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Rubberwood (Hevea brasiliensis), a widely utilised timber in Malaysia, is 
susceptible to degradation from fungi and termites, requiring effective 
preservation strategies to extend its service life. This study explores a 
novel approach for improving the delivery of tebuconazole (TEB), a 
triazole fungicide, into rubberwood using zein nanoparticles prepared via 
the nanoprecipitation method. The optimised zein nanoparticles achieved 
a hydrodynamic size of 146.4 ± 10.66 nm with a loading efficiency of 
43.0%. The treated rubberwood samples were categorised as “easily 
treated” and showed sustained release of TEB from leaching tests. 
Results showed good protection against subterranean termites 
(Coptotermes gestroi) with promising resistance to brown rot 
(Gloeophyllum trabeum) and white rot (Trametes versicolor) fungi. The 
study highlights the potential of nanoprecipitation as a sustainable, 
efficient alternative to traditional wood preservation methods, offering 
reduced chemical usage and improved delivery efficiency. 
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INTRODUCTION 
 

Wood is an essential, renewable resource widely used across various industries, 

including construction, furniture manufacturing, and musical instruments (Chen et al. 

2020). Its versatile properties, such as strength-to-weight ratio, durability, and thermal 

insulation, attract many applications (Ramage et al. 2017; Jakob et al. 2022). Rubberwood 

(Hevea brasiliensis), a byproduct of the rubber industry, has become an important source 

of timber, especially in Southeast Asia. Rubberwood is primarily used in furniture, 

flooring, and other wood-based products due to its relatively low cost and good mechanical 

properties. Malaysia, a significant rubberwood producer, has relied heavily on rubberwood 

for the furniture industry, contributing substantially to its economic output (Shigematsu et 

al. 2011; Teoh et al. 2011). The sape, a traditional Sarawakian instrument, is often made 

with rubberwood, which holds significance to Malaysian culture (Wong et al. 2023). 
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However, despite its advantages, rubberwood faces several challenges that can limit its use 

and durability. 

One of the most significant issues with rubberwood is its susceptibility to 

degradation, primarily caused by biotic and abiotic factors. Rubberwood, like many other 

wood types, is prone to attacks from white rot and brown rot fungi; in addition, it is 

susceptible to termites like subterranean termites, which are common in Southeast Asia 

(Nazarpour et al. 2013; Teoh et al. 2011). These biotic factors are responsible for wood 

degradation, which can lead to a considerable loss of material strength and aesthetics. 

Untreated or unmodified rubberwood is highly susceptible to fungal and termite attacks, 

which compromise its lifespan, durability, and usability (Nazarpour et al. 2013). The 

aesthetic and acoustic properties of wood are integrated in many regional cultures, making 

the degradation of timber a threat not only to structural integrity, but also to tools and 

musical instruments and to the continuity of these heritage practices and values. 

To address these concerns, wood preservation techniques have been developed to 

extend the service life of wood by preventing or slowing down the process of degradation. 

Wood preservatives are chemical substances that are applied to wood to protect it from the 

damaging effects of biotic and abiotic factors. Commonly used preservatives include oil-

borne, water-borne, and chemical-based formulations that are designed to be either 

absorbed into the wood matrix or applied to its surface (Hassan et al. 2021; Vani et al. 

2022). The application of these preservatives is essential for maintaining the structural 

integrity and functionality of wood, particularly in outdoor or high-moisture environments 

where degradation is more likely to occur (Cheremisinoff and Rosenfeld 2010; Alade et al. 

2022). 

However, the widespread use of traditional wood preservatives presents several 

environmental and health-related issues. Many of the chemical preservatives in use today 

contain toxic substances, such as heavy metals and biocides, which can leach into the 

environment, contaminating soil, water, and surrounding ecosystems (Chaud et al. 2021; 

Khademibami and Bobadilha 2022; Emenike et al. 2024). For example, preservatives such 

as chromated copper arsenate (CCA), ammoniacal copper zinc arsenate (ACZA), and 

pentachlorophenol contain toxic compounds such as chromium, arsenic, and chlorine, 

which are harmful to both human health and wildlife (Ohgami et al. 2015; Kato et al. 2021; 

Emenike et al. 2024). The leaching of these toxic chemicals from treated wood into the 

environment is a major concern, particularly in areas where the treated wood is exposed to 

rain or moisture (Townsend et al. 2004; Thaler and Humar 2014). 

Considering these environmental and health concerns, there has been increasing 

interest in the development of safer and more sustainable wood preservation methods. One 

alternative is the use of organic biocides, which are biodegradable and less harmful to the 

environment compared to traditional chemical preservatives (Lebow 2010). Among these 

biocides, tebuconazole (TEB), a triazole-based fungicide, can protect wood against brown 

rot (Gloeophyllum trabeum) and white rot fungi (Trametes versicolor) (de Albuquerque et 

al. 2018; Tleuova et al. 2020). TEB functions by inhibiting the biosynthesis of ergosterol, 

a critical component of fungal cell membranes, thereby disrupting fungal growth and 

preventing wood decay (de Albuquerque et al. 2018). Its effectiveness against wood-

damaging fungi has made it a viable candidate for use in wood preservation. 

Despite its promising antifungal properties, TEB has limitations that hinder its 

practical application, primarily its challenge associated with poor solubility in water, which 

limits its ability to be effectively incorporated into wood preservation systems that rely on 

water as the medium for delivery (Čadková et al. 2013). This issue increases the difficulty 
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of applying TEB using conventional pressure treatment methods, such as the full-cell or 

modified full-cell vacuum pressure techniques, which require TEB to be delivered through 

an aqueous medium, necessitating higher concentrations for adequate protection, and 

resulting in insoluble TEB in the water medium, causing health and environmental hazards 

to soil and earthworms (Chen et al. 2018). 

To overcome this limitation, alternative delivery systems have been explored, such 

as the use of nanoparticles to encapsulate hydrophobic substances on TEB (Díaz-Blancas 

et al. 2016; Ong et al. 2023). Nanotechnology has emerged as a promising tool for 

improving the solubility, stability, and controlled release of poorly soluble compounds. 

Among the various nanomaterials available, zein nanoparticles (zein NPs) have gained 

significant attention for their ability to encapsulate hydrophobic drugs and active 

ingredients. Zein is a natural, biodegradable protein derived from corn, which allows it to 

interact with both hydrophobic and hydrophilic substances with its amphiphilic properties  

(da Rosa et al. 2015; Araujo et al. 2021; Campos et al. 2023). This makes zein an ideal 

candidate for use as a carrier, particularly for the hydrophobic TEB. 

Zein NPs are typically prepared using methods such as nanoprecipitation, where a 

solvent containing the zein and active ingredient is introduced into an aqueous phase, 

leading to the formation of nanoparticles (Hu and McClements 2014; Li et al. 2019; Xing 

et al. 2022). These nanoparticles can encapsulate TEB, improving its solubility and 

stability in water, thus enhancing its delivery into the wood matrix. Additionally, the use 

of zein as a carrier material offers the benefit of biocompatibility and biodegradability, 

ensuring that the preservation treatment is environmentally friendly and sustainable  (Xing 

et al. 2022; Campos et al. 2023). By using zein NPs to deliver TEB, the limitations 

associated with TEB’s poor solubility can be mitigated, allowing for more effective wood 

preservation treatments. 

The potential application of zein NPs in wood preservation was explored in this 

study, where TEB-loaded zein NPs were synthesised using the nanoprecipitation method 

and characterized using dynamic light scattering (DLS), FTIR, SEM-EDX, UV-Vis 

spectroscopy, TGA, and DSC. The optimised NPs were applied to rubberwood through a 

modified full-cell vacuum pressure treatment. The treated wood was tested against 

subterranean termites, brown rot and white rot fungi to observe the effectiveness of the 

preservative delivery approach. 

 
 
EXPERIMENTAL 
 

Materials 
For the synthesis of zein NPs, pure zein powder (88% protein, Thermo Fischer, 

USA), Tween 80 (polysorbate 80, Fischer Scientific, United Kingdom), and 99.5% ethanol 

(Grade AR, QReC, Malaysia) were purchased from respective suppliers. Tebuconazole 

(97%, Sigma Aldrich, USA), rubberwood (Hevea brasiliensis) specimens, brown rot 

(Gloeophyllum trabeum), and white rot (Trametes versicolor) fungi cultures were provided 

by Forest Research Institute Malaysia, whereas subterranean termites (Coptotermes 

gestroi) were provided by the Centre of Chemical Biology, USM.  

 

Formulation Development of TEB-loaded Zein NPs 
The fabrication of blank zein NPs references the pH antisolvent method with minor 

modifications (Hu and McClements 2014). First, 0.02%w/v zein was prepared in 85% 
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ethanol as the solvent phase, while 0.02%v/v polysorbate 80 was prepared in distilled water 

as the aqueous phase. Next, 5 mL of the solvent phase was added dropwise to the aqueous 

phase using a controlled syringe pump setup with dropping rate of 0.2 mL/min, and the 

solution was stirred at 1000 rpm using a magnetic stirrer. The solution was stirred for 

another 2 h at constant room temperature and airflow to remove ethanol through 

evaporation. The solution was then processed stepwise (Table 1) to remove possible 

impurities and to obtain the finalized NPs.  

 

Table 1. Processing of TEB-loaded Zein Nanoparticles 
 

Process step Parameters 

Centrifugation 4000 rpm for 10 min 

Washing Two times with distilled water 

Freeze-drying 12 hours 

 

Subsequently, parameters such as zein concentration, polysorbate 80 concentration, 

dropping rate, pH, zein: TEB ratio, and solvent: aqueous phase ratio were systematically 

varied using a one-variable-at-a-time approach to optimise the NPs to minimise particle 

size and maximise the loading efficiency of TEB in the zein NPs. To measure TEB loading 

efficiency in TEB-loaded zein NPs, 10 mg of nanoparticles and blank zein NPs were 

weighed accurately and transferred to respective 10 mL Falcon tubes, followed by mixing 

with 3 mL of 50% aqueous ethanol. Both samples were sonicated for 10 min to extract 

TEB. The samples were centrifuged at 4,000 rpm for 5 min. The supernatant from both 

samples was scanned using a UV-Vis spectrometer to determine their λmax, absorbance 

value, and subsequently, their respective concentrations. Each measurement was done in 

triplicate, and the average value was calculated with Eq. 1. 

 

Loading efficiency = 
(TEB loaded concentration-TEB blank concentration)

TEB loaded concentration
  (1) 

 

Methods 
Spectrum analysis of the samples was done using ATR-FTIR spectrometer 

(PerkinElmer Spotlight 200, USA), with all samples recorded from 600  to 4000 cm-1 at a 

resolution of 4 cm-1 and 16 scans. The NPs were analysed with dynamic light scattering 

(DLS) (Malvern Zetasizer Nano ZS, UK) to determine the hydrodynamic size of the NPs, 

with the measurements taken 25 °C, and the viscosity and refractive index of water were 

set at 0.89 cP and 1.33, respectively. Approximately 10 mg of NPs were weighed and 

dispersed in 10 mL of distilled water, followed by 5 min of sonication. The samples were 

filtered through a 0.45 μm pore size polyvinylidene fluoride syringe filter into the plastic 

cuvette cell for analysis. To determine the morphology and composition of the zein NPs, 

scanning electron microscopy-energy dispersive X-ray (SEM-EDX) (Hitachi-Regulus, 

Japan) was used to analyse the NPs at 1.0 kV. Loading efficiency of TEB in the zein NPs 

was performed using UV-visible spectroscopy (Shimadzu UV-2700i, Japan). An accurate 

mass of 10 mg of both the TEB-loaded zein NPs and blank zein NPs was weighed and 

transferred into separate 10 mL Falcon tubes. Each sample was then mixed with 3 mL of 

50% aqueous ethanol and subjected to sonication for 10 min to extract the loaded TEB. 

The samples were centrifuged at 4,000 rpm for 5 min. The supernatant from each sample 

was collected and analysed to determine the λmax, absorbance, and corresponding 

concentrations of TEB. All measurements were performed in triplicate, and the mean value 
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was subsequently calculated. Thermogravimetric analysis (TGA) (PerkinElmer STA 6000, 

USA) and differential scanning calorimetry (DSC) (PerkinElmer Pyris 1, USA), 

respectively, were used to assess the thermal stability and phase transitions of the NPs. 

TGA was performed with a heating rate of 10 °C/min from 0 to 800 °C under a nitrogen 

atmosphere, whereas DSC was conducted at 10 °C/min from 0 to 250 °C under a nitrogen 

atmosphere. 

 

Validation of UV-Visible spectrophotometric method for determination of tebuconazole 

(TEB) in TEB-loaded zein NP 

 The quantification of TEB loaded within the NPs was performed using UV-Visible 

spectrophotometry. The method’s accuracy, precision, and reproducibility for determining 

TEB presence and concentration were validated. For these validation studies, a 50 ppm 

ethanolic TEB stock solution was prepared and subsequently diluted to generate a series of 

standards ranging from 5 ppm to 30 ppm. The absorbance of these standards was then 

measured, using 85% ethanol as the blank, to construct a calibration curve plotting TEB 

concentrations (x-axis) against their corresponding absorbance values (y-axis). In the 

Appendix, Fig. A1 and Table A1, A2, and A3 provide the statistical analysis of the 

validation. 

 

Rubberwood treatment of TEB-loaded zein NPs 

Rubberwood (Hevea brasiliensis) were treated with TEB-loaded zein NPs with a 

modified full cell vacuum pressure treated according to the Malaysian Standard 

(MS360:1991). Rubberwood samples were measured to 25 × 25 × 6 mm and were initially 

air-dried until they achieved a constant weight (Winitial). The samples were then placed in a 

desiccator and subjected to a vacuum of no less than -80 kPa for a minimum duration of 

60 min to facilitate the removal of any impurities within the wood’s pore structure. 

Subsequently, the samples were immersed in the solution with TEB-loaded zein NPs and 

were pressure-treated with 340 kPa for 60 min. Once the pressure was released, the samples 

were removed from the desiccator, allowed to air-dry for 30 min, and reweighed (denoted 

as WAD). The samples were then subjected to an oven-drying process at 100 °C for 12 h, 

until a constant weight (WOD) was achieved. Using the recorded weights, the treatability 

and chemical retention of TEB-loaded zein NPs in the wood samples were determined. 

Control samples were treated with distilled water under the same experimental conditions. 

Treatability refers to “the measure of extent to which a porous material can be impregnated 

with liquids” (Tarmian et al. 2020), whereas chemical retention is defined as “the amount 

of wood preservative that remains in the wood sample after treatment” (Islam et al. 2014). 

Treatability and chemical retention are calculated using Eq. 2 and 3, where G is the is the 

specific gravity of TEB at 1.249 g/cm3, and V is the volume of the wood sample. 
 

Treatability (lm-3) =
WAD-WOD

G*V
×1000      (2) 

 

Chemical retention (kgm-3) = Treatability × 
concentration of solution (%w/w)

100
 (3) 

 

Leaching studies were conducted to evaluate the efficacy of the delivery approaches 

into the wood and their potential to withstand real-world weathering conditions. The 

leaching test procedure was modified according to EN 84. Wood samples were immersed 

in deionised water at a 1:5 (wood volume : water volume) ratio. The water was replenished 
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after 24 and 48 h, with a total of seven water changes performed over the initial 12-day 

period, extending the total immersion to 14 days. Subsequently, water changes were 

conducted every two days for an additional 30 days. The resulting leachates were collected 

and stored in Falcon tubes at a consistent room temperature for subsequent quantification 

of TEB content via UV-Vis spectrophotometry. Permeability ratings are given in Table A4, 

whereas wood durability ratings for anti-termite tests and weight loss classification for anti-

fungi tests were defined in Table A5 and A6 respectively. 

 

Biological efficacy testing for TEB-loaded zein NP treated wood 

 The rubberwood treated with TEB-loaded zein NPs is tested against brown rot 

(Gloeophyllum trabeum), white rot fungi (Trametes versicolor), and subterranean termite 

(Coptotermes gestroi). The anti-fungi study followed ASTM D2017-05 (2005), whereas 

the anti-termite study followed the ASTM D3345-08 (2017). Weight loss was calculated 

using wood samples before and after the tests, and their decay rating was evaluated. 

Triplicates were prepared for each parameter. 

 

 
RESULTS AND DISCUSSION 
 

The FTIR analysis was used to confirm the presence of TEB and zein through the 

examination of functional groups, and possible interactions from the incorporation of TEB 

into the zein matrix to identify any potential chemical interactions that may influence the 

properties and performance of the NPs. The FTIR spectra of the blank zein NP, TEB-

loaded zein NP, and pure TEB were compared to investigate the characteristic bands of 

each component in Fig. 1. The spectrum of blank zein NPs displayed characteristic bands 

of the protein. The broad peak observed at 3287 cm⁻¹ corresponds to the O-H stretching 

vibration of amide groups, while the bands at 1642 cm⁻¹ and 1530 cm⁻¹ are attributed to 

the C=O stretching and N-H bending vibrations, respectively, within the protein backbone 

(Hu et al. 2015; Zou et al. 2012). For the TEB-loaded zein NPs, additional bands related 

to TEB were observed, including a prominent peak at 1449 cm⁻¹ representing N-N 

stretching, and aromatic C-C stretching at 1534 cm-1. Weak C-Cl stretching was observed 

at 700 cm-1 in the loaded zein NP spectrum, but it was absent in the blank zein NP, which 

confirms the presence of TEB in the loaded zein NPs (De Lorenzi et al. 1999). There were 

no significant peak shifts of C-Cl; hence, it is suggested that TEB is adsorbed onto the zein 

NPs.  

Multiple optimisation parameters were identified to influence NP size through DLS 

analysis, with the trends displayed in Fig. 2a to f, with further details listed in Tables A7 

to A12. Lower zein concentrations promoted instability and aggregation, while higher 

concentrations led to saturation and size increase (Hu and McClements 2015; Patel et al. 

2010). Polysorbate 80 at 0.035% w/v provided steric stabilisation, yielding the smallest 

particles. The effect of increasing polysorbate 80 concentration diminishes, as the presence 

of the surfactant is effective enough to stabilise the formation of the zein NP (Hu and 

McClements 2014; Sivasankar et al. 2024). The dropping rate of 0.6 mL/min enabled 

effective mixing without inducing oversaturation, as faster rates introduced the solvent 

phase too quickly and saturate the mixture with high zein concentration, leading to fewer 

but larger particles due to nucleation kinetics (Saad and Prud’homme 2016).  
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Fig. 1. FTIR spectra of TEB-loaded zein NP, blank zein NP, and bulk TEB 

 
Fig. 2. Various parameter effects on nanoparticle size and PDI of a) zein concentration,  b) 
polysorbate 80 concentration, c) addition time, d) pH, e) zein: TEB ratio, and f) solvent: aqueous 
ratio 
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Zein is heavily influenced by pH due to its protein nature, and its isoelectric point 

is near 6.2 (Podaralla and Perumal 2010). Thus, adjusting the pH in the process will modify 

the NP size. The pH adjustment in the aqueous phase provided low ionic strength and 

prevented aggregation from the nanoprecipitation, which was similar to previous studies 

(Sivasankar et al. 2024). At pH 4, strong electrostatic repulsion among positively charged 

zein molecules prevented aggregation. As pH increases, deprotonation causes zein side 

chains to repel each other and encourage smaller particles, albeit yielding larger 

hydrodynamic sizes than at lower pH (Wang et al. 2024a). As the antisolvent approach 

depends on the solvent and aqueous phase quality, which includes the concentrations of 

zein and TEB, variations to the phases will contribute to the NP size and loading efficiency. 

Increasing the zein: TEB ratio of 5:1 was ideal; higher zein content induced aggregation, 

whereas lower ratios reduced encapsulation efficiency (Li et al. 2019). A solvent:aqueous 

ratio of 1:5 facilitated rapid nucleation and evaporation of ethanol, leading to smaller 

particle formation, which will perform better on penetrating the wood matrix. Although a 

consistent trend was not observed, increasing the aqueous phase volume generally 

increases solvent diffusion and promotes precipitation, which can lead to smaller particle 

sizes until a threshold is reached (Martínez Rivas et al. 2017). Altogether, the synergistic 

optimisation of these parameters produced TEB-loaded zein NPs 140.60 ± 4.77 nm with 

PDI at 0.151 ± 0.043. The loading efficiency of TEB in the zein NP were calculated to be 

42.9%.  

 The levels for each parameter in the study were selected based on preliminary 

screening tests to establish an operational range that prevents complete nanoparticle 

aggregation and to provide a simple baseline. Future studies would recommend a multi-

factor parameter design to verify the interaction between parameters to improve 

optimisation. 

 

 
Fig. 1. (a) SEM image of blank zein NPs and its size distribution curve, (b) SEM image of TEB-
loaded zein NPs and its size distribution curve 

 

The morphology of the TEB-loaded zein NP were analysed using SEM in Fig. 3a 

and b. The SEM diagram shows that the shapes of the NPs are generally spherical, with the 

NPs close to each other. TEB-loaded zein NPs had a slightly larger zaverage than the blank 

NPs, recording at 80.88 ± 17.03 nm and 76.01 ± 16.51 nm, respectively. The observed size 

distribution in the SEM had a low deviation in the zaverage, showing consistency with 

uniform sizes and low polydispersity in the DLS results. The EDX analysis (Fig. 4) also 

detected the presence of chlorine in the NPs, which is attributed to TEB. This analysis 

showed that TEB was successfully incorporated into the zein NPs. UV-Visible 
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spectroscopy was used to determine the loading efficiency of TEB-loaded zein NP at the 

wavelength of 220 nm, which coincides with the absorption wavelength range of TEB. The 

loading efficiencies from the unoptimised and optimised TEB-loaded zein NP were 39.8% 

and 43.0%, respectively. TEB is incorporated with zein NPs during nanoprecipitation, due 

to hydrogen bonding between TEB and the zein protein backbone (Liang et al. 2015; 

Želonková et al. 2019). The optimised NPs show improvements in loading efficiency but 

also in hydrodynamic size, which can improve delivery efficiency into the wood matrix. 

 

 
 

Fig. 2. EDX analysis diagram and spot analysis (“Spectrum 8”) for TEB-loaded zein NPs 
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Fig. 3. Thermal analysis of bulk TEB, bulk zein, and TEB-loaded zein NPs: TGA (a) and DSC (b) 

  

The thermal profile for the bulk zein, bulk TEB, and TEB-loaded zein NPs was 

evaluated with TGA and DSC, as shown in Fig. 5a and b, respectively. From the TGA 

graph, it is apparent that both bulk zein and bulk TEB had a one-step mass loss, whereas 

the TEB-loaded zein NPs had a two-step degradation. The distinct peaks in both bulk zein 

and bulk TEB are attributed to the cleavage of the peptide chains and the triazole ring 

(Corradini et al. 2004; Borucka and Celinski 2019), which results in a one-step 

degradation. However, the two-step degradation in the TEB-loaded zein NP is likely due 

to the degradation of TEB incorporated in the NP and followed by the breakdown of the 

structural formation and physical attraction between TEB and zein (Sun et al. 2016). By 

comparison, TEB-loaded zein NPs retained the thermal stability of bulk zein with similar 

Tmax. These findings support the interaction of TEB being incorporated into the zein NP, 

as there is a slight increase in resistance to thermal degradation. Subsequently, the thermal 

transitions of bulk zein, bulk TEB and TEB-loaded zein NP were also analysed using DSC 

to study their thermal characteristics. Zein, being a protein, showed its thermal denaturation 

around 158.2 °C, but also a small peak at 73.1 °C, which may indicate the evaporation of 

bound water (Shi et al. 2022). Bulk TEB confirms its crystalline structure with the apparent 

sharp endothermic peak, but this peak was absent in the TEB-loaded zein NP thermograph. 

This can be explained as TEB losing its crystalline form when incorporated into the zein 

NP (Wang et al. 2022).  

 

Rubberwood Treatment with TEB-loaded Zein NPs  
Treatment of rubberwood using TEB-loaded zein NPs was evaluated by 

determining treatability and chemical retention. The treatability calculated was 284.52 ± 

47.70 L/m3, and the chemical retention calculated was 7.11 ± 1.19 kg/m3. Treatability of 
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rubberwood samples via the nanoprecipitation approach was classified as “easy”. High 

treatability was achieved as the NP sizes were within the range of rubber wood vessels, 

which can range from 82 to 260 µm to facilitate entry for the NPs and allowing deep 

penetration into the wood structure (Savero et al. 2023). The chemical retention calculated 

also showed good results, indicating that the TEB-loaded zein NPs can be retained in the 

rubberwood structure and can deliver TEB effectively. Amino acids in zein interact with 

the wood matrix through hydrogen bonding (Perez et al. 2023), enabling affinity of the 

zein NP to be adsorbed to the structure, ensuring protection. 

 

 
 

Fig. 4. TEB leaching results of TEB-loaded zein NP treated rubberwood samples for 720 h 

 

From the leaching test results in Fig. 6, consistent gradual leaching of TEB from 

the zein NP-treated rubberwood samples was observed, reaching a plateau after 528 h with 

a final leached amount of 126.136 ppm after 720 h. This sustained release is a critical 

advantage, ensuring continuous preservative availability within the wood matrix for 

prolonged protection against biodegradation (Liu et al. 2001, 2024). The inherent 

hydrophobicity of zein and its capacity for hydrogen bonding with TEB are instrumental 

in facilitating this controlled release, a mechanism supported by previous studies 

(Chuacharoen and Sabliov 2016; Liu et al. 2019). The sustained release observed improved 

retention of the biocide within the wood. This results in enhanced biological efficacy 

against termites and fungi, improving efficiency and minimizing overall biocide leaching 

while maintaining protective concentrations. 

 

Biological Efficacy Performance Studies of TEB-loaded Zein NP Treated 
Wood 

The rubberwood samples treated with TEB-loaded zein NPs were tested against 

brown rot (Gloeophyllum trabeum), white rot fungi (Trametes versicolor), and 

subterranean termite (Coptotermes gestroi). The effectiveness of the treatment was 

comparing the untreated control samples with the treated wood samples, where the weight 

loss percentage was calculated, and the decay rating was assigned based on the weight loss 

percentage of the wood. The weight loss of the wood samples from the anti-fungal test is 

listed in Table 2.  
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Table 2. Weight Loss Percentage and Decay Rating of Control and TEB-loaded 
Zein NP Treated Wood Samples against Brown Rot and White Rot Fungi 

Sample 
Brown rot fungi White rot fungi 

Weight loss % Decay rating Weight loss % Decay rating 

Untreated control 
 

38.48 ± 1.58 
Moderately 
resistant 

41.20 ± 0.76 
Moderately 
resistant 

TEB-loaded zein 
NP treated sample 

15.68 ± 0.67 Resistant 24.04 ± 0.29 Resistant 

 

Untreated wood samples demonstrated an average weight loss of 41.20 ± 0.76% in 

the white rot fungi test, while the TEB-loaded zein NP-treated wood samples experienced 

a weight loss of only 24.04 ± 0.29%. The TEB-loaded zein NP-treated wood samples 

exhibited a 59.0% reduction in weight loss against brown rot fungi (t(8) = 2.570; p < 0.05) 

and a 39.7% reduction against white rot fungi (t(8) = 2.306; p < 0.05), both showing 

statistically significant differences at a 95% confidence level compared to the control 

samples. Additionally, when comparing the results between the two fungal types, a 

significant difference in weight loss was observed, with the reduction against brown rot 

fungi being 8.36% greater than that against white rot fungi (t(8) = -20.58; p < 0.05), 

indicating marked effectiveness of the TEB-loaded zein NP treatment against brown rot 

fungi. TEB effectively controls brown rot fungi by disrupting ergosterol biosynthesis in 

cell membranes; in contrast, white rot fungi are characterized by their production of 

specialized lignin-modifying enzymes that simultaneously degrade lignin and cellulose 

(Arantes and Goodell 2014). While recent studies on antifungal approaches such as N-

CQD and lignin based coatings operate on positive surface charges and doping (Amini et 

al. 2025; Wang et al. 2024b), TEB utilizes producing radicals better than deterring enzyme 

activity in white rot fungi, hence showing better performance against brown rot fungi.   

 

Table 3. Weight Loss Percentage and Durability Class of Control and TEB-
loaded Zein NP Treated Wood Samples against Subterranean Termites 

Duration 
Samples 

Control TEB-loaded zein NP treated sample 
% Weight loss Durability % Weight loss Durability 

Day 7 12.24 ± 1.56 Moderate 4.21 ± 0.24 Highly durable 
Day 14 19.54 ± 1.21 Moderate 3.81 ± 0.93 Highly durable 
Day 21 23.24 ± 3.27 Moderate 3.33 ± 1.02 Highly durable 

 

The average weight loss percentage of the wood samples from the anti-termite tests 

is recorded in Table 3. The control wood samples exhibited an average weight loss of 18.3 

± 5.27%, whereas the TEB-loaded zein NP-treated wood samples demonstrated a 

significantly lower average weight loss of 3.79 ± 0.80%. To assess the statistical 

significance of the weight loss between the two groups, a Student’s t-test was conducted. 

The TEB-loaded zein NP-treated wood samples (M = 0.087, SD = 0.020) showed a 79.4% 

reduction in weight loss, which was statistically significant (t(18) = 8.457; p < 0.05) 

compared to the control samples (M = 0.440, SD = 0.124). This indicates that TEB-loaded 

zein NP treatment provided substantial protection against subterranean termites. 

Throughout the 21-day testing period, all treated wood samples were classified as “highly 

durable,” highlighting their effectiveness in termite resistance. Visual assessments in Fig. 

7a and b revealed that the untreated control wood samples exhibited significant darkening 
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and damage from moisture and termite activity, while the TEB-loaded zein NP-treated 

wood showed minimal damage, with only slight tunnelling observed after 21 days. These 

findings suggest that the TEB-loaded zein NP treatment offers effective termite protection, 

significantly reducing both weight loss and physical damage to the wood. As the termite 

count after the trials did not diminish, the TEB-loaded zein NP acts as a repellent and deters 

termite feeding instead of killing them, which is similar to extractives or plant essential oils 

(Verma et al. 2009; Little et al. 2010). 

 
Fig. 5. (a) Untreated control rubberwood sample before and after the anti-termite test, and (b) 
TEB-loaded zein NP treated rubber wood samples before and after anti-termite test 

 

 

CONCLUSIONS 
 
1. Tebuconazole (TEB)-loaded zein nanoparticles (NPs) were successfully synthesized 

and optimized for rubberwood treatment, demonstrating high loading efficiency and 

superior chemical retention after vacuum pressure impregnation. The TEB-loaded zein 

NPs provided comprehensive protection of wood against subterranean termites 

(Coptotermes gestroi), brown rot fungi (Gloeophyllum trabeum), and white rot fungi 

(Trametes versicolor). 

2. Effective wood preservation was achieved at a concentration of 0.025% w/v, which is 

significantly lower than the 5% w/v concentration specified by the Malaysian Standard 

(MS360:2006), indicating a major improvement in treatment efficiency. 

3. This study demonstrates that tebuconazole-loaded zein NPs can provide a sustainable 

and effective alternative for wood preservation by enabling the use of significantly 

lower biocide concentrations while providing sustainable protection to both timber and 

environment. 
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APPENDIX 
 

 
Fig. A1. Mean calibration curve of tebuconazole in 85% ethanol at wavelength of 221 nm 

 

Table A1. Statistical Analysis for Accuracy of the Method using Tebuconazole (n 
= 5) 

Concentration of 
tebuconazole, ppm 

Measured average% 
recovery 

% RSD 

80% 101.52 0.27 

100% 102.31 0.75 

120% 100.26 0.34 

 

Table A2. Statistical Analysis for Precision (Intraday and Interday) of the Method 
using Tebuconazole (n = 5) 

Concentration of 
tebuconazole, 

ppm 

Intraday Interday 

Measured 
concentration, 

ppm (Mean ± SD) 
% RSD 

Measured 
concentration, 

ppm (Mean ± SD) 
% RSD 

5 5.92 ± 0.57 8.59 5.12 ± 0.38 6.55 

10 9.94 ± 0.52 4.76 9.54 ± 0.72 7.05 

15 14.90 ± 0.54 3.30 15.84 ± 0.78 4.73 

20 20.97 ± 0.88 3.86 22.45 ± 1.00 4.33 

25 26.70 ± 0.71 2.64 28.43 ± 1.03 3.56 

30 31.90 ± 0.79 2.38 34.17 ± 1.72 4.94 
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Table A3. Statistical Analysis for Reproducibility of the Method using 
Tebuconazole (n = 5) 

Concentration 
of tebuconazole, 

ppm 

Measured 
concentration, 
ppm (Mean ± 

SD) at UV-Vis 1 

% RSD 

Measured 
concentration, 
ppm (Mean ± 

SD) at UV-Vis 2 

% RSD 

30 32.49 ± 0.29 0.88 32.44 ± 0.14 0.44 

 

Table A4. Permeability Classification (Teng et al. 2021) 

Permeability class Absorption of preservative in 1 m-3 of timber 

Very easy Over 320 

Easy 240 – 320 

Average 160 – 240 

Moderate difficult 80 – 160 

Difficult < 80 

 

Table A5. Wood Resistance Rating for Termite Test (Teng et al. 2021) 

Rating Class Description 

Highly durable < 5% weight loss 

Durable 5.1 – 10% weight loss 

Moderately durable 10.1 – 30% weight loss 

Slightly durable 30.1 – 50% weight loss 

Non-durable >50% weight loss 

 

Table A6. Weight loss classification of wood samples for anti-fungi test (Teng et 
al. 2021) 

Decay rating Mean% weight loss 

Highly resistant 0 – 10 

Resistant 11 – 24 

Moderately resistant 25 – 44 

Slightly resistant >45 

 

Table A7. Effect of Zein Concentration on TEB-loaded Zein Nanoparticles, with 
Tween 80 Concentration, Dropping Rate, and pH (n = 3) 

Sample Zein concentration (%w/v) Zaverage (nm) Polydispersity index, PDI 

N1 0.010 582.33 ± 99.95 0.791 

N2 0.015 365.67 ± 82.71 0.683 

N3 0.020 319.77 ± 27.85 0.562 

N4 0.025 195.17 ± 16.61 0.394 

N5 0.030 233.23 ± 33.31 0.510 
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Table A8. Effect of Tween 80 Concentration on TEB-loaded Zein Nanoparticles, 
with Zein Concentration, Dropping Rate, and pH (n = 3) 

Sample 
Tween 80 concentration 

(%w/v) 
Zaverage (nm) Polydispersity index, PDI 

N6 0.015 255.37 ± 13.23 0.447 

N7 0.020 223.80 ± 8.06 0.525 

N8 0.025 199.03 ± 15.73 0.465 

N9 0.030 197.67 ± 20.41 0.444 

N10 0.035 146.40 ± 10.66 0.446 

 

Table A9. Effect of Dropping Rate on TEB-loaded Zein Nanoparticles, with Zein 
Concentration, Tween 80 Concentration, and pH (n = 3) 

Sample Dropping rate, mL/min Zaverage (nm) Polydispersity index, PDI 

N11 0.2 228.27 ± 20.50 0.468 

N12 0.4 249.20 ± 34.14 0.645 

N13 0.6 122.30 ± 1.22 0.304 

N14 0.8 176.17 ± 4.10 0.298 

N15 1.0 420.60 ± 223.27 0.793 

 

Table A10. Effect of pH on TEB-loaded Zein Nanoparticles, with Fixed Zein 
Concentration, Tween 80 Concentration, and Dropping Rate (n = 3) 

Sample pH (±0.2) Zaverage (nm) Polydispersity index, PDI 

N16 3 159.22 ± 9.07 0.251 

N17 4 140.60 ± 4.77 0.151 

N18 5 2913.60 ± 754.41 0.435 

N19 6 345.06 ± 99.11 0.484 

N20 7 250.50 ± 12.15 0.164 

N21 8 308.84 ± 13.48 0.248 

 

Table A11. Effect of Zein: TEB Ratio on TEB-loaded Zein Nanoparticles, with 
Fixed Zein Concentration, Tween 80 Concentration, Dropping Rate, and pH (n = 
3) 

Sample Zein: TEB ratio Zaverage (nm) Polydispersity index, PDI 

N22 2:1 278.78 ± 55.64 0.338 

N23 4:1 230.20 ± 21.76 0.526 

N24 5:1 208.34 ± 8.24 0.391 

N25 8:1 214.76 ± 11.50 0.558 

 

Table A12. Effect of Solvent: Aqueous Ratio on TEB-loaded Zein Nanoparticles, 
with Fixed Zein Concentration, Tween 80 Concentration, Dropping Rate, pH, and 
Zein: TEB Ratio (n = 3) 

Sample Solvent: aqueous ratio Zaverage (nm) Polydispersity index, PDI 

N26 1:2.5 125.96 ± 21.24 0.327 

N27 1:5 81.94 ± 9.66 0.312 

N28 1:10 125.34 ± 37.69 0.340 

 



  Chemical retention (kg  m  -3 ) = Treatability ×    concentration of solution (%w/w)  100


  Treatability (l  m  -3 ) =    W  AD -  W  OD  G*V ×1000


  Loading efficiency =    (TEB loaded concentration-TEB blank concentration)  TEB loaded concentration

