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Abstract: Fungi (Neolentinus lepideus, Ni, and Trametes versicolor, Tv) impart wood rot, leading
to economic and environmental issues. To overcome this issue, toxic chemicals are commonly
employed for wood preservation, impacting the environment and human health. Surface coatings
based on antimicrobial chitosan (CS) of high molar mass (145 x 10° Da) were tested as wood
preservation agents using an innovative strategy involving ultra-pressurizing CS solutions to deposit
organic coatings on wood samples. Before coating deposition, the antifungal activity of CS in
diluted acetic acid (AcOOH) solutions was evaluated against the rot fungi models Neolentinus
lepideus (NI) and Trametes versicolor (Tv). CS effectively inhibited fungal growth, particularly in
solutions with concentrations equal to or higher than 0.125 mg/mL. Wood samples (Eucalyptus
sp. and Pinus sp.) were then coated with CS under ultra-pressurization at 70 bar. The polymeric
coating deposition on wood was confirmed through X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM) images, and water contact
angle measurements. Infrared spectroscopy (FTIR) spectra of the uncoated and coated samples
suggested that CS does not penetrate the bulk of the wood samples due to its high molar mass but
penetrates in the surface pores, leading to its impregnation in wood samples. Coated and uncoated
wood samples were exposed to fungi (Tv and NI) for 12 weeks. In vivo testing revealed that Tv and
NI fungi did not grow on wood samples coated with CS, whereas the fungi proliferated on uncoated
samples. CS of high molar mass has film-forming properties, leading to a thin hydrophobic film on
the wood surface (water contact angle of 118°). This effect is mainly attributed to the high molar
mass of CS and the hydrogen bonding interactions established between CS chains and cellulose. This
hydrophobic film prevents water interaction, resulting in a stable coating with insignificant leaching of
CS after the stability test. The CS coating can offer a sustainable strategy to prevent wood degradation,
overcoming the disadvantages of toxic chemicals often used as wood preservative agents.

Keywords: biopolymers; thin films; hydrophobic coatings

1. Introduction

Wood is extensively used in construction primarily due to its sustainability and
economic factors compared to other materials and its excellent thermal and insulation
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properties. Another positive factor that favors using wood in construction is that many
species exhibit high resistance to the action of biodeterioration organisms. However, these
species are insufficient to meet the growing demand for wood and derived materials. For
this reason, wood species such as Pinus and Eucalyptus are extensively used due to their
rapid growth from reforestation. Currently, about 70% of the wood consumed worldwide
comes from reforestation. Therefore, the production of Pinus and Eucalyptus aims to meet
the high market demand, especially in the civil construction field [1].

The issue is that Pinus and Eucalyptus species have low resistance to biodeteriorating
agents, especially fungi, requiring pre-treatment before use [2]. Preservative treatments
aim to increase the lifespan of the wood against fungi, insects, and other xylophagous
organisms. However, the effective commercially used preservatives (e.g., azoles, quaternary
ammonium salts, and boron salts, including sodium octaborate, sodium tetraborate, and
sodium pentaborate) have disadvantages. Azoles and quaternary ammonium salts are
economically costly. At the same time, boron-based compounds, which offer the most
effective wood preservative systems currently available due to their broad spectrum of
properties and effectiveness against bacteria, fungi, and insects, and their low toxicity
in mammals, have water solubility and are easily leached from treated wood [1,3]. The
leaching of these traditional wood preservatives from the wood decreases their effectiveness
and can negatively impact the environment by accumulating in it [4].

Chemical agents must exhibit resistance to leaching (water insolubility) and low
volatility and should not affect the properties of the wood (physical, chemical, mechani-
cal, organoleptic, and decorative characteristics). They should not be corrosive to avoid
damaging and compromising joints (straps, nails, etc.). They should reduce or not increase
the flammability of the wood, as one of the disadvantages of wood is its high flammability.
Additionally, they must be affordable, available in the market, and safe, presenting low
cytotoxicity to humans, animals, and the environment [1,3,5]. Achieving all these properties
is a significant challenge, even when synthetic chemical agents are employed.

Many studies have reported the use of bio-based materials, focusing on sustainability.
Plant and fruit extracts have demonstrated significant potential as wood preservatives.
Methanolic extracts from the leaves and bark of Cleistanthus collinus and Prosopis juliflora
inhibit the growth of white rot and brown rot fungi, which are model organisms used in
biodeterioration assays [6]. Other examples include extracts from mimosa bark (Acacia
mollissima) and quebracho (Schinopsis lorentzii) [7], lichen [8], heartwood of teak (Tectona
grandis) [9], propolis [10], and peels of fruits and vegetables [11]. Research on natural
extracts has been extensive and has proven effective in resisting biodeterioration. However,
like traditional boron-based preservation agents, these extracts are easily leached from
the wood into the environment. This disadvantage remains a significant challenge to
overcome. Another issue is that many of these materials are not commercially available on
a large scale.

Extracts from the wood, such as tannins (TN), dyes, oils, resins, waxes, and fatty acids,
isolated or combined with solvents and other additives, have also been used to preserve
wood [12]. Tannins are well-recognized for their antifungal properties and have been
tested, both in isolation and in combination with additives, as wood preservatives and
alternatives to traditional agents. However, tannins are water-soluble and have difficulty
adhering to the wood after treatment. Additives have been used to retain them in the
treated wood [4,13-15].

On the other hand, few studies have reported using chitosan (CS) associated with
additives as a wood preservative. CS is a commercial polysaccharide well recognized for
its antifungal and antimicrobial activity against various bacteria [16-19]. It is a by-product
of the crustacean processing industries, primarily shrimp, crab, and lobster. One study
showed the impregnation of wood (Pinus sylvestris L.) with CS (degree of acetylation of
22%) of low (35 kDa, 67 kDa, and 70 kDa) and high molecular weights (215 kDa) to protect
the wood against the fungi Poria placenta (brown rot), Coniophora puteana (brown rot), and
Coriolus versicolor (white rot). The uptake of CS in the wood increased when low molecular
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weight CS was used, but the relative recovery of CS was lower due to its low molar mass
in the wood after leaching. High molecular weight CS was more easily recovered after
leaching in wood. For example, it can be precipitated in alkaline solutions. High molecular
weight CS was more efficient against decay fungi than low molecular weight CS. The
leaching of CS can be considered insignificant for high molecular weight samples, even
when soaking the treated wood in aqueous media under vacuum (30 TORR). This is because
high molecular weight CS is insoluble in water, presenting greater leaching resistance than
low-molar mass CS. The fungi tested on CS-amended nutrient agar medium were inhibited
at a 1% (w/v) concentration. In decay studies using small wood blocks, a 4.8% (w/v) CS
concentration gave the best protection against brown rot fungi [16]. However, this study
demonstrated wood impregnation with CS using a vacuum (30 Torr). Additionally, there is
no physicochemical characterization of the CS-modified wood.

Other studies demonstrate using CS as a preservation agent, treating wood by simply
impregnating the samples in CS solutions obtained in diluted acetic acid at ambient pres-
sure. Polymers of high molar mass have low mobility in solution, especially CS solutions
that present high viscosity even at low concentrations. Therefore, impregnating wood
under vacuum or other low-pressure conditions is not ideal, as the wood is impregnated
with CS weakly associated with its structure, potentially leading to leaching. This simple
impregnation results in low protection effectiveness, as studies show contamination of the
wood treated with CS under these conditions when the wood samples are incubated in
contact with rot-causing fungi [20].

To overcome the problem of leaching of low-molar-mass CS (50-190 kDa), another
study showed the application of CS crosslinked with genipin as a protective agent for
wood against brown-rot fungi, Gloeophyllum trabeum and Rhodonia placenta, and two white-
rot fungi, Trametes versicolor (I'v) and Irpex lacteus [21]. However, crosslinking further
promotes leaching since it involves the formation of covalent bonds between amino groups
of adjacent CS chains. Free amino groups in uncrosslinked CS are essential for stability
because they interact with each other and with the wood’s cellulose and hemicellulose.
This interaction leads to the stability of the impregnated CS through the deposition of a
film on the wood, supported by intermolecular interactions, primarily hydrogen bonding.
These intermolecular interactions are further enhanced as the molar mass increases.

Therefore, this study proposes using ultra-high molar mass CS as a wood preservative,
employing the technique of ultra-pressurization to deposit thin films (surface coatings)
on Eucalyptus wood. This novel strategy for applying organic coatings to solid substrates
offers an alternative to the traditional layer-by-layer deposition method [22]. The ultra-
pressurization strategy represents a significant innovation in developing surface coatings
on wood samples. This method employs high mechanical pressures to facilitate the impreg-
nation of CS on wood surfaces and pores [23]. The ultra-pressurization of wood samples in
contact with CS solution can lead to the deposition of thin and uniform coatings, even using
CS of high molecular weight. Additionally, ultra-pressurization enables the use of less
toxic agents, aligning with sustainable practices that are increasingly valued across various
industrial sectors. Ultra-pressurization is applicable to a wide range of civil construction
materials, including plastics, ceramics, and metals [24].

The high-pressure condition may also facilitate the deposition of preservative agents,
eliminating the need for thermal and high-vacuum treatments and avoiding the disad-
vantages of the traditional LbL method, which requires alternating immersion of solid
substrates in solutions of oppositely charged polymers to form polyelectrolyte multilayers.

Additionally, this innovative approach differs from previous studies, which demon-
strated the efficacy of CS in protecting wood but had disadvantages due to the use of low
molar mass CS and vacuum or low-pressure conditions. We propose using ultra-high
molar mass CS because of its insolubility in aqueous media and solubility in diluted acetic
acid solutions. The ultra-pressurization method deposits CS on the surface of Eucalyptus
sp. wood and impregnates it into the surface pores of the wood samples. The antifungal
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activity of CS is investigated against model fungi (Neolentinus lepideus (NI) and Tv) used to
demonstrate the fungicidal activity of wood preservation agents [25-27].

Wood samples (Eucalyptus sp. and Pinus sp.) are coated with ultra-high molar mass
CS at 70 bar and characterized using water contact angle (WCA) measurements, energy
dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and infrared spectroscopy (FTIR) for the first time. The preser-
vative potential of the coatings is evaluated through in vivo tests for 12 weeks, incubating
the CS-coated wood samples in the presence of NI (brown rot) and Tv (white rot) fungi. The
results are compared with control assays using acetic acid (AcOOH) and tannin extracts
as preservative agents for the tested wood samples. This study represents the first explo-
ration of an ultra-pressurization method to develop organic coatings based on ultra-high
molar mass CS, tested as wood preservatives. These coatings are crucial for enhancing
moisture resistance and protecting wood against degradation agents, thereby increasing
the material’s durability.

2. Results and Discussion
2.1. Characterization of the Surface Coatings Deposited on Wood

These WCA measurements were carried out on both uncoated and coated samples
(Table 1) with the primary objective of assessing wettability. This assessment was conducted
using the sessile drop method, where a water droplet was deposited on the wood surfaces,
and three WCA measurements were obtained for each sample at different areas (Figure S1).
The results indicate that the surfaces coated with CS exhibit hydrophobicity with WCAs
higher than 90°. In contrast, the uncoated, TN-coated, and AcOOH-treated surfaces
are hydrophilic, spreading water across their surfaces and resulting in WCAs below 90°
(Table 1) [28].

Table 1. Water contact angles (WCAs) measured on the wood samples.

WCAs (°)
Samples

0s 3s 5s
E(Control) 79 +12 79412 79412
E(CS) 118 +1°P 118 +1b 118 +1b
E(TN) 80+1¢ 89 +12 86+ 12
E(AcOOH) 54414 454+1¢ 4141°¢
P(Control) 17 +£10% 17 £10% 17 +£10%
P(CS) 124+ 1Y 124417 1234+ 1Y
P(TN) 804 1¢ 684+1¢ 614+1°¢

P(AcOOH) od od 0d

P(Control): uncoated Pinus sp.; P(AcOOH): Pinus sp. coated with the AcOOH; P(TN): Pinus sp. coated with TN;
P(CS): Pinus sp. coated with CS; E(Control): uncoated Eucalyptus sp.; ECAcOOH): Eucalyptus sp. coated with
AcOOH; E(TN): Eucalyptus sp. coated with TN; E(CS): Eucalyptus sp. coated with CS. Results are presented as
mean = standard deviation; n = 3. Different letters in the same column indicate results with significant differences
(p <£0.05). The notation is used to statistically compare the results between different species. The letters without
the prime are used to represent results for Eucalyptus sp. samples, while those with the prime indicate the
corresponding results for Pinus sp.

WCAs are influenced by the coating type and the contact duration between the water
droplet and the surface. The WCA measured on Eucalyptus sp. coated with CS is 118°
after a 5 s contact with the water droplet (p < 0.05). There is no significant change in
WCAs on the CS-coated samples within 5 s. Despite its insolubility in water, CS-based
materials can adsorb water molecules due to polar groups (-OH, -NH;, and -NHj3*) in their
structure [29,30].

However, CS deposition on the wood promotes hydrophobic surfaces. CS coatings
decrease the interactions between the wood surfaces and water molecules, resulting in
hydrophobic surfaces. Wood is composed of cellulose, hemicellulose, and tannins. The
interaction between CS and cellulose/hemicellulose, the primary constituents of wood,
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significantly influences the wettability. Both cellulose and hemicellulose are polysaccharides
with structures similar to CS. The intermolecular interactions, particularly hydrogen bonds,
between the hydrophilic groups of these polysaccharides should reduce the availability of
CS’s hydrophilic groups to water molecules. Consequently, this effect decreases the surface
wettability of CS-coated samples, supporting hydrophobic surfaces and WCAs higher than
90° (Figure S1, Supplementary Materials). This observed result occurs for both Pinus sp.
and Eucalyptus sp. samples.

WCA measurements on wood samples treated with AcOOH and coated with TN reveal
values below 90°, indicating wettability. For Eucalyptus sp., WCA measurements after 5 s
are 41° and 86° when treated with AcOOH and coated with TN, respectively (p < 0.05).
In the case of Pinus sp. treated with AcOOH, the water droplet is absorbed upon contact,
and the WCA measured on TN-coated Pinus sp. is 61° after 5 s. The molecules of AcOOH
and primarily hydrolyzable TN penetrate the internal wood fibers, enhancing interactions
with water molecules and increasing wettability. This effect is more pronounced in Pinus
sp. than in Eucalyptus sp. because of the lower density of Pinus sp. compared to Eucalyptus
sp. AcOOH and TN significantly enhance surface wettability, resulting in WCAs below
90° [29,30].

The presence of AcOOH in Pinus sp. results in a super-hydrophilic surface, as AcOOH
does not form a thin film that acts as a barrier to water absorption like CS. This explains
the enhanced wettability observed in AcOOH-treated samples compared to those coated
with CS and TN. Consequently, using the terms “wood treated” with AcOOH and “wood
coated” with TN or CS is appropriate.

The alteration in wettability for both Pinus sp. and Eucalyptus sp., following polymer
coating deposition, confirms the adsorption of these polymers onto the wood samples.
WCA measurements provide evidence of CS and TN polymers on the wood surfaces, which
should lead to thin films. These deposited films (coatings) can serve as effective barriers,
preventing the deposition and growth of various xylophagous microorganisms in wood
tissues and acting against biodeterioration.

Elemental mapping of carbon, oxygen, and nitrogen atoms on the CS-coated wood
surface confirms the presence of surface coatings (Figure 1). The nitrogen mapping indicates
the deposition of CS in the samples, as nitrogen is present in the -NH,/-NH3* groups
of CS (Figure S2). EDS mapping further confirms a uniform distribution of nitrogen
on the surfaces of both Pinus sp. and Eucalyptus sp. samples. This suggests that ultra-
pressurization is an effective strategy for depositing surface coatings on wood samples.

E(CS)

250 um c 250 pm o 250 um N

Figure 1. Elemental mapping of carbon (C), oxygen (O), and nitrogen (N) obtained on the CS-coated
surfaces of Eucalyptus sp. (E(CS)) and Pinus sp. (P(CS)).
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Survey and high-resolution XPS spectra confirm the deposition of CS and TN onto
Eucalyptus sp. and Pinus sp. (Figures 2 and 3). The survey XPS spectra show peaks
corresponding to nitrogen (N1s at 400 eV). The relative percentages of N14 on the CS-coated
surfaces are higher due to amine moieties on CS chains, indicating 3.9% and 1.6% upon
Eucalyptus sp. and Pinus sp., respectively (Figure 2). TN-coated surfaces also exhibit N4
peaks, as nitrogen is a macronutrient for plant development. The presence of CS and
TN coatings is further confirmed by changes in the relative percentages of carbon (Cy; at
284 eV) and oxygen (Oj; at 531 eV) on the sample surfaces (Figure 2).

Nyg=04;07;3.9

Sigp= 0.5.% "

Cagy= " 0.1; "

E (control)

Atomic (%) o (A) Atomic (%) (B)
Cys=T74.8:79.4:696 1s Cyo=67.8,72.1,73.6
0 Cy
0, = 248,197,263 Cis 0,5 =31.0,26.6:24.8 1s s

N1s: 0.5;0.8;1.6

Sigp=0.7:0.3;"
Cazp= 03"

T
1000

T
800

T T T
600 400 200

Binding enrergy (eV)

0

G(I)D 460
Binding energy (eV)

T T
1000 800

0

Figure 2. Survey XPS spectra performed on uncoated (P and E) and coated wood samples. Eucalyptus
sp. coated with CS and TN are denoted as E(CS) and E(TN), respectively (A). Pinus sp. coated with
CS and TN are labeled P(CS) and P(TN), respectively (B). Uncoated Pinus sp. and Eucalyptus sp. are
represented as P and E, respectively. The asterisks (*) indicate that the elements Si and Ca were not

detected by XPS.
5500 4000 3500
5000 E (control) E(CS)
] c-c 3500 3000 4

4500 - A 287.5

4000 30004 2500 4
» 35004 £ 25004 2
£ S S 2000
5 3000
g g 2000 - g
2 2500 c-0 g 2 1500
5 2000 289.2 § 1500 g
£ N < = 1000
= 1500 c=0 / c=C 1000 -

289.9 / 2856
1000 - - 500.] 500 -
500 - F c
0 = ~ 18 0 0 -
i i T i : T T T T T T r T T T
294 292 290 288 286 284 282 294 202 290 288 286 284 282 294 292 290 288 286 284 282
Binding energy (eV) Binding energy (eV) Binding energy (eV)
5000 5000 5000
P(TN) P(CS)

P (control)

Intensity counts

T T
286 284

T
288

280
Binding energy (eV)

282

Intensity counts

Intensity counts

T T T
290 288 286

Binding energy (eV)

= T
284

T T T T
290 288 286 284

Binding energy (eV)

282

Figure 3. High-resolution XPS spectra of carbon (C;5) obtained on the uncoated (control) and coated
wood samples. Sample labels include E: Eucalyptus sp.; P: Pinus sp.; CS: chitosan; TN: tannins; E(CS):
Eucalyptus sp. coated with CS; E(TN): Eucalyptus sp. coated with TN; P(CS): Pinus sp. coated with CS;
P(TN): Pinus sp. coated with TN.
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(A)

E(control) » (B) P(control)

High-resolution XPS spectra of Cy4 confirm the surface modifications of the wood sam-
ples. The spectrum profiles exhibit significant changes following polymer deposition. Both
uncoated and coated samples display XPS spectra indicating chemical sites, such as C=C
in phenolic compounds, C-C in saturated carbon chains, C-O in ether, and C=0O in amide
and carbonyl groups of hydrolyzable tannins. These chemical groups are characteristic
of polysaccharides (cellulose, hemicellulose, and CS), lignin (phenolic compounds), and
tannins (condensed and hydrolyzable).

While the spectral differences are less pronounced for uncoated and TN-coated sam-
ples, owing to the similar chemical composition of wood with the main components of TN
(condensed and hydrolyzable tannins, Figure S3), CS deposition promotes peaks associated
with C-O and C-N bonds. These bonds are indicative of CS’s chemical structure. Further-
more, the C=0 peak prominently occurs in the C;4 spectra of CS-coated samples due to the
degree of acetylation (15%) and C=0 amide groups on CS (Figure S2).

Figure 4 shows SEM images of Eucalyptus sp (Figure 4A) and Pinus sp. (Figure 4B)
samples before and after CS coating. The surfaces of the control samples (E(control) and
P(control)), which were not coated, appear rougher due to the preparation method of the
test specimens (2 cm3), which were cut with a circular saw. Notably, there are visible pores
in the uncoated E(control) sample. The CS-coated samples appear to have a smoother
surface than the uncoated ones. The SEM image of the E(CS) sample shows partially filled
pores, suggesting that the CS coating was successful, impregnating CS in the pore surfaces.
The high pressure of 70 bar seems to have contributed to the deposition of CS on the
samples and the filling of the pores, which is visible in the E(CS) sample. These results are
consistent with the findings from EDS and XPS, confirming the deposition of CS on the
wood surface.

Figure 4. SEM images of Eucalyptus sp. (A) and Pinus sp. (scale bars of 10 and 100 pum) (B) samples
are shown. E(control) uncoated Eucalyptus sp. and P(control) uncoated Pinus sp. correspond to
uncoated wood samples, while E(CS) and P(CS) are chitosan-coated samples at 70 bar. CS: chitosan
of ultra-high molar mass.

The surface coatings based on CS and TN induce color parameter changes in the wood
samples. Table 2 presents the measured color parameters, including clarity /brightness
(L*), redness/ greenness (a*), yellowness/bluishness (b*), total color difference (AE), and
whiteness index (WI). All samples exhibit intermediate L* values, ranging from 44 + 3 to
74 £+ 3 (p < 0.05). Elevated L* values indicate a colorless, luminous, and homogeneous
material [31]. Changes in L* values occur after polymer deposition and surface coating
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formation with uncoated Eucalyptus sp. (L* = 60 £ 4, p < 0.05) and Pinus sp. (L* =74 £+ 3,
p < 0.05) presenting the highest L* values.

Table 2. Color parameters of the uncoated and coated wood samples.

Samples L* a* b* AE WI
E(Control) 60 £ 42 13442 22 £33 43443 52 £43
E(AcOOH) 54 +6P 13+12 19 +7P 46 + 6P 50+ 72
E(CS) 44 43¢ 12422 13+1¢ 534+2¢ 41 +3Pb
E(TN) 50 + 44 13+£22 15 + 0 be 49 £+ 3P 454+3¢
P(Control) 744+ 33 5424 21 +£27 30+£27 66+ 27
P(AcOOH) 66 44 4409 17 £2Y 33+29 62 +3Y
P(CS) 59 +6¢ 5414 18 +2¢ 40 £ 5Y 54 +5¢
P(TN) 53459 1142V 16+1Y 45+4¢ 49449

E(control): uncoated Eucalyptus sp.; P(control): uncoated Pinus sp.; E(CS): Eucalyptus sp. coated with CS; E(TN):
Eucalyptus sp. coated with TN; E(AcOOH): Eucalyptus sp. treated with AcOOH; P(CS): Pinus sp. coated with
CS; P(TN): Pinus sp. coated with TN; P(AcOOH): Pinus sp. treated with AcOOH. Results are presented as
mean = standard deviation; n = 3. Different letters in the same column indicate results with significant differences
(p <£0.05). The notation is used to statistically compare the results between different species. The letters without
the prime are used to represent results for Eucalyptus sp. samples, while those with the prime indicate the
corresponding results for Pinus sp.

The samples display positive a* parameters, with values lower for Pinus sp. samples
than Eucalyptus sp., suggesting a slight greenish color in Pinus sp. samples. Additionally,
the reddish color of Eucalyptus sp. occurs after surface modification. The b* parameter
undergoes slight alterations for both wood samples after coating.

Digital images in Figure 5 show the color changes in the samples following surface
modification with the polymers. The color slightly shifts towards greenish and brown hues
due to the CS and TN surface coatings. The AE value for the coated wood ranges from
30 £2to 53 £+ 2 (p < 0.05). Of note is that the human eye cannot discern color changes if
the AE is less than 3.0 [32]. The whiteness index (WI) also exhibits statistically significant
differences for the Eucalyptus sp. and Pinus sp. samples after surface coating deposition
(p <0.05).

P(Control) P(CS) P(TN)
. e e

[ |

Figure 5. Digital images of the wood samples before and after surface modification with CS and TN
at 70 bar. Sample labels include E(control): uncoated Eucalyptus sp.; P(control): uncoated Pinus sp.;
E(CS): Eucalyptus sp. coated with CS; E(TN): Eucalyptus sp. coated with TN; P(CS): Pinus sp. coated
with CS; P(TN): Pinus sp. coated with TN.
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The Pinus sp. and Eucalyptus sp. samples were also characterized by FTIR-ATR, with
the spectra presented in the Supplementary Materials (Figures S4 and S5). The spectra
of the control samples, i.e., those not coated with CS and TN, are practically identical to
those of the coated samples. This result suggests that the CS predominantly deposits on the
surface of the test specimens, as its high molecular weight and the viscosity of its solution
hinder its penetration into the bulk of the wood. The presence of CS in internal regions
likely occurs on the surface of the pores, as suggested by the SEM images (Figure 4).

Other factors that may influence these results include the small surface area that
FTIR-ATR can analyze and the structural similarity between the main wood components
(cellulose and hemicellulose) with the chemical structure of CS. All these materials exhibit
similar connectivity, composed primarily of carbon and oxygen, making bulk material char-
acterization challenging. However, CS, known for its film-forming properties, combined
with the high pressure used in the coating process, supports the deposition of CS films
impregnated into the pore surfaces of the wood samples. On the other hand, characteriza-
tion through EDS, XPS, SEM, WCA, and FTIR-ATR suggests that the impregnation of the
samples is superficial, thus justifying the term “coated wood samples”.

2.2. Fungicidal Activity of the Polymers against Neolentinus lepideus and Trametes versicolor

The fungicidal activity of CS, TN, and AcOOH solutions against NI and Tv was
assessed in vitro. Solution concentrations were adjusted to achieve fungicidal activity and
inhibit the mycelial growth of both fungal species (Figures 6 and 7). TN demonstrates
significant inhibition of fungal growth at 2.0 mg/mL (p < 0.05), resulting in an approximate
99% inhibition for both fungi (Figures 6A and 7A). CS solutions, prepared in diluted
AcOOH solutions, exhibited potent fungicidal activity. In a 1.0% v/v AcOOH solution,
CS completely inhibits the growth of NI and Tv from 0.0125 mg/mL and 0.125 mg/mL,
respectively (Figures 6B and 7B). The fungicidal concentrations for CS differ from TN,
supporting the evaluation of the fungicidal activity of AcOOH aqueous solutions without
CS. AcOOH inhibits both fungi growth at 0.5% v/v (Figures 6 and 7). The difference in
fungicidal concentrations explains the superior fungicidal activity of CS compared to TN.
The presence of AcOOH in CS solution is a crucial factor influencing CS fungicidal activity.

The concentration of AcOOH significantly influences its efficacy against the NI and Tv
microorganisms. A concentration of 0.1% v/v (62.8 mg/mL) of AcOOH is ineffective in
inhibiting fungal growth (Figures 6C and 7C). A low concentration of CS (0.00125 mg/mL)
completely suppresses fungal growth completely (Figures 6B and 7B). In the control assay
(C+), Nl and Tv hyphae display growth, while CS, TN, and AcOOH effectively prevent
the mycelial growth of the fungi. A synergistic effect is noted between CS and AcOOH,
inhibiting the fungi.

In contrast, TN exhibits no inhibitory effect at concentrations below 2.0 mg/mL. Fungal
growth is evident in the Petri dish containing 10 mg/mL of CS due to the low concentration
of AcOOH used to solubilize CS (0.1% v/v). The digital images in Figures 6 and 8 illustrate
the growth of fungi under these conditions.

The crucial role of AcOOH in solubilizing CS is evident, as CS neutralizes AcOOH in
solution. The amino groups of CS are partially in an AcOOH aqueous solution. Investigat-
ing the fungicidal activity of AcOOH confirms the fungicidal potential of CS, given that
CS has solubility in organic acid aqueous solutions. These findings align with previous
studies. Kothari and Lee [33] reported a 10% reduction in the cellular activity of Escherichia
coli when in contact with an AcOOH aqueous solution at 1.0 g/L. Furthermore, an AcOOH
solution at pH 3.4 effectively killed Aspergillus flavus [34]. AcOOH exhibits cytotoxicity
against various yeasts, fungi, and bacteria [35-38].
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Figure 6. Inhibitory effect of the TN (A), CS (B), and AcOOH solutions (C) against Neolentinus
lepideus (NI) within 7 days of incubation. In the control assay (C+), the fungus is seeded in the Petri
dish without CS, TN, and AcOOH. In (B), overwritten letters, including a, b, and ¢, indicate the
concentration of AcOOH used to solubilize the CS (a = 1.0% v/v, b =0.5% v/v, and ¢ = 0.1% v/,
respectively. The term * indicates results with significant differences (p < 0.05).

(A) | Trametes versicolor (Tv) ‘

C+ TN: 0.5 mg/mL TN: 1.0 mg/mL TN: 2.0 mg/mL

Day 1§

150 TN —_ 100 —— 0.5mg/mL TN
E 80-] - 1.0mgmL
g 100 i I -- 20 L
g % 60 mg/ml
2 5
] T 40
£ 501 z
= o
o5 20
o e
0- 0 T T T T
0.5 1.0 2.0 1 3 5 7
Concentration (mg/mL) Inoculation time (days)

Figure 7. Cont.



Int. J. Mol. Sci. 2024, 25, 10899

12 of 23

(B)

Day 1 s

(€

Inhibition (%)

I Trametes versicolor (Tv) I

CS: 0.125 mg/mL? CS: 0.25 mg/mL?

100

Inhibition (%)

g

0.125% 0.25% 2.0 10° 10°
Concentration (mg/mL)

CS: 2.0 mg/mL? CS: 10 mg/mL® CS: 10 mg/mL®

Colony diameter (mm)

60

40

20

-A- 0.125 mg/mL® cs
-©- 0.25mg/mL?

—&- 2.0 mg/mL?

~®- 10 mg/mL® ”
*- 10 mg/mL® *
*
g—a—a—29@
T T T T
1 3 5 7

Inoculation time (days)

‘ Trametes versicolor (Tv) I

AcOOH: 0.1% v/v

0.1 0.5 1.0 2.0
Concentration (% v/v)

AcOOH: 0.5% v/v AcOOH: 1.0% v/v AcOOH: 2.0% v/v

Colony diameter (mm)

100

80

40+

20

0.1% (viv) AcOOH
0.5% (Vv)
1.0% (viv)
2.0% (V)

Inoculation time (days)

Figure 7. Inhibitory effect of the TN (A), CS (B), and AcOOH solutions (C) against Trametes versicolor
(Tv) within 7 days of incubation. In the control assay (C+), the fungus is seeded in the Petri dish with-
out CS, TN, and AcOOH. In (B), overwritten letters, including a, b, and ¢, indicate the concentration
of AcOOH used to solubilize the CS. The letters a, b, and ¢ in (B) represent AcOOH at 1.0, 0.5, and
0.1% v/v, respectively. The term * indicates results with significant differences (p < 0.05).
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Figure 8. Digital images associated with the samples of Pinus sp. And Eucalyptus sp., which were
incubated at 26 £ 2 °C and 70 % 4% relative humidity. (A) Decay test with Pinus sp. and Eucalyptus
sp. in the presence of isolates of Neolentinus lepideus, conducted over 78 days. The samples are
identified as follows: P(control)—uncoated Pinus sp.; P(TN)—Pinus sp. coated with tannins; P(CS)—
Pinus sp. coated with chitosan; P(AcOOH)—Pinus sp. treated with acetic acid; E(control)—uncoated
Eucalyptus sp.; E(TN)—Eucalyptus sp. coated with tannins; E(CS)—Eucalyptus sp. coated with chitosan;
E(AcOOH)—Eucalyptus sp. treated with acetic acid. (B) A decay test with Pinus sp. and Eucalyptus
sp. in the presence of isolates of Trametes versicolor was also conducted over 78 days, with the same
nomenclature for the samples.

CS has outstanding antimicrobial activity against bacteria and fungi [39-42] and ef-
fectively inhibits the growth of NI and Tv. Research indicates that the fungicidal activity
of CS depends on factors such as its deacetylation degree, molar mass, and pH [43]. The
antimicrobial activity of CS is attributed to coulombic interactions established with cellular
membranes rich in negatively charged phospholipids. This interaction can result in the
permeabilization of the fungal plasma membrane, releasing intracellular constituents and
ultimately causing the death of the pathogen [44]. Consequently, ionized CS containing
-NH;3* groups has been shown to inhibit the growth of fungi and bacteria [18,45], including
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Candida albicans and S. aureus, respectively [46,47]. Furthermore, CS presents antimicrobial
activity against microorganisms resistant to antibiotics (vancomycin, methicillin, flucona-
zole, amphotericin B, and caspofungin) [46,48]. However, CS supports cytocompatibility
for human cells [40].

CS exhibits fungicidal effects, particularly against various phytopathogenic fungi, with
notable activity against soil-dwelling fungi such as the pathogen Fusarium [49]. Its ability to
permeate the fungal cell membrane allows it to act on intracellular components, disrupting
the physiological processes of the fungus. Furthermore, CS can directly bind to fungal genetic
materials, suppressing DNA replication and inducing the death of the pathogen [44,50]. Ren
and collaborators [51] showed that 0.215 g/L of CS (with a deacetylation degree higher than
90%) in 1.0% v/v AcOOH inhibited the growth of spores of the phytopathogen Fusarium
oxysporum, which causes dry rot in potatoes.

Various mechanisms have been proposed to explain the antifungal action of CS.
Among them, notable mechanisms include localized rupture of fungal cell membranes, cy-
toplasmic leakage, chelation of essential nutrients, and direct interaction with nucleic acids,
leading to alterations in genetic information flow and interrupting the replication of fungal
genetic material [52]. Several factors, such as molecular weight, degree of deacetylation,
the type of microorganism, and environmental conditions, including ionic strength and
pH, influence the antimicrobial efficacy of CS [53]. The molecular weight of CS directly
affects its mode of action on microbial cells. High molecular weight CS tends to adhere to
the cell surface, forming a layer that weakens and ruptures cell walls, leading to the loss
of intracellular content. In contrast, low molecular weight CS can penetrate cells, where
they bind to DNA, inhibit enzyme activity, and interrupt protein synthesis, resulting in cell
death [54,55].

TN comprises hydrolyzable and primarily condensed tannins [56]. Gallic acid (phe-
nolic acid) and other phenolic compounds have been shown to inhibit mycelial fungi by
accumulating within the microorganism [57]. Additionally, tannins can inhibit fungal
enzymes by forming complexes, disrupting metabolic processes, and preventing the de-
velopment of microorganisms [58]. The antimicrobial properties of tannins are attributed
to their complex and heterogeneous chemical compositions, which include flavonoids,
alkaloids, and gallic acid-based compounds [59].

2.3. Antifungal Activity In Vivo

Table 3 presents the mass gain in wood samples following the deposition of TN and CS
coatings and treatment with AcOOH. The control tests confirmed a high water absorption
and retention in the samples, with a 73% increase in mass after pressurization in distilled
water for Pinus sp. and 42% for Eucalyptus sp. (Table 3). However, the mass gain after the
pressurization of the wood samples in the solutions was slightly lower for the samples
incubated with CS and TN compared to the control samples and those impregnated with
AcOOH. This result may be associated with the properties of the polymeric solutions,
which, due to their higher viscosity, have more difficulty penetrating the internal structure
of the wood. These results suggest that the CS coating should comprise a thin film layer on
the wood samples.

Table 3. Mass gain after coating deposition (TN or CS) and treatment with AcOOH.

Mass Gain (%)

P(control)

P(CS)

P(TN) P(AcOOH) E(control) E(CS) E(TN) E(AcOOH)

735

63 +2

63 +5 67 £1 42 +4 38+5 34+6 41 + 16

E(control): uncoated Eucalyptus sp.; P(control): uncoated Pinus sp.; E(CS): Eucalyptus sp. coated with CS; E(TN):
Eucalyptus sp. coated with TN; E(AcOOH): Eucalyptus sp. treated with AcOOH; P(CS): Pinus sp. coated with
CS; P(TN): Pinus sp. coated with TN; P(AcOOH): Pinus sp. treated with AcOOH. Results are presented as
mean = standard deviation; n = 3.
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Statistical analysis indicates that the mass gain is independent of the type of polymer
(CS and TN) used in the coating (p > 0.05). A more substantial mass gain is evident in Pinus
sp. compared to Eucalyptus sp. This finding is attributed to the density of the wood. Less
dense wood possesses more empty spaces in its bulk, allowing higher amounts of water,
CS, TN, and AcOOH deposition. Consequently, there is a more significant mass gain after
coating with CS and TN in Pinus sp. than in Eucalyptus sp.

Figure 8 shows digital images of the uncoated (control), TN- or CS-coated, and AcOOH-
treated wood samples seeded on feeding substrates contaminated with NI or Tv. The digital
images of the uncoated samples (P(control) and E(control)) were captured over 78 days
of incubation (Figure 8). Significantly, fungi growth is observed on the control samples
without polymer coatings. Furthermore, samples treated with AcOOH do not prevent fungi
deposition and growth (Figure 8). However, samples coated with TN and CS effectively
inhibit the growth of fungi responsible for biodeterioration over the 78 days of incubation
(Figure 8).

The surface coatings exhibit a substantial preventive effect against fungal contam-
ination, primarily attributed to the formation of polymeric films on the wood samples.
These films act as effective barriers, preventing the deposition and contamination of fungi.
The antimicrobial activity inherent in CS and TN further supports the protective capacity.
However, no significant mass change was observed in uncoated and coated samples after
78 days of incubation with the fungi. The exposure time to fungi is relatively short. There-
fore, extended exposure times could indicate prominent changes in the mass of control
samples contaminated with fungi compared to those treated with AcOOH and coated
with polymers.

2.4. Leaching

Table 4 presents the percentage of leached mass from the control samples (E(control)
and P(control)) and the samples coated with CS and TN. The coated materials exhibit a
significantly lower leached mass than the mass leached from the controls, indicating that
the coatings stabilize the wood by reducing the leaching of potential additives. A higher
concentration of additives seems to be released from the control wood samples (Table 4). CS
and TN thin films deposited on the wood samples should reduce the diffusion rate of water
molecules into the wood bulk, reducing the leaching of low-molecular-weight additives.

Table 4. Leached mass from wood samples after the stability test.

Samples Leached Mass (%)
E(Control) 9.0+02%2
E(CS) 7+1P
E(TN) 65+09b
P(Control) 84+027%
P(CS) 72+04"
P(TN) 70+05Y

E(control): uncoated Eucalyptus sp.; P(control): uncoated Pinus sp.; E(CS): Eucalyptus sp. coated with CS; E(TN):
Eucalyptus sp. coated with TN; P(CS): Pinus sp. coated with CS; P(TN): Pinus sp. coated with TN. Results
are presented as mean =+ standard deviation; n = 3. Different letters in the same column indicate results with
significant differences (p < 0.05). The notation is used to statistically compare the results between different species.
The letters without the prime are used to represent results for Eucalyptus sp. samples, while those with the prime
indicate the corresponding results for Pinus sp.

Figure 9 presents digital images of the wood samples (controls and CS-coated ones)
after the leaching test. The Pinus sp. coated with CS still exhibits hydrophobicity. This
result is confirmed by the digital image in Figure 9A (left panel), where a drop of water only
spreads over the control sample surface. This finding indicates that the coating remained
on the surface of Pinus sp. after the leaching test. In contrast, the result appears to be
different for the Eucalyptus sp., as no visible difference in wettability is observed on the
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surface of the Eucalyptus sp. samples (uncoated control and E(CS)) after the leaching test
(Figure 9B, right panel).

(A) (B)
P(Control)

Figure 9. Digital images of the wood samples with a drop of water on the surface, taken after the
leaching test (A). Digital images of the supernatant water that remained in contact with the wood
samples after the leaching test (B). E(control) uncoated Eucalyptus sp.; P(control) uncoated Pinus sp.;
P(CS): Pinus sp. coated with CS; E(CS): Eucalyptus sp. coated with CS.

The brown coloration of the supernatant water indicates the leaching of additives. This
color is more intense in the supernatant from the control samples, suggesting the leaching
of phenolic compounds, such as lignocellulosic components and tannins, particularly
from Eucalyptus sp. In contrast, the Pinus sp. coated with CS displays clear and colorless
supernatant water, indicating that no significant leaching of additives or other materials
occurred from the coated Pinus sp. (Figure 9A).

The hydrophobic CS coatings proposed in this study may have limitations. Previously
published results showed that CS does not exhibit stability and durability when in contact
with soil. Wroriska et al. [60] observed that CS biodegraded after two weeks of direct contact
with soil. This study used a feeding substrate to separate the coated wood samples from
the soil, preventing direct contact. On the other hand, there are outcomes indicating that
the degradation rate of CS in the soil varies from a few weeks to several months depending
on soil type, environmental conditions, and CS properties, including molecular weight,
degree of acetylation, source, etc. [61].

Munstermann et al. [62] showed the effectiveness of CS coatings associated with
itaconate in wood protection. After four weeks of exposure to irradiation, the coating
protected the wood against UV light degradation and effectively prevented fungal growth.

3. Materials and Methods
3.1. Materials

Chitosan (CS), with an ultra-high molar mass of 145 x 10° g/mol, was purchased from
Golden-Shell Biochemical (Shanghai, China). Tannin (TN) extracts from Acacia decurrens
De Wild, commonly known as Acacia Negra, were provided by Tanac SA (Montenegro-
RS, Brazil) and used as a control sample due to their antifungal activity and numerous
reports highlighting their effectiveness as wood preserving agents [4,13,14,63]. The glacial
acetic acid (AcOOH) was obtained from Synth (Sao Paulo, Brazil), and its diluted aqueous
solutions were also used as control samples for wood preservation, as these solutions are
commonly used to dissolve CS [64].
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3.2. Surface Coatings Deposited on Wood through Ultra-Pressurization

The coating deposition involved ultra-pressurizing wood samples in contact with CS,
TN, or diluted acetic acid (AcOOH) aqueous solutions using the equipment outlined in the
patent by Filho and coworkers [65]. The apparatus provides mechanical pressurization and
consists of a rectangular stainless-steel compartment. Eucalyptus sp. and Pinus sp. samples
(2 cm®) of known mass were placed into this compartment with CS or TN aqueous solutions
at 1.0% w/v or diluted AcOOH aqueous solutions without polymers (Table 5). CS aqueous
solutions were prepared in diluted AcOOH aqueous solutions, while the TN aqueous
solutions were yielded in distilled water (Table 5). Subsequently, five wood samples were
soaked in the solutions (95 mL), and the compartment containing the solutions and wood
samples was sealed using a metal base secured with 8 screws. The system was subjected to
a pressure of 70 bar for 1 h at room temperature. Following the ultra-pressurization process,
the samples were removed from the metallic compartment and rinsed once with distilled
water to eliminate any excess material from the surfaces. They were then oven-dried at
50 °C for 72 h and weighed to determine the mass gained after coating using Equation (1):

Mass gain(%) = <MZ_Ml> x 100 (1)
My

where the mass gain (%) is calculated based on the mass alteration of the samples fol-

lowing the wood treatment. Here, M; represents the samples’ initial mass (g) before

exposure to ultra-pressurization, and M, represents the mass (g) of the samples after ultra-

pressurization with the CS, TN, or AcOOH solution. After quantifying the mass gain, the

samples were stored in a desiccator for further analysis.

Table 5. CS, TN, and AcOOH solutions used in antifungal assays against Tv and NI.

Chemical Solutions Concentration (mg/mL) AcOOH (S/(;r;zc;)entratlon
5.0 1.0
2.0 1.0
0.25 1.0
S 0.125 1.0
10 0.1
10 0.5
2.0 *
TN 0.5 *
0.1 *
21 2.0
1.1 1.0
AcOOH 0.52 0.5
0.11 0.1
0.011 0.01

CS: chitosan; TN: tannin; AcOOH: acetic acid. * TN aqueous solutions do not contain AcOOH (acetic acid) as TN
is soluble in water.

3.3. Characterization

CS and TN (precursors) were characterized through Fourier transform infrared spec-
troscopy using a Shimadzu Scientific Instrument (Cary 630, Columbia, MD, USA) (Supple-
mentary Materials, Figure S6). The spectra were obtained in attenuated total reflectance
mode (FTIR-ATR) with a resolution of 4 cm ! and 64 scans. Dynamic light scattering (DLS)
measurements were conducted with the CS and TN aqueous solutions using a LiteSizer
500 instrument (Anton Paar, Luton, Bedfordshire, UK) [66]. The solutions’ Zeta potential
and hydrodynamic radius were measured at room temperature. These results are pre-
sented in the Supplementary Materials, while the chemical structures of CS and TN are
well-established and documented in the literature [64,67].



Int. J. Mol. Sci. 2024, 25, 10899

18 of 23

FTIR-ATR spectra were also obtained from the surfaces of the wood samples before and
after treatment by ultra-pressurization with CS and TN solutions, using the methodology
and equipment described previously. Water contact angle (WCA) measurements were
evaluated on the surfaces of dried samples at 25 °C. The assessments were conducted with
water on coated and uncoated wood samples, using the sessile drop method and a contact
angle goniometer Kriiss DAS 10 (Hamburg, Germany), equipped with video capture. A
water droplet (3.0 uL) was deposited on the sample surfaces, and three measurements were
taken on each sample in various areas [68]. Digital images of the surfaces were captured
and correlated with the WCA values.

The surface chemical composition of both coated and uncoated samples was char-
acterized through X-ray excited photoelectron spectroscopy (XPS). XPS survey spectra
were captured using Phi Electronics 5800 Spectrometer equipment (Chanhassen, MN, USA)
coupled with a monochromatic Al K« X-ray source (hv = 1486.6 eV), employing a hemi-
spherical analyzer and a multichannel detector. High-resolution XPS spectra were obtained
using a 23.5 eV pass energy analyzer with 0.10 eV steps and an 800 um X-ray spot. The
spectra were fitted using Origin version 8.5, employing a Shirley background. The spectra
were acquired with a photoelectron takeoff angle of 45° [69].

Samples of Eucalyptus sp. and Pinus sp., both coated and uncoated, were character-
ized through scanning electron microscopy (SEM) and elemental mapping using energy-
dispersive X-rays using a JSM-6500F electron microscope (JEOL, Tokyo, Japan) operating at
an accelerating voltage of 5 kV. Before obtaining SEM images, a thin layer of palladium-
gold alloy (10 nm) was deposited on the samples using a Polaron SC 7620 Sputter Coater
(Quorum Technologies, Newhaven, UK) [17]. Elemental mapping for carbon, oxygen,
and nitrogen was carried out on the surfaces coated with CS using the JSM-6500F instru-
ment [69].

A Deltra Vista spectrophotometer (Brazil) was used to analyze the color of the samples
before and after coating. The parameters of lightness/brightness (L*), redness/greenness
(a*), and yellowness/blueness (b*) were evaluated and used to obtain the parameters
color difference (AE) and the whiteness index (WI) through Equations (2) and (3), respec-
tively [70]:

AE = \/(L* — L)* + (a* — a)* + (b* — b)? @)

WI =100 — \/(100 — L 42+ b2 3)

3.4. Antimicrobial Tests with Wood Rot-Causing Fungi
3.4.1. Fungal Material

The fungal strains used in this study, Neolentinus lepideus (NI, Mad-534) and Trametes
versicolor (Tv, CCIBT 2539), were obtained from the United States Department of Agriculture
(USDA) /Forest Service (FS)/Forest Products Laboratory (FPL), Madison, WI, USA, and
Botany Institute, Sao Paulo, Brazil, respectively. The isolates were selected and cultured in
Petri dishes on potato, dextrose, and agar medium (PDA) with a pH of 5.6. The cultures
were incubated at 25 & 2 °C in a Biochemical Oxygen Demand incubator and stored for
7 days for subsequent use.

3.4.2. In Vitro Antifungal Activity of Biopolymers and Acetic Acid Solutions

CS, TN, and AcOOH aqueous solutions were prepared and autoclaved at 55 °C. CS
solutions were obtained in diluted AcOOH aqueous solutions (Table 5). Subsequently,
aliquots of CS, TN, and AcOOH solutions were added to the PDA medium and autoclaved.
Tv and NI isolates with a mycelium diameter of 8.0 mm were inoculated in Petri dishes
containing 20 mL of BDA with antifungal agents at different concentrations (Table 5).

The Petri dishes were placed in a growth chamber at 25 &+ 2 °C for 7 days. The
experiment was evaluated in triplicate for each isolate. The diameter of mycelial growth
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was measured with a digital caliper. The growth inhibition rate of Tv and NI fungi was
determined using Equation (4) [71].

Inihibitory rate(%) = [(C —T)]/[(C — 0.6)] x 100 (4)

where C is the diameter of the control halo (0.6 cm), and T is the halo of the hyphae (cm) of
the fungi after contact with the PDA medium containing the antifungal agents (CS, TN, or
AcOOH solutions) determined over 7 days of analysis with the caliper.

3.4.3. In Vivo Preservative Treatment of Wood

Pinus sp. and Eucalyptus sp. samples (2 cm?) were obtained from Empério da Madeira
(Maringa, Brazil). The test samples were sanded, and those without knots and cracks were
selected for testing. Subsequently, they were placed in an oven at 50 °C for 72 h until
reaching a constant mass.

Rot tests with adaptations were evaluated following the methodology outlined in
the American Wood Protection Association standard (AWPA E10-22) [71]. Samples of
purple-dystrophic oxisol (200 g, pH of 6.0, and relative humidity of 130%), without organic
matter and with a particle size of 600 um, were added to glass bottles (500 mL) with screw
caps. The soil moisture (130%) was adjusted using Equation (5) by calculating the amount
of distilled water necessary to achieve the desired relative humidity.

Attyo = [1.30 X (A — B)] X [Mgoq1/ (100 + B)] )

where Ay, is the determined mass (g) of distilled water added to each flask (80 g), A is
the water retention capacity of the soil (%), B is the moisture content of the dry soil (%),
and My, is the mass of dry soil (200 g) added to each flask.

Pinus sp. or Eucalyptus sp. sample (0.5 x 3.0 x 3.0 cm®) was positioned on the soil
previously added to each flask. These samples served as a substrate for the growth of N1
and Tv fungi. Subsequently, the flasks were autoclaved at 121 £ 1 °C for 45 min. Each flask
received a 6 mm disk of mycelium from NI or Tv fungal isolates deposited on the wood
substrates. The flasks were then incubated at 26 &= 2 °C and 70 £ 4% relative humidity for
45 days to allow the mycelia to cover the substrates entirely.

After the feeder substrates were covered with fungi, the uncoated and coated wood
samples (2 cm®) were placed on the feeder substrates containing NI or Tv. The system was
incubated for 12 weeks at 26 = 2 °C and 70 £ 4% relative humidity. Afterward, the samples
were removed from the glass bottles and stored in a ventilated oven at 50 °C for 72 h until
they reached constant masses. The mass reduction (%) was determined using Equation (6).

Mass reduction(%) = <MAMB> x 100 (6)
Mp

where M 4 is the initial mass (g) of the samples before exposure to fungi (after pressurization

with the CS, TN, and AcOOH solutions), and Mg is the mass (g) of the samples after the

rotting test.

3.5. Leaching Assay

The leaching assay followed a previously reported experimental procedure [16] with
modifications. Ten coated and uncoated samples (2 cm?) of Eucalyptus sp. and Pinus sp.
were placed in 250 mL flasks containing 150 mL of distilled water and incubated on a shaker
(Solab) without orbital agitation at room temperature for 15 days at room temperature.
After 15 days, the samples were removed from the water and oven-dried at 50 °C for
72 h, following the guidelines outlined in the American Wood Protection Association
standard (AWPA E10-22) [71]. The leaching (%) of CS and TN was determined using
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Equation (7). The leached mass (%) results were compared with the results for the control
sample (uncoated), which was previously soaked in distilled (15 days) and then dried.

Leachead mass(%) = (MAMMC> x 100 (7)
c

The M4 term is the initial mass (g) of the samples before exposure to fungi (after
ultra-pressurization with the CS and TN solutions), and Mc¢ is the mass (g) of the samples
after the leaching assay. The wettability of the samples obtained after the leaching assay
was investigated by depositing a water droplet (10 pL) on the surface of the dried samples.
Digital images of the water in contact with the samples were taken after 15 days, and the
supernatant water in contact with the samples (uncoated and coated) was compared.

3.6. Statistical Analysis

The results were statically analyzed through ANOVA analysis and the Tukey test, with
a significance level of 5% using GraphPad Prism 8.0.

4. Conclusions

This study introduces a novel method to develop surface coatings based on chitosan
(CS) on wood samples using ultra-pressurization, a strategy involving mechanical pressure
applied between polymer aqueous solutions and wood substrates. In vitro antimicrobial
tests confirm the outstanding antimicrobial activity of both TN and CS against Trametes
versicolor (Tv) and Neolentinus lepideus (NI). In vivo antimicrobial assays further ratify their
efficacy, underscoring the substantial protective nature of CS and TN coatings against
Eucalyptus sp. and Pinus sp. This pioneering study presents a promising wood preservation
strategy, highlighting the potential of CS as a natural bio-fungicide. This approach provides
an environmentally friendly alternative to traditional chemical fungicides. The compre-
hensive inhibitory effect of CS on various phytopathogenic fungi can hold significant
implications for sustainable practices, reducing reliance on synthetic chemicals.
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