimately depositing crystallized
calcite [101]. Both of the biomineralization pathways mentioned require the active supply
of cations to an external organic matrix for mineral nucleation.

Bacterial cells are known to exhibit extracellular biomineralization, and there are a
variety of bacterial species capable of producing calcium carbonate deposits outside of their
cells. One study focused on the use of Bacillus licheniformis DB1-9 to induce carbonate precip-
itation utilizing different magnesium/calcium molar ratios in a lab setting [102]. Another
study highlighted the influence of medium components on the induction of biomineral pre-
cipitation by Bacillus cereus and the subsequent analysis of the formed extracellular matrix
and deposited calcium carbonate [103]. Another important bacterial species, Sporosarcina
pasteurii, has been utilized in countless research studies throughout the years due to its
unique and easily controllable calcium carbonate precipitation through extracellular MICP
that is even capable of producing nanoscale biomineralized crystals [104].

4.3. Biomineralization Types
4.3.1. Biologically Controlled

Biologically controlled mineralization enables microorganisms to direct their energies
into cellular activities deemed necessary for nucleation, morphology, mineral growth, and
deposition site. The degree of control varies widely among and across species, but the
majority of controlled mineralization processes occur in an isolated environment [98]. This
leads to a complicated series of species-controlled products that gives biological function to
the microorganism. Prokaryotes of both Bacteria and Archaea mediate the production and
deposition of a large variety of minerals through biologically controlled mineralization.
This type of mineralization is known to be organic matrix-mediated or boundary-organized
mineralization [105]. The previous section described both intracellular and extracellular
biomineralization, and both are also mediated by the organic matrix as a nucleation site.
Thus, it is generally accepted that biologically controlled mineralization can be either
intracellularly or extracellularly processed.

4.3.2. Biologically Influenced

Biologically influenced mineralization is a passive process in terms of mineralizing the
organic matrix. The organic matrix, such as microbial cell wall or extracellular polymeric
substances (EPS), act as nucleation sites, inducing mineral deposition in supersaturated
solutions. The organic matrix characteristics and properties help influence the morphology,
structure, and composition of the minerals precipitated and deposited [106]. The carbohy-
drate and protein components of the organic matrix directly influence the biomineralization
process and the subsequent formation of high-order 3D crystalline mineral structures [98].
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The process specifically takes place in conditions affected by abiotic factors such as the
removal of excess moisture (evaporation) or gases (degassing) that can hinder the amount
and quality of biominerals deposited on the organic matrix. This also contributes to the dif-
ferences between biominerals and their inorganic counterparts (minerals produced through
abiotic means) in terms of crystallinity, shape, size, and composition [107]. Individual
biomineralization pathways (phylogeny and metabolic activities) of the microorganisms
and biotic/abiotic factors and stresses they experience influence the properties of minerals
precipitated [108].

4.3.3. Biologically Induced

Lastly, biologically induced mineralization is the result of modifying (controlling)
the chemistry of the immediate environment of the microorganism, thereby affecting its
biological activity. Unlike biologically controlled mineralization, the microorganism is
induced to produce minerals and has no control over the shape, size, and structure of the
resulting mineral deposits. It is treated as secondary precipitation of minerals, occurring
due to interactions between the modified biological activity of the microorganism and the
controlled immediate environment. In this process, the surfaces of the microorganisms
act as initiators for nucleation and further mineral growth. The biological activity of
microorganisms has no significant control over the properties of the minerals deposited.
The biological activity of the microorganisms is still capable of basic functions, and the
metabolic processes involved in mineral production are still within the conditions set by
pH, carbon source, and product compositions [98]. Heterogeneous crystal structures are
the signature products of biologically induced mineralization. The relative composition
of minerals produced from induced processes exhibited variations corresponding to the
environment in which they were formed [109]. The variations observed are related to
external morphology, moisture content, elemental composition, particle size, and mineral
structure. MICP is a specific example of biologically induced mineralization. MICP is a
process found everywhere in nature, predominantly where moisture meets microorganisms
capable of utilizing calcium ions in their metabolism, such as caves, sediments (freshwater
and marine), soils, and saline environments [86]. This process is a result of metabolic
interactions between different microbial species with the organic and inorganic substrates
present in their environments. Because of this reason, MICP is widely known in the
literature as a process that can be easily employed in terms of availability, controllability,
reproducibility, and calcium carbonate product quality, most notably in research concerning
repair and self-healing of concrete structures [86,87,110–112]. Figure 6 shows the schematic
differentiation of the mechanisms involved in the biomineralization types discussed.

Figure 6. Schematic diagram visualizing the differences between biologically controlled, biologically
influenced, and biologically induced biomineralization.
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4.4. Factors Affecting Biomineralization
4.4.1. pH

Changes in pH play an important role in biomineralization since it determines the
ionic forms of the substrates required by microorganisms for their mineral production.
pH also contributes to the solubility of the mineral product, and a slight change in pH
might lead to abrupt changes in solubility. In the case of carbonate mineral formation,
a decrease in pH increases its solubility. Besides disrupting the metabolic processes in
microorganisms due to the drop in pH, it also affects the nucleation and growth of minerals,
leading to lower yield or mineral quality. pH also plays a role in the activities of enzymes
required by microorganisms in producing minerals. For MICP, an important enzyme
needed to hydrolyze urea for calcium carbonate mineralization called urease is known to
have optimal activity at pH values between 7.0 and 8.0 [113,114]. Urease activity peaks at
pH levels close to 8.0 and decreases as the pH increases. A study focusing on the effects
of different pH (6, 7, 8, 9, and 10) on two microbial species, Staphylococcus saprophyticus
and Sporosarcina pasteurii, found that the maximum calcite produced was at pH 7 and
most of the precipitation happened within 3 days [85]. Under the same conditions, they
also found that S. saprophyticus produced five times the amount of calcite that S. pasteurii
produced. S. saprophyticus was also discovered to be less sensitive to pH change than S.
pasteurii. The optimal pH reported for S. pasteurii urease activity is 8.0, and the precipitated
calcium carbonate amount increases with pH and reaches optimal mineral yields at pH of
8.7–9.5 [114–116].

4.4.2. Temperature

Temperature also affects the enzyme required for biomineralization. For MICP, both
the solubility of calcium carbonate and urease activity are temperature dependent. Calcium
carbonate solubility increases with temperature, and as such, the changes in calcium
carbonate solubility affect the overall crystal size and morphology of mineral deposits [117].
Meanwhile, urease is known to be active at temperatures ranging from 10–60 ◦C [118]. The
optimum temperature for different ureases ranges from 20–37 ◦C [119]. The kinetics of
calcium carbonate precipitation induced by S. pasteurii was determined, and it was found
that urease activity increased 5 times when the temperature was increased from 15–20 ◦C
and increased 10 times when the temperature was increased from 10–20 ◦C [120]. The
stability of urease was determined to be optimal at 35 ◦C, but a subsequent increase in
temperature to 55 ◦C decreased the urease activity by almost 50% [121]. Two bacterial
species, S. saprophyticus and S. pasteurii, were tested against different temperatures at 10 ◦C
intervals (20, 30, 40, and 50 ◦C) to determine the maximum calcium carbonate precipitation,
which was observed at 30 ◦C [85].

4.4.3. Substrate Concentrations

Urease activity that leads to urea hydrolysis increases pH and uses the resulting am-
monia as a source of nitrogen and energy. The production of ammonia is beneficial to the
metabolism of some microorganisms for the creation of an alkaline environment, making
the system more suitable for calcium carbonate precipitation due to decreased solubil-
ity [114]. Calcium ion (Ca2+) is not directly used as a precursor in bacterial metabolism.
They accumulate outside the cell, where the negatively charged surface of bacterial cells
acts as absorbers of this cation. The binding of calcium ions on the surface renders them
more accessible for subsequent mineral growth. Thus, a calcium source is important for
biomineralization, and calcium ion concentrations are one of the important steps in initiat-
ing mineral deposition on the surface of cells acting as nucleation sites. There is an optimal
concentration of calcium ions needed for the cells to efficiently undergo biomineralization

https://doi.org/10.3390/bioresourbioprod2010003

https://doi.org/10.3390/bioresourbioprod2010003


Bioresour. Bioprod. 2026, 2, 3 14 of 36

processes, which was determined to be at relatively low concentrations of 0.05–0.25 M [122].
The same study also reported that higher concentrations (higher than 0.5 M) of calcium
chloride and urea decrease calcium carbonate precipitation. The researchers also concluded
that biomineralization is more dependent on calcium ion concentration than urea.

4.5. Biomineralization Applications

Biomineralization imparts great significance not just in scientific research but also
in industrial and commercial applications [26,123,124]. Some of the notable applications
of biomineralization include pharmaceutical and drug development, tumor and cancer
targeting, bone and tissue regeneration, 3D printing of natural and synthetic materials,
fabrication of biological scaffolds, environmental engineering (fillers for filters and mem-
branes), and geological applications [106]. Notable recent applications of biomineralization
include remediation research, focusing on heavy metals and radionuclide capture and
recovery [125–127], removal of calcium and copper from wastewater effluent [128–130],
and repair of concrete materials (pavements and buildings) through self-healing technolo-
gies [110,131,132]. Biomineralization is also produced by the human body, as evidenced
by mineralized tissues or organs such as the skeleton, teeth, and otoconia [133]. This
is advantageous since the controlled formation of calcium carbonate will not affect the
immune response of the human body [134], and dysregulation of the biomineralization
processes often leads to diseases [135]. The majority of the natural calcium carbonate in the
human body is found in bones and teeth, and their formation shares several biochemical
pathways and mechanisms regulating the concentrations of calcium and phosphate ions
in the human body [136]. Calcium carbonate is also naturally produced by animals, by
bivalve mollusks, and as a protective coating in avian eggshells [137,138].

5. Lignocellulosic Modifications
5.1. Cellulosic Nanoparticles

The breaking down of lignocellulosic biomass into its constituent polymeric compo-
nents, such as cellulose, hemicellulose, and lignin, and also their subsequent reassembly
into nanostructured materials offers another bioinspired route to functionalization. Cellu-
lose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) leverage the inherent properties
of the lignocellulosic biomass source at the nanoscale, making them suitable for vari-
ous applications such as high-performance additives and coatings for wood protection.
Nanocellulose, extracted from wood pulp or other cellulosic materials, exists in two pri-
mary forms: highly crystalline, rod-like nanoparticles known as CNCs, and longer, more
flexible, and semi-crystalline CNFs [139–143]. Both materials are characterized by their
high mechanical strength, large surface area, and presence of surficial hydroxyl groups,
with applications ranging from reinforced polymer composites, functional films, and coat-
ings [144–146]. When applied to a wood surface as a coating, cellulose nanomaterials form
a dense and interconnected network [147], acting as a starting material for the formation of
a continuous and highly insulating char layer upon exposure to heat and also as a scaffold
for incorporating other FR agents, such as through borylation [148] and graphitization [143].
The stable char functions as a physical barrier that effectively limits heat transfer to the
underlying wood structure and can restrict the outward diffusion of flammable volatile
gases, starving the fire of fuel and heat. The thermal properties of cellulose nanomaterials
can be improved when used in synergistic combination with other FR agents. First, with
expandable graphite (EG), CNCs can serve as a renewable and biocompatible surfactant
and binder for EG particles. CNCs facilitate the dispersion of EG in water and ensure its
adhesion to the wood surface. When exposed to fire, the EG intumesces to form a thick,
porous char, while the CNCs pyrolyze to form a cohesive layer that binds the expanded
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graphite structure together, resulting in a highly effective and stable insulating barrier
that can decrease burning rate (Figure 7) [143]. Meanwhile, with mineral fillers, CNCs
can improve the dispersion of inorganic FRs, such as magnesium hydroxide (Mg(OH)2),
within the polymer matrix. The dispersion prevents the agglomeration of mineral particles
and ensures a more uniform protective effect, leading to a synergistic reduction in the
PHRR from 350 w/g to 121 w/g [149]. Lastly, through chemical modifications, the surface
hydroxyl groups of cellulose nanomaterials can be chemically modified to incorporate
flame-retardant elements. For example, phosphorylation of CNFs, followed by ionic bond-
ing with a nitrogen-rich compound like melamine, creates a potent phosphorus-nitrogen
synergistic FR system [150]. The study reported that the limiting oxygen index for the
30 wt.% retardant-loaded paper was 30%, and the PHRR was reduced by 62.8% compared
to the control, and the treated paper exhibited self-extinguishing behavior. Furthermore, the
highly crystalline nature of nanocellulose makes it inherently more resistant to enzymatic
degradation than the amorphous regions of wood [151]. By improving surface water resis-
tance and reducing moisture absorption, these coatings can also create a microenvironment
that is less conducive to fungal growth [152].

Figure 7. (a) Untreated and (b) treated (CNC) spruce wood samples after exposure to a (c) radiant
heat source. Adapted from an open-access reference [143].

5.2. Lignin Nanoparticles

Lignin, the second most abundant natural polymer, is a complex, three-dimensional
aromatic polyphenol that provides functional and mechanical support in plants, protection
against microbial attack, and serves as UV absorbents due to its oxidation resistance [153].
Large amounts of technical lignin are produced annually as a byproduct of the pulp and
paper industry and have been underutilized, typically being burned for low-value energy
recovery [154–156]. However, by transforming this complex and recalcitrant macromolecule
into uniform, colloidal nanoparticles (LNPs), it is possible to overcome its poor miscibility
by exposing the functional groups and increasing its surface area at the nanoscale [157,158].
The molecular structure of lignin, which is rich in phenolic hydroxyl, methoxyl, and other
functional groups arranged in a complex aromatic network, provides LNPs with several pro-
tective properties that can be applied in wood coatings [159]. Lignin is a natural absorber of
ultraviolet radiation, so naturally, LNP-based coatings are effective UV blockers, due to their
UV-absorbing functional groups, such as phenols, ketones, and chromophores, minimizing
the effects of weathering and color change in outdoor applications [61,160,161]. LNPs have
been demonstrated to improve the Sun Protection Factor (SPF) of sunscreen formulations
due to the free radical scavenging property of the phenolic groups in lignin [162,163]. This
antioxidant capacity allows LNP coating to inhibit oxidative degradation processes initi-
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ated by UV exposure or even by decay fungi. Due to this similarity in oxidative processes,
lignin and its derivatives have demonstrated effective and broad-spectrum antimicrobial
and antifungal activity [61]. LNPs are typically applied to wood as surface treatments via
simple methods like dip-coating or spraying [164,165]. In addition to their direct protective
functions, their colloidal nature and surface chemistry enable them to be ideal nanocarriers
for other active agents. Volatile antimicrobial agents, such as essential oils, can be encap-
sulated within LNPs (Figure 8). This protects the active ingredient from evaporation and
degradation while allowing controlled and sustained release, making it possible to prolong
the protective effects against fungal degradation [166]. In terms of fire retardancy, studies
demonstrated the potential use of LNPs in materials development with FR properties due
to their surface functionality and aromatic structure [167]. Modified LNPs, such as those
coupled with nitrogen- and phosphorus-containing compounds, have shown improved
char formation and flame suppression when applied to lignocellulosic materials, as ev-
idenced by reductions in after-flame characteristics (flame height and combustion time
reduction) in treated cotton fabrics [168]. Similarly, phosphonate and phosphate function-
alization of LNPs and incorporating them into polymeric materials, such as polylactide,
exhibit improved thermal stability and reduced combustibility at relatively low loading
levels [169]. These effects are attributed to the combined action of condensed-phase char
promotion and the size effect, in which uniform dispersion and high specific surface area
enhance the effectiveness of the FR components.

 

Figure 8. SEM micrographs of LNPs encapsulating essential oils from (a,b) Thymus capitatus and
(c,d) Thymus vulgaris. Yellow arrows denote the formation of film-like structures. Adapted from an
open-access reference [166].
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6. Proteins
6.1. Protein-Templated Mineralization

Recent bioinspired strategies involve higher degrees of molecular control to produce
multiple protective mechanisms. These strategies include protein-templated mineralization
and targeted biochemical inhibition utilizing protein specificity, improving lignocellulosic
material properties. During biomineralization, proteins could direct the process of mineral
formation with high degrees of precision. Proteins create confined reaction spaces, transport
and concentrate ions, and act as templates for crystal nucleation, growth, polymorph
selection, and hierarchical organization [28]. Specific domains in proteins rich in acidic
amino acids, such as aspartate and glutamate, exhibit negative charges that selectively bind
cations from solution, subsequently lowering the activation energy required for nucleation
and improving crystal growth [170,171]. This mineralization strategy through protein
templating can be applied in developing bio-inorganic composites. A good example is the
development of biomimetic wood adhesives using soy protein. By itself, commercially
available soy protein adhesive deteriorates due to poor water resistance and low glue
strength, limiting its use as a replacement for formaldehyde-based resins, such as urea-
formaldehyde (UF) and phenol-formaldehyde (PF). But research has shown that soy protein
can be used as a matrix for an in situ precipitation of calcium carbonate. The protein acted
as a template, guiding the formation of organized crystalline arrays of the mineral within
the adhesive layer, while the rigid mineral phase acted as a reinforcement. The presence
of the water-insoluble mineral phase through the ionic crosslinking between calcium ions
and carboxyl groups on the protein chains improved the glue strength and water resistance
properties of the soy-based adhesive [172].

6.2. ε-Poly-L-Lysine

ε-poly-L-lysine (ε-PL) is another protein, which is a polycationic peptide metabolite
produced by microbial fermentation and considered for protecting wood and natural fibers
against fungal degradation. Research studies reported the broad-spectrum antimicrobial
properties of ε-PL against bacteria and molds [173–175]. For wood protection, a recent
study reported that ε-PL can be utilized as a bio-based preservative against wood-decay
fungi, particularly brown-rot species (Gloeophyllum trabeum, Rhodonia placenta) and white-
rot species (Trametes versicolor, Irpex lacteus) [176]. For three of the fungi (G. trabeum, T.
versicolor, and I. lacteus), the minimal inhibitory concentration (MIC) was approximately
3 mg/mL, while for R. placenta, the MIC was higher (~5 mg/mL). Even at lower concen-
trations, ε-PL treatment notably altered the morphology of fungal hyphae, compromising
their ability to grow and degrade wood. The same study treated sapwood samples from
softwood pine and hardwood poplar with varying ε-PL concentrations (1%, 10%, 15% w/v)
while applying vacuum-assisted treatment to promote penetration. Characterization tests
(Fourier-transform infrared spectroscopy and fluorescence microscopy) confirmed that ε-PL
was uniformly distributed across wood cross-sections and interacted with the hydroxyl
groups in wood through hydrogen bonding. After leaching tests, treated wood samples
were inoculated with R. placenta, T. versicolor, or I. lacteus. Control samples typically expe-
rienced mass losses over 15% after fungal attack. In contrast, wood treated with as little
as 1% ε-PL exhibited very low mass loss (<8%), indicating decay resistance. In terms of
thermal properties, thermogravimetric analysis showed that ε-PL-treated wood exhibited
improved thermal stability by 50%, with the principal decomposition peak temperature
shifting from 380 ◦C in untreated wood to 352 ◦C in treated wood [176].
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7. Metal Chelation
7.1. Chelation Mechanism

Another bioinspired strategy involves the targeting of specific biochemical pathways
in decay organisms. The natural durability of many wood species is partly attributed to the
presence of heartwood extractives that function as potential metal-chelating agents [177].
Chelation is a chemical process in which a molecule (the chelator) forms multiple coordina-
tion bonds with a single central metal ion, trapping it within a stable ring-like complex [178].
This strategy can be utilized to provide dual protection against both fungal degradation
and fire. As discussed in previous sections, the destructiveness of brown-rot fungi comes
from their capability to generate hydroxyl radicals via the Fenton reaction, a process that is
dependent on the availability of metal ions, such as ferrous iron (Fe2+). By impregnating
wood with a strong metal chelator, these essential catalytic ions can be sequestered and
rendered unavailable to the fungus, shutting down the Fenton reaction and halting the
decay process at its initial, non-enzymatic stage. Propyl gallate, a derivative of natural
tannins, is a good example of a powerful chelator that has shown efficacy in protecting
wood through this process [39].

7.2. Phytic Acid

Phytic acid (PA), a molecule containing six phosphate groups, is another intrigu-
ing multifunctional agent. Besides being a chelator, this particular structure makes PA
a substantial source of elemental phosphorus and a good FR agent [179–181]. During
combustion, PA and its metal-chelated salts (phytates) provide a multifunctional FR effect.
In the condensed phase, PA decomposes to form phosphoric and polyphosphoric acids,
which can act as catalysts to promote the dehydration of wood polymers, leading to the
formation of a thick, protective char layer. Simultaneously, in the gas phase, PA releases
phosphorus-containing radicals, which are highly effective at trapping the hydrogen and
hydroxyl radicals that propagate the flame, terminating the chain reaction responsible for
combustion [182].

7.3. Polycarboxylic Acids

Polycarboxylic acids, such as citric acid (CA) and tartaric acid (TA), are organic acids
utilized as environmentally friendly chelating agents with metal cation binding capability,
particularly in environmental remediation [183–185]. This process influences metal ion
solubility and bioavailability in soils and aqueous environments. A soil remediation
study showed that citric acid sequesters heavy metals, such as Cd, Pb, Zn, and Cu, from
contaminated soils, with metal speciation shifting toward more extractable forms [186].
Another study reported that CA removed 45.55% of Zn, 31.04% of Pb, 35.64% of Ni, 48.7%
of Cu, and 37.2% of Cd from contaminated soil [187]. Similarly, TA has been shown to
be effective in remediating metals from soil, with removal efficiencies of 62.5% for As,
3.42% for Zn, 16.15% for Pb, 26.34% for Ni, 28.93% for Cu, and 18.76% for Cd [187,188].
These findings confirm that in a medium where metal ions are accessible, CA and TA act as
chelating agents. Applying this process to solid wood or natural-fiber structures suggests
the introduction of organic acid and minerals (CaCO3) into the wood/fiber network through
surface treatment, impregnation, or chemical modification; then these chelating acids could
serve as binding sites for Ca2+ ions [189], potentially improving its thermal properties and
fungal durability. Recent advances in bio-based wood protection strategies emphasize
not only protective coatings but also modification of the wood itself through bio-based
and renewable chemicals (organic acids) to improve durability, structural integrity, and
resistance to environmental stressors [190]. Recent research involving wood and other
plant-based fiber treatment confirmed that CA reacts with the hydroxyl groups in cellulose,
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hemicellulose, and lignin. The reaction forms crosslinked structures, which in turn lead to
reduced hydrophilicity, improved mechanical properties, increased dimensional stability,
and degradation resistance [191–193]. In biocomposite materials (fiber-reinforced plastics),
CA-treated natural fibers have demonstrated improved interfacial adhesion, crystallinity,
thermal stability, and mechanical properties [194–196]. However, the transition from
solution-phase metal chelation to solid-matrix metal binding is imperative. In soil or water
treatment, the metal ions are often accessible and dissolved in aqueous systems [197]. But
in wood or natural fibers, the application of organic acids to chelate metals is often through
immobilized salts, which might limit their mobility and make chelation kinetically and
thermodynamically less favorable.

8. Chitosan
Chitosan is a bio-based polysaccharide derived from chitin (fibrous polysaccharide

derived from the exoskeleton of arthropods) that exhibits potential as a lignocellulosic mate-
rial protectant in terms of both fire retardancy and resistance against fungal degradation. Its
multifunctional protective properties arise from its chemical structure and ability to interact
with different functional groups present in biomaterials. As a fire retardant, chitosan serves
as a carbon source in intumescent systems, facilitating the formation of a thermally stable
char layer upon exposure to heat or flame. The formed char acts as a physical barrier,
impeding the transfer of heat and oxygen to the underlying structure, leading to delayed
ignition and reduced flammability. For example, chitosan-based coatings modified with
phytic acid or combined with nanoparticles such as MgO or metal phosphates have shown
improvements in fire protection for textiles, wood, and polymeric foams by elevating the
LOI and prolonging the self-extinguishing properties in combustion tests. Recent studies
reported LOI values of over 30% for multilayered chitosan/sodium phytate/MgO-coated
wood exhibiting uniform coating morphology and notable char formation [198]. Chitosan-
phytic acid composites are also used in self-powered fire safety technologies, such as active
components in triboelectric nanogenerators for fire alarm systems [199]. Apart from fire
protection, the role of chitosan as an antifungal agent is supported by its biocidal activity,
which disrupts fungal cell wall synthesis and membrane integrity through polycationic
interactions, particularly if combined with other components [200]. These properties are
further improved when chitosan is applied as a bioactive surface coating or integrated
into composites, making it an effective barrier against a wide variety of microorganisms,
not just fungi but also bacteria [201]. The fungicidal mechanisms, while complex, rely
on the ability of amine groups present in chitosan to interact electrostatically with nega-
tively charged components of fungal cell walls, thereby inhibiting spore germination and
mycelial proliferation. Moreover, layer-by-layer (LbL) assembly techniques and chemical
cross-linking strategies involving PA can stabilize chitosan on different material surfaces
(Figure 9), further enhancing durability against biological attack [198,202]. In comparison,
other bio-based protectants, such as sodium alginate, phytic acid, and proteins like casein,
are advantageous in forming protective films or chars under heat exposure, but chitosan is
distinguished by its strong film-forming ability, high cationic charge, and lower toxicity
profile. Composite systems, such as ternary complexes combining chitosan, graphene
oxide, and ammonium polyphosphate, resulted in improvements in fire retardancy of
lignocellulosic materials [203]. Table 1 shows a summary of the bioinspired modification
strategies discussed in this review, highlighting their primary functions, current applica-
tions, property improvements, and limitations.
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Figure 9. Schematic of fabricating chitosan/sodium phytate/MgO nanoparticle FR coatings on wood
through LbL. Adapted from an open-access reference [198].

Table 1. Summary of Bioinspired Lignocellulosic Modification Strategies.

Strategy Components Primary
Functions

Current
Applications

Property
Improvements Limitations References

Mineralization
(Calcification)

CaCl2,
NaHCO3,
CaCO3,

Dimethyl
Carbonate,
Calcium

Acetoacetate

Fire retardancy,
Thermal
stability

Fire-retardant
hybrid wood

materials,
Wood

conservation

Peak heat release
rate (PHRR)

decrease, Total heat
release (THR)

decrease, Limiting
oxygen index (LOI)

increase

Limited effect
on mechanical

properties,
Potential for
leaching if
reaction is
incomplete

[62,65–68]

Mineralization
(Silicification)

Colloidal Silica,
Tetraethoxysi-
lane (TEOS)

Durability, Hy-
drophobicity,

Fire retardancy

Wear-resistant
surfaces,
Thermal

insulators

Improved water
resistance, Brinell
hardness increase,

Ignition delay

Limited
covalent

bonding to
wood matrix,

Potential
strength/stiffness
decrease, High

pH of some
precursors can
damage wood

[71–74]

Mineralization
(Other

minerals)

Apatite,
hydroxyapatite,

struvite, zinc
borate,

silica-titania,
aluminosilicate,

iron oxide

Fire retardancy,
Thermal
stability

Fire-resistant
construction

materials

PHRR decrease,
THR decrease, LOI
increase, Inhibited
ignition, increased
mold and termite

resistance

Can be a
complex,

multi-step
treatment
process

[75–81]

Biomineralization Microbial
CaCO3

Fire retardancy,
Thermal
stability

Self-healing
concrete and
cement crack
repair, Heavy

metal and
radionuclide

soil
remediation,
Wastewater
treatment

Presumably similar
to calcification,

limited literature
availability

Involves
bacteria

cultivation,
Urea usage

[85–138]
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Table 1. Cont.

Strategy Components Primary
Functions

Current
Applications

Property
Improvements Limitations References

Cellulose
nanocrystals

(CNC)/Cellulose
nanofibrils

(CNF)

CNCs/CNFs,
often with

co-additives
(EG, minerals)

Fire retardancy,
Reinforcement

Fire-retardant
coatings and

paper,
Reinforced

polymer
composites,
Functional

barrier films

PHRR decrease,
LOI increase,
Burning rate

decrease

Intrinsic
flammability

requires
combination

with other FRs,
Cost and

scalability of
high-purity

nanocellulose

[139–152]

Lignin
nanoparticles

(LNP)

Lignin
Nanoparticles
(from various

sources)

Ultraviolet (UV)
protection,

Fungal
durability,

Antioxidant

Sunscreens,
Nanocarriers
for controlled

biocide release,
Fire-retardant

fillers for plastic
composites

Sun Protection
Factor (SPF)

increase, Improved
resistance to

weathering and
color change, Delay

in encapsulated
biocide release

Lignin itself
contributes to
photodegrada-

tion,
Performance is

highly
dependent on
lignin source

and extraction
method,

Potential for
leaching

[153–169]

Proteins

Proteins rich in
aspartate and

glutamate
(protein-

templated
mineralization),

Soy protein
(adhesive in
composites),

and
ε-poly-L-lysine

(antifungal
preservative)

Fire retardancy,
Thermal
stability,

Antimicrobial
properties

against bacteria,
fungi, and mold

Bio-based wood
adhesives, Food
preservatives,

Wood
preservatives

Reinforcement,
Improved thermal
stability, Mass loss
decrease against

fungi

Potential for
leaching,

particularly for
lower

molecular
weight proteins

(ε-poly-L-
lysine), possible
UV degradation

[170–176]

Metal Chelation

Phytic Acid
(PA) and

multivalent
metal salts

(Cu2+, Fe3+),
Organic acids

(citric acid and
tartaric acid)

and Ca2+

Fire retardancy,
Fungal

durability

Heavy metal
remediation

from
contaminated

soils,
Fire-retardant

textile finishing,
Compatibiliz-

ers for
fiber-reinforced

plastics

PHRR decrease,
THR decrease, LOI
increase, Mass loss

decrease against
fungi, Improved
water resistance,

Improved
mechanical
properties

Potential for
leaching if

phytate salts
are not fully

insoluble, Can
be a complex,

multi-step
treatment
process

[177–197]

Chitosan

Chitosan with
additives (MgO,

PA, graphene
oxide)

Fire retardancy,
Antimicrobial

properties
against bacteria

and fungi

Fire-retardant
coatings,

Fungicidal
hydrogels for

agriculture, Fire
safety sensors

LOI increase,
Self-extinguishing

properties,
Disrupts fungal

and bacterial cell
wall

Potential for
leaching if not

used with
additives

[198–203]

9. Synergistic Approaches and Treatment Permanence
Synergistic bioinspired strategies combine multiple protective mechanisms to create

materials with dual protection against biotic and abiotic factors. A good example of this
synergy is an in situ formation of insoluble metal phytates within the wood structure. This
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can be achieved via a two-step process. First, the wood is impregnated with a solution
of a multivalent metal salt, such as CuCl2 and FeCl3, followed by impregnation with a
phytic acid solution. The two precursors react within the wood to form a stable, water-
insoluble metal phytate precipitate [182]. This approach simultaneously utilizes the fungal
inhibition of chelation, the condensed-phase and gas-phase fire retardancy of the phosphate
groups, and the charring and graphitization effects of the trapped metal ions, resulting
in a biomaterial with high fire resistance and durability. Next, the LbL self-assembly
strategy allows for the formation of highly ordered, multifunctional nanocoating on wood
surfaces. By alternately exposing the wood to solutions of positively and negatively
charged molecules, a multilayered film coating can be produced. For example, a coating
can be assembled using positively charged chitosan (a biopolymer derived from chitin) and
negatively charged sodium phytate. This creates a system consisting of P-N charring agents,
which can be further improved by incorporating a layer of negatively charged inorganic
nanoparticles, such as a mixture of TiO2 and ZnO [204]. Lastly, the protein–mineral–biocide
systems approach combines protein-based fixation with the biocidal activity of metal ions.
For example, proteins from organic waste streams like okara, a byproduct of tofu production,
can be utilized to chelate metal ions like copper and boron within the wood matrix. The
protein acts as a natural binder, forming water-insoluble complexes that reduce the leaching
of the copper and boron biocides; therefore, it creates a more durable and environmentally
stable wood preservative [205]. The durable heartwood does not rely on a single protective
compound but rather on a natural defense system, including physical barriers like tyloses
that block vessels and a cocktail of extractives, metal chelators, and antioxidants, to combat
stressors. Biomimicking the ability of heartwood chemical components to resist both biotic
and abiotic stress is a good starting point in developing research focusing on the production
of sustainable biomaterials with fire and fungal resistance [22].

There is also an opportunity to develop a wood protection system that works well
with both cellulose- and lignin-based nanomaterials. CNCs and CNFs enhance structural
integrity and establish thermal barriers by charring in the condensed phase. LNPs possess
aromatic rings that offer stability against chemicals and light. A coating composed only
of cellulose nanoparticles may exhibit some form of fire resistance, but it will remain
susceptible to prolonged UV degradation, compromising the char-forming layer prior to
any fire occurrence. On the other hand, a coating composed solely of LNP would protect the
surface from UV and microbial activity. However, it would lack the much better insulating
capabilities of nanocellulose char. A strategy mimicking nature involves the development
of a hybrid nanocoating that integrates both CNC, CNF, and LNP. The LNPs might be
incorporated into the outermost layer, functioning as a barrier that absorbs UV radiation
and quenches free radicals. This would help protect the CNC polymeric network. In the
event of a fire, the LNPs would facilitate char formation, while the protected and intact
CNC polymeric network would subsequently serve as the primary, high-performance
insulating thermal barrier. This strategy resembles the functional synergy present in wood,
wherein lignin primarily serves to protect the cellulose structures from both biotic and
abiotic threats.

Beyond in situ precipitation and LbL assembly, the idea of permanence in outdoor,
real world wood protection is increasingly being pursued through covalently attaching
active components to the cell wall, creating hydrophobic, crosslinked networks within the
near surface wood structure, and designing coatings that can self-replenish (self-healing)
under weathering [206,207]. First, covalent attachment is being explored to reduce leaching
and keep functionality after wet-dry cycling, which is a major failure mode for many
bio-based protectants. Specific examples include enzyme-enabled grafting through ox-
idative enzymes to graft phenolics/lignin-like moieties to wood components as a way to
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build more permanent bonds [208]. A related study utilizes catechol-inspired chemistry
(dopamine/polydopamine as an adhesive primer) as a reactive interlayer to subsequently
bind or grow additional functional coatings more effectively than physical adsorption [209].
Second, organic–inorganic hybrid strategies, such as silane coupling and silica-like sol–gel
networks, are explored to create moisture-resistant, abrasion-tolerant interphases that are
difficult to leach out. These approaches aim to create a mineral (organosilicon) network
that is attached to hydroxyl groups in wood polymers. Next, instead of relying on surface
treatments, researchers explore impregnation approaches that place precursors into the
lumina and the cell wall, followed by polymerization/crosslinking to lock the treatment in
place. This internalized coating strategy improves durability because weathering removes
material from the outside inward. If the functionality extends into the subsurface, then
protection can persist even after surface erosion [207]. Another distinct bioinspired route
is to design coatings that can recover from cracking and erosion. A good example of this
is described in a research study utilizing a biofinish coating system with proposed dual
self-healing mechanisms: (1) migration of non-polymerized oil that later polymerizes in
cracks and (2) localized growth that covers the damaged spots [206]. Lastly, there is grow-
ing interest in using heartwood extractives (or analogous natural products) as protectants,
but a recurring limitation is that protection may not be permanent because some extractives
are water-soluble and can be leached, and UV can degrade lignin. As a result, recent
experiments pairs active components in extractives through fixation, such as covalent
binding, microencapsulation, or integration into a more durable matrix, so that bioactivity
is retained after leaching and weathering [210].

10. Research Gaps, Challenges, Recommendations, and Future Outlook
Despite the promise of bioinspired and nanomaterial-based strategies for improving

the fire and fungal properties of lignocellulosic biomaterials, challenges remain in translat-
ing laboratory findings into commercially viable products and widespread adoption. One
such challenge that lies in the development of advanced materials is the difficulty of scaling
up. Many of the bio-based treatments described in this review have been demonstrated
with success at the laboratory scale, but their transition to industrial production faces
several challenges, such as manufacturing process limitations and overall cost [211,212].
Traditional wood treatment often involves simple, high-throughput processes, such as
dip-treating or single-cycle pressure impregnation. In contrast, most bioinspired strategies,
such as multi-cycle mineralization or layer-by-layer assembly, involve complicated and
mostly time-consuming stages that require specialized equipment, such as high-pressure
reactors and vacuum systems, and precise control over reaction conditions (temperature
and pH). This complexity leads to higher capital and operational costs, making the final
product less competitive than traditionally treated wood. However, bioinspired process-
ing methods are being explored. A good example is the development of a “self-flowing”
treatment process that mimics the natural capillary transport of liquids in trees, exhibiting
highly uniform chemical distribution without the need for costly pressure equipment and
offering a low-cost and scalable alternative [213]. While many of the base materials are
derived from abundant and low-cost lignocellulosic biomass feedstocks like wood/forestry
waste (for CNC/CNF and LNP), agricultural byproducts (for proteins), and minerals (for
CaCO3), the extraction, purification, and processing required to produce high-performance
and advanced materials can be expensive. The cost of purified enzymes, specialty proteins,
or high-purity, monodisperse nanoparticles can be prohibitive for bulk applications like
construction materials [214–216].

Long-term performance under real-world scenarios is an important consideration,
and several challenges require further investigation, including leaching, toxicity, and en-
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vironmental fate. Leaching is arguably the single greatest concern when it comes to the
widespread adoption of many waterborne bioinspired treatments. Unlike traditional chem-
ical preservatives like CCA, which undergo fixation reactions to render them insoluble,
many bio-based compounds (polyphenols, tannins, and caffeine) and even some mineral
precursors are water-soluble and readily leach out when the wood is exposed to mois-
ture [22]. This reduces the protective effect of treatment over time and also leads to the
release of these chemicals into the environment. This highlights an important consideration
for addressing research gaps: bio-inspired treatments must be engineered and designed
for permanence and longevity. The most successful strategies are those facilitating in situ
solubilization reactions, wherein the soluble precursors are first impregnated deep into
the wood structure and then triggered by a second chemical, a change in pH, or heat to
form stable and insoluble precipitates that are physically and chemically locked within the
wood matrix [62]. The ecotoxicity of any new treatment must also be rigorously evaluated.
Studies have shown that some natural compounds, such as tannins, exhibit toxicity to
aquatic organisms [217]. A comprehensive life-cycle assessment (LCA) is necessary to
ensure that a new treatment strategy offers environmental benefit over its lifespan, from
raw material sourcing to disposal. Lastly, the increasing use of nanomaterials technology
in wood preservation introduces a new set of environmental and health considerations.
While nanoparticles offer key advantages in terms of penetration and reactivity (particle
size, porosity, surface area), their long-term fate in the environment and even in humans is
not yet fully understood [218–220]. There are concerns that nanoparticles could be released
from treated wood during its service life through mechanical abrasion or at its end-of-life
during sawing, sanding, or combustion [221–223]. The released nanoparticles could pose
as inhalation particulates that could be detrimental to humans or accumulate in the envi-
ronment. Insufficient research exists on the nanotoxicity of many of these materials and
their behavior during disposal, representing a research gap that must be addressed [224].
In addition to performance improvements, nanomaterial-treated wood and wood-based
products, along with bioinspired hybrid treatments need to be carefully thought out in
terms of product protection and maintenance. Some of the most important unknowns
are whether nanoparticles will be released during machining or weathering, what will
happen to treatment components during service life and end-of-life stages of the treated
products, and how these exposures will affect changing nanomaterial risk assessment
practices and regulatory expectations. Life cycle assessments, risk assessments, technical
tools, and biological models are some of the strategies and initiatives that can be used to
create regulatory frameworks [225]. Despite the presence of a regulatory framework and
legislation in numerous countries, there remains a necessity for more stringent and explicit
standards for the management of hazardous materials [226].

In order to support credible sustainability claims and guide scale-up processes, future
studies should integrate LCA using a functional unit linked to the improvements guaran-
teed by the treatment, such as unit area of treated wood achieving a defined and acceptable
fire and fungal durability performance over its service life, rather than reporting impacts
only per unit mass of treatment chemical. This is particularly important for fire-retardant
and durability treatments where loading, retreatment frequency, and outdoor exposure can
dominate life-cycle impacts. For comparing different treatment strategies, an LCA report-
ing template should state: (1) cradle-to-grave lifecycle (precursors, treatment application,
energy/water/solvent inputs, maintenance or retreatment, and end-of-life); (2) allocation
(for biologically derived minerals or industrial waste/byproducts as precursor materi-
als); and (3) impact categories (human health and environmental impacts, particularly for
treatments intended to replace traditional leachable biocides or halogenated flame retar-
dants) [227]. While available LCA studies directly on in-wood mineralization/silicification
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remain limited, related LCA evidence from research studies on mineral substitution with
flame-retardant properties shows that replacing chemical and industrial mineral fillers
with bio-based and waste-derived biomineral resources can reduce environmental impacts
under the studied assumptions. A good example for this is a study employing LCA to
compare stabilized municipal solid waste fly ash against conventional alternatives reported
impact reductions of 24.1% vs. calcite in epoxy and 49.5% vs. a commercial flame retardant
in polypropylene, indicating a favorable route for circular mineral sourcing [228]. Figure 10
shows the LCA of hypothetical FR products, focusing on their production, issues during
use, and end-of-life human health and environmental impacts.

 

Figure 10. LCA of FR products, focusing on their production, issues during use, and end-of-life
impacts. Adapted from an open-access reference [227].

The future outlook for bioinspired lignocellulosic bio-based material improvement
lies in addressing the limitations outlined in Table 1. Primary focus should be on the
design and development of treatment methods that combine multifunctional protective
mechanisms. Research into hybrid mineralization, composite nanocoating, and organic acid
chelation can be conducted. In the case of biomineralization, the use of proteins, peptides,
or synthetic polymeric templates to guide the growth of specific crystal polymorphs and
hierarchical structures could lead to materials with excellent mechanical and thermal barrier
properties [229]. The development of lignocellulosic bio-based materials with “smart”
functionalities also represents an exciting future direction [5,230–232]. This could include
materials with self-healing properties, such as microencapsulated active ingredients for
healing that could be released upon damage or following a specific physiological condition;
self-cleaning superhydrophobic surfaces; and stimuli-responsive materials that adapt to
environmental changes, like coatings that change their porosity or hydrophobicity in
response to humidity [233,234].

The strategies discussed in this review demonstrate laboratory-scale effectiveness but
their commercial viability varies significantly. Direct mineralization strategies, such as cal-
cification and silicification, present the most immediate path to industrial adoption. These
strategies utilize abundant, low-cost inorganic precursors and can be implemented using
the existing vacuum-pressure impregnation facilities existing in the wood preservation
industry. In contrast, nanotechnology-based strategies face economic challenges, particu-
larly the development of cellulosic nanomaterials and lignin nanoparticles. Although the
nanomaterials provide higher specific surface area, reactivity, and performance improve-
ments, the energy-intensive processes required for extraction and purification result in high
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overall material costs. Therefore, these nanomaterials are currently best suited for high-
value surface coatings rather than bulk impregnation. The development of self-flowing
treatments that mimic natural capillary transport offers a promising strategy to reduce pro-
cessing costs by eliminating the need for costly high-pressure equipment. The utilization of
lignocellulosic biomass, agricultural waste, and wood industry byproducts could also lead
to lower costs, overcoming the economic challenges of scalability for industrial production.
Lastly, flame-retardant surface treatments are attractive for near-term adoption because
they can be applied late in the material development process. This treatment strategy can
be optimized for application-specific performance, although long-term outdoor durability
remains an important limitation that needs to be addressed.

11. Conclusions
This review comprehensively explored the potential of bioinspired strategies in devel-

oping lignocellulosic bio-based materials that are more sustainable, durable, and thermally
stable. Traditional chemical preservatives, especially those that employ heavy metals, halo-
genated fire retardants, or potent biocides, have been in use for many years, but they raise
serious environmental and human health concerns due to their toxicity and leachability.
The strategies presented in this review are inspired by naturally mineralized structures,
plant chemical defenses, and hierarchical biopolymer assemblies in improving the proper-
ties of lignocellulosic bio-based materials. This was partly due to the increasing interest in
materials research toward bioinspired design and intrinsic functionality.

Mineralization and biomineralization processes demonstrate the potential for devel-
oping hybrid organic–inorganic structures that enhance fire resistance and mechanical
properties. They also provide active FR effects in both the condensed and gas phases, while
silicification adds hydrophobicity and leads to rigid structures. Even though there are
differences in the processes involved, both strategies utilize the cell wall to act as a scaffold
for the nucleation and growth of protective minerals. Biomineralization is still a new idea
in the context of wood protection, but it could lead to low-energy and biologically guided
processing that could benefit the materials industry. CNC, CNF, and LNP are examples
of nanostructured lignocellulosic materials that demonstrate the potential of biopolymers
to make coatings or biocomposites with tunable properties. CNC and CNF facilitate char
formation and serve as thermal insulators, while LNP exhibit antioxidative properties that
could protect against UV and weathering. Protein-based strategies demonstrate that bio-
chemical specificity can be leveraged to impart antimicrobial properties. Protein-templated
mineralization and ε-poly-L-lysine treatments reveal that biological macromolecules have
the ability to specifically guide crystal growth and inhibit metabolism. Chelators halt
the Fenton-based oxidative pathway that cause brown-rot decay by trapping metal ions
required in their metabolism. Organic acids like citric and tartaric acid can also facili-
tate chelation through crosslinking, imparting bio-based materials with increased water
resistance, mechanical properties, thermal stability, and resistance to decay.

Developing strategies with synergistic effects must be employed. This can be achieved
through the combination of the different bio-based strategies, such as hybrid (organic–
inorganic) mineralization, CNC, CNF, and LNP-based coatings, protein–mineral biocom-
posites, or chelated metal treatments. These methods are similar to the multifunctional
defense mechanisms found in nature, where chemical, physical, and oxidative barriers
work together. LCA, risk assessments, and biological models are strategies that could
be employed in the future to facilitate the development of regulatory frameworks and
more environmentally friendly treatment alternatives. Overall, bioinspired strategies to
improve lignocellulosic bio-based materials are a groundbreaking research area and full
of potential. These strategies could change the way wood, biocomposites, and natural
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fibers are protected against fire and fungi as research studies continue to improve their
performance and compatibility.
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The following abbreviations are used in this manuscript:

CA Citric acid
CCA Chromated copper arsenate
CNC Cellulose nanocrystal
CNF Cellulose nanofibril
CMF Chelator-mediated Fenton
DMC Dimethyl carbonate
EG Expanded graphite
ε-PL ε-poly-L-lysine
EPS Extracellular polymeric substances
FR Flame retardant
HRR Heat release rate
LbL Layer-by-layer (assembly)
LCA Life cycle assessment
LNP Lignin nanoparticle
LOI Limiting oxygen index
MIC Minimal inhibitory concentration
MICP Microbially induced calcium precipitation
PA Phytic acid
PF Phenol-formaldehyde
PHRR Peak heat release rate
P-N Phosphorus–Nitrogen
SEM Scanning electron microscopy
SPF Sun protection factor
TA Tartaric acid
TEOS Tetraethoxysilane
THR Total heat release
TSP Total smoke production
UF Urea-Formaldehyde
UL-94 Underwriters Laboratories-94 Burning Test
UV Ultraviolet
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