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ABSTRACT: The rubberwood samples were treated with 0.5–10% maleic anhydride (MA) solutions. The treatment 
of wood with 2.5% MA was adequate to prevent the growth of moulds on wood for 1 year at least. The viable count 
of Aspergillus niger van Tieghem PSU1 on MA treated wood indicated that fungal spores were not killed. The maleic 
anhydride treated wood slices had no antifungal activity. The concentration of MA released from treated wood in 
the leachate was 0.02 mg·m–3. Agar well diffusion showed that the leachate from MA treated wood had no antifungal 
activity. However, after leaching MA treated wood still had a high resistance to mould growth. The moisture contents 
of MA treated and untreated wood samples were not significantly different. The MA treated wood showed almost a 
smooth surface while the untreated wood showed a rough surface. The cytotoxicity test showed that the leachates of 
both MA treated and untreated wood samples had a similar effect. So the treatment of rubberwood with MA is a safe 
method to prevent mould growth.
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Latex is the main source of income for farmers 
from rubber trees (Hevea brasiliensis (Willdenow 
ex. A. de Jussieu) Müller Argoviensis) for a period 
of 25 to 30 years before the trees are cut and the 
fields are replanted (Shigematsu et al. 2010; Rat-
nasingam, Grohmann 2014). Rubberwood is the 
final output from rubber trees which contains both 
heartwood and sapwood. The attractive properties 
of rubberwood are its creamy colour, low cost and 
good working properties (Muhammed et al. 2009; 

Teoh et al. 2011). In the South East Asia region, 
rubberwood has been widely used as a raw mate-
rial in various industries such as furniture manu-
facturing, kitchenware and wooden toy industries 
(Lim et al. 2003). Rubberwood is highly susceptible 
to fungal attack due to the lack of heartwood for-
mation (Priyadarshan 2011). Susceptibility of 
rubberwood to mould colonization on its surface is 
considered a major concern for wooden toy manu-
facturers and consumers. Today, the demand for 
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low toxic wood protection to avoid the growth of 
moulds is increasing. In addition, there is a general 
concern about the environmental and health ef-
fects of chemical preservatives as well as the inten-
tion to reduce their use in wood products. There-
fore, wood preservation methods with low toxicity 
to humans and a less negative impact on the envi-
ronment are required.

An alternative method of improving the fungal 
growth resistance of wood without the use of chem-
ical biocides is chemical modification of wood. The 
chemical modification of wood using di- and tricar-
boxylic acid anhydrides has been reported (Papado-
poulos, Hill 2002; Iwamoto, Itoh 2005). Treat-
ments of wood with various organic anhydrides 
have the potential to increase fungal resistance and 
to replace the use of biocides for wood preservation 
(Schiopu, Tiruta-Barna 2012). Wood chemical 
modification using anhydrides is accomplished by 
the reaction of hydroxyl groups of the cell wall poly-
mers with the selected anhydride, to form a covalent 
bond without leaving toxic residues within the wood 
(Papadopoulos et al. 2008). If free hydroxyl groups 
are occupied and the access to water is prevented, 
the susceptibility to fungal attack is reduced (Hill 
et al. 2004).

Maleic anhydride (MA) is one of the chemicals 
that are usually used for chemical modification 
of wood (Clemons et al. 1992; Tjeerdsma et al. 
2005; Hill 2006). This chemical bears non-polar 
endings capable of bonding with polar structures 
such as wood (Hill 2006). The reaction of wood 
with MA is displayed in Fig. 1. Maleic anhydrides 
do not yield a by-product when reacting with the 
hydroxyl groups of wood (Hill, Mallon 1998).

Previous studies showed that treatments of 
wood with MA enhanced the resistance of treated 
wood that was exposed to the attack of brown and 
white-rot fungi. Maleic anhydride treated samples 
of different softwoods have been tested against 
different standard fungal species, e.g. Fomitop-
sis palustris (Berkeley & M.A. Curtis) Gilbertson 
& Ryvarden and Trametes versicolor (Linnaeus) 
Lloyd and it has been observed that a better dura-
bility is achieved through this process (Fujimoto 
1992, 1995; Iwamoto, Itoh 2005).

The information about the protective effect of 
MA in rubberwood, especially against moulds, is 
scarce. Therefore, the present study investigated the 
possibility of using MA as wood treatment in order 
to improve the resistance of rubberwood against 
moulds. This present work also aimed to apply MA 
in wooden toys. Children may obtain MA by saliva 
during chewing and leachable MA may be toxic to 
human cells, so the cytotoxicity of leachates from 
MA treated wood was investigated.

MATERIAL AND METHODS

Rubberwood material. Kiln-dried rubberwood 
samples (25 × 20 × 11 mm) for wooden toy prepa-
ration, untreated with wood preservatives and pre-
pared in the tangential direction, were obtained 
from Plan Creations Co., Ltd., Trang, Thailand. 
The toy manufacturer prepared wood from natu-
ral rubber trees that no longer produce latex after 
25 years and was obtained from Nakhon Si Tham-
marat. Rubberwood samples were kept in plastic 
bags until use and were oven dried at 103°C for 
18 h before test.

Fungal cultures. Aspergillus niger van Tieghem 
PSU1, Aspergillus flavus PSU2 and Penicillium ci-
trinum Thom PSU3 were isolated from the con-
taminated rubberwood samples, collected from 
Plan Creations Co., Ltd., Trang, Thailand. Fungal 
cultures were kept on potato dextrose agar (PDA; 
HiMedia Laboratories, Mumbai, India) slants at 4°C 
for further use and also kept in 20% glycerol at –20°C 
for long-term preservation. Fungal spores were col-
lected from the mould grown on PDA plates at 25°C 
for 7 days by flooding the surface of the plates with 
sterile Tween-80 solution (0.1% v/v; LabChem, Ze-
lienople, USA) and counted using a haemocytom-
eter (Celeromics, Valencia, Spain). The spore sus-
pension was standardized to 106 spores·ml–1 before 
use as an inoculum.

Preparation of MA solutions and wood treat-
ment. Maleic anhydride was dissolved in water 
as concentrations of 0.5, 1.0, 1.5, 2, 2.5, 5 and 10% 
(w/v). Rubberwood samples (n = 5 for each con-
centration) were dipped in MA solutions for 5 min, 
immediately wrapped in foil and placed in an oven 
at 90°C for 2 h. To remove non-reacted MA, sam-
ples were soaked in water for 10 min and then dried 
at 90°C for 2 h.

Growth of fungi on rubberwood and viable 
count. Maleic anhydride treated wood samples and 
untreated samples were inoculated with 50 µl of the 
spore suspension of A. niger PSU1, A. flavus PSU2 or 

Fig. 1. Reaction of wood with maleic anhydride  
(Iwamoto, Itoh 2005)



316	 J. FOR. SCI., 62, 2016 (7): 314–321

P. citrinum PSU3 on surface and incubated at 25°C 
and 100% relative humidity (RH). The fungal growth 
on the surface of the wood samples was observed 
weekly for 52 weeks. The fungal growth on each 
sample was rated on a scale of 0–5, with 0 denoting 
a clean specimen and 5 representing heavy fungal 
growth: 0 = clean, 1 = 20%, 2 = 40%, 3 = 60%, 4 = 80%,  
5 = 100% of fungal growth (American Society for 
Testing and Materials 1998). The percentages of 
fungal growth were calculated based on these rat-
ings as Eq. 1:

Percentages of fungal growth = (A/B) × 100 	  (1)

where:
A 	– 	score sum for fungal growth with actual treatment,
B 	– 	score sum for fungal growth over control samples.

The lowest concentration showing total protec-
tion against moulds was selected for further studies.

For a viable count, A. niger PSU1 was selected as 
a model fungus. Maleic anhydride treated and un-
treated rubberwood samples were inoculated with 
50 µl of the A. niger PSU1 spore suspension and 
kept in the humidity chamber at 25°C and 100% 
RH. At predetermined time points (3 h and 1 to 
7 days), rubberwood samples (n = 3) were removed 
from the chambers and placed in a sterile flask con-
taining 5 ml of 0.1% (w/v) Tween-80 solution and 
shaken for 30 min at room temperature. A sample 
(1 ml) was removed from each flask and serially 
diluted with sterile 0.1% (w/v) Tween-80 solution 
and a 100 µl aliquot was spread on PDA containing 
ampicillin (50 mg·l–1 of PDA) plate and incubated 
at 25°C for 72 h. The percentage of viable count of 
A. niger PSU1 was compared with the viable count 
on day 0 as follows (Eq. 2):

Percentage of viable count = (Dn × 100)/D0 	  (2)

where:
D0	 –	number of fungi counted on day 0,
Dn	 – 	number of fungi counted on day 1 to 7.

Determination of wood moisture content. 
Both maleic anhydride treated and untreated wood 
samples were dried at 103°C for 18 h and their ov-
en-dried weights were measured. Wood samples 
were incubated in the humidity chamber main-
tained at 25°C and 100% RH. The weight of the 
wood samples was determined periodically until 
they reached constant mass and the equilibrium 
moisture content of the materials was calculated as 
follows (Eq. 3):

EMC = ((Mfinal – Minitial)/Minitial) × 100 � (3)

where:
EMC	 – equilibrium moisture content (%),
Minitial	 – initial mass of dry samples (g),
Mfinal	 – �mass of samples at equilibrium with the water 

vapour in the chamber (g).

All measurements were done in triplicate.
Leaching study. 2.5% maleic anhydride treated 

and untreated wood samples were leached in a mam-
malian cell culture medium (Dulbecco’s Modified 
Eagle’s Medium (DMEM); Thermo Fisher Scientific, 
Waltham, USA). Samples of MA treated and untreat-
ed wood were sterilized by autoclaving. The wood 
samples (n = 3) were separately placed in 100 ml ster-
ile laboratory glass bottle containing 20 ml of sterile 
DMEM. The samples were then shaken at 200 rpm 
and the leachates (2 ml) were collected at 5, 15, 30 and 
60 min and 2 ml of DMEM was added to make up the 
volume each time. The leachates were used further 
in antifungal and cytotoxicity tests. The contents of 
released MA in the leachates were analysed by a high-
performance liquid chromatography (HPLC).

HPLC analysis. The leachates of MA treated and 
untreated wood samples were analysed in compari-
son with the standard solution of the MA (1.25, 2.5, 
5, 10 mg·ml–1). The analyses were performed using 
an Agilent 1200 series liquid chromatography (Agi-
lent Technologies, Waldbronn, Germany) coupled 
with a diode array detector (DAD; Agilent Tech-
nologies, Waldbronn, Germany). The C18 analyti-
cal column (Agilent 5 μm, 250 × 4.6 mm) was ther-
mostatically controlled at 25°C. The mobile phase  
was dicyclohexylamine/formic acid/methanol/water  
(0.5:0.5:25:74). The UV detector wavelength was set 
at 254 nm. The flow rate was 1.5 ml·min–1, the injec-
tion volume was 20 μl and the run time was 10 min.

Antifungal activity of leachates and diffusion 
test. The antifungal activity of leachates was tested 
against A. niger PSU1 by an agar diffusion method. 
An amount of 0.4 ml of fungal spore suspension 
(108 spores·ml–1) was added to 3.6 ml of sterile mol-
ten PDA, then overlaid onto a PDA plate (16 ml) 
and allowed to solidify. Wells of 5 mm in diameter 
were aseptically bored into the agar and 50 µl of 
leachates were added to the wells.

The diffusion test was performed to measure 
whether there was any inhibition of the fungal growth 
when the MA treated wood samples were placed to-
gether with the tested fungus. The MA treated and 
untreated round wood slice (20 mm diameter × 5 mm 
thick) samples were placed in the centre of inoculat-
ed agar plates. The plates were incubated at 25°C for  
72 h and the diameter of the inhibition zone was mea-
sured. Values are given as mean and standard devia-
tion of tests performed in triplicate.
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Microscopic examination. A scanning electron 
microscope (SEM) was used to examine the surface 
of the rubberwood samples. Three samples of each 
MA treated and untreated wood were used. Thin sur-
face (around 2 mm) of each sample was cut into small 
pieces (5 × 5 mm). Each small piece was fixed in 3% 
glutaraldehyde, dehydrated in a graded series of al-
cohol, air-dried and then coated using a gold sputter 
coater. The coated specimens were examined with a 
SEM (Quanta400; FEI, Brno, Czech Republic) at the 
Scientific Equipment Centre, Prince of Songkla Uni-
versity. Three positions of each sample were scanned.

Cytotoxicity assay. The cytotoxic activity of leach-
ates of both MA treated and untreated wood samples 
was studied against human keratinocyte cells using 
an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay (Mosmann 1983). In 
this method, the optical density of the solution con-
taining the formazan produced by metabolically ac-
tive cells is measured spectrophotometrically. Brief-
ly, the cells (1 × 104 cells per well, cultured in 96-well 
microplates) were incubated at 37°C and 5% CO2 
for 3 days. The leachates (n = 3) collected at 60 min 
of leaching were sterilized by a filtration method 
(0.2 µm syringe filter) and added to seeded wells in 
triplicate and incubated at 37°C for 1 h. Control wells 
contained DMEM. At the end of the incubation time, 
cultured plates were washed with a sterile phosphate 
buffer saline (PBS, pH 7) solution. The MTT solution 
(5 mg·ml–1 in PBS) was subsequently added to each 
well and plates were incubated at 37°C for another 
3 h. Supernatants were then discarded and 100 µl 
of dimethyl sulfoxide was added to the cultures and 
mixed thoroughly. Formazan quantification was 
performed using an automatic plate reader (Mul-
tiskan™ GO; Thermo Fisher Scientific, Waltham, 

USA) at 562 nm. The percentage of viability was de-
termined using the following formula (Eq. 4):

Viability (%) = �treatment absorbance × 100 
        control absorbance 	  

(4)

Statistical analysis. Data were expressed as mean 
± SD. Between-group differences were evaluated us-
ing one-way analysis of variance. Differences were 
considered as statistically significant at P < 0.05.

RESULTS

Growth of fungi on rubberwood

The growth of A. niger PSU1, A. flavus PSU2 and 
P. citrinum PSU3 on MA treated rubberwood at 
25°C and 100% RH is displayed in Fig. 2. Growth 
of moulds on 0.5–1.5% MA treated wood reached 
100% in the first week. By contrast, when 2% MA 
was used, A. flavus PSU2 and P. citrinum PSU3 were 
inhibited but the growth of A. niger PSU1 was 100%. 
However, the rubberwood treated with 2.5–10% MA 
showed no fungal growth at least up to 52 weeks, at 
which time observations were discontinued. Based 
on this result, wood samples treated with 2.5% MA 
were used in further studies. Moreover, after leach-
ing, the 2.5% MA treated rubberwood samples had 
no fungal growth for 52 weeks either.

Viable count

The spores of A. niger PSU1 were inoculated on 
the wood surface treated with 2.5% MA and the in-
oculated samples were kept at 25°C and 100%. The 

Fig. 2. Growth of inoculated fungi on maleic anhydride treated rubberwood (n = 5) after 52 weeks of incubation at 25°C  
and 100% relative humidity
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viable count was monitored for 7 days. The results 
are presented in Fig. 3. After 24 h, the percent of 
the viable count of A. niger PSU1 was about 90% 
and subsequently it was maintained at 85 to 60% 
within 5 days. On day seven, 53% of the viable 
count was observed.

Wood diffusion test

Maleic anhydride treated and untreated wood slic-
es were placed on the centre of the inoculated plate 
and the inhibition zone was measured. After 72 h of 
incubation, no inhibition zone was observed on agar 
plates with both types of wood samples. The fungus 
grew on the agar plate normally. It is obvious that 
there was no inhibition of the fungal growth when 
inoculated together with MA treated wood samples.

Leaching of MA treated wood

Rubberwood samples treated with MA at 2.5% were 
leached in DMEM. The concentrations of leached 
MA are shown in Fig. 4. MA was leached out from 
treated wood. When the leaching duration increased, 
the concentrations of released MA increased gradu-
ally. Total concentration of MA leached from rubber-
wood for 60 min was 0.02 mg·mm–3.

Antifungal activity of leachates

The result of well diffusion for the antifungal ac-
tivity of leachates from MA treated and untreated 
wood collected after 60 min of leaching showed 
that there was no fungal inhibition zone against 
A. niger PSU1. Both kinds of leachates affected 
mould growth at the same rate. Although the 

leachate from MA treated wood contained MA, it 
did not show any antifungal activity. 

Moisture content of rubberwood

The moisture contents of MA treated and un-
treated rubberwood samples kept at 25°C and 100% 
RH after 8 days were 16 and 17.5%, respectively 
(Fig. 5). The moisture content of MA treated wood 
was not significantly different from that of untreat-
ed wood (P < 0.05).

Microscopic examination

The rubberwood treated with MA results in sig-
nificant changes of the wood surface morphology. 
The scanning electron microscope result showed 
that the treated wood had a smooth surface while 
the untreated wood had a rough surface (Figs 6a, 
b), suggesting that the rough surface of wood is 
physically coated.

Fig. 3. Plots of the percentage of the viable count of Asper-
gillus niger van Tieghem PSU1 on maleic anhydride treated 
rubberwood at 100% relative humidity, 25°C after inoculation

Fig. 4. Effect of the leaching time on maleic anhydride 
leached out from the treated wood

Fig. 5. Moisture contents of maleic anhydride treated and 
untreated rubberwood samples incubated at 100% relative 
humidity, 25°C
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Cytotoxicity assay

The results of the cytotoxicity test of leachates on 
keratinocyte cells are shown in Fig. 7. The leach-
ates from both treated wood and untreated wood 
showed cell viability about 50% and were not sig-
nificantly different (P < 0.05).

DISCUSSION

Chemical modification with MA afforded biologi-
cal protection of rubberwood against moulds. Rub-
berwood samples treated with 2.5 to 10% MA had 
no fungal growth for 1 year although they were in-
oculated with fungal spores and kept at 100% RH. A 
concentration of MA at 2.5% was adequate for total 
protection of wood against the tested fungi. The treat-
ment of wood with MA could be used to treat rub-

berwood for long-term prevention of mould growth. 
Many research studies have been carried out on the 
chemical modification of wood using anhydrides and 
focused on decay resistance of modified wood. Iwa-
moto and Itoh (2005) reported that the MA treated 
sugi sapwood (Cryptomeria japonica D. Don) carried 
in a vapour phase reaction system at concentrations 
of vapour phase MA at 4 and 8 × 10–3 mol·l–1 had 
strong resistance against fungal decay. The MA stud-
ied here is known to form covalent bonds with OH 
groups of wood (Iwamoto, Itoh 2005). By reduc-
ing free OH groups in wood, the sorption of water in 
the cell walls is prevented, the wood moisture content 
is reduced and the resistance of wood to fungal at-
tack is increased. The present study showed that the 
moisture content of MA treated wood was slightly 
reduced compared to the control indicating that MA 
might not prevent water absorption by wood. This 
result is not correlated with the results previously 
reported on wood modified with MA (Chauhan et 
al. 2001). At least three mechanisms have been pre-
sented to explain the protection provided by wood 
modification: (i) changes of the cell wall polymers 
that become unrecognizable for fungal enzymes, (ii) 
reduction of the moisture content, and (iii) smaller 
micropore size in the wood cell wall (Li et al. 2011). It 
is obvious that in this study, the fungal growth resis-
tance of MA treated wood was not provided by a re-
duction of moisture content but it is feasible that the 
cell walls of treated rubberwood became unrecogniz-
able for fungal enzyme and the pore size of the wood 
cell wall was smaller. In addition, one possible expla-
nation is that the resistance to the mould growth of 
MA treated wood might be due to the smoothness of 
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Fig. 7. Cytotoxic activity on keratinocyte cells of leachates 
from untreated wood samples and maleic anhydride treated 
wood samples collected at 60 min of leaching

Fig. 6. Scanning electron micrographs of untreated rubberwood (a), and maleic anhydride treated rubberwood (b) 
mag – magnification, WD – working distance, HFW – horizontal field width, HV – high voltage, det ETD – Everhart-
Thornley detector
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the surface that was clearly seen from SEM images. 
A study by Bardage and Bjurman (1998) showed 
that surface roughness contributed to the adhesion 
of fungal spores. An increase in substratum surface 
roughness increases the retention of microorganisms 
when dealing with food contact surfaces, since spores 
are more easily attached to damaged or uneven sur-
faces than to smooth ones (Verran et al. 2000). 
Lugauskas et al. (2003) suggested that rough sur-
faces or surfaces with cracks might concentrate nu-
trients and moisture more easily and provide favour-
able conditions for fungal attachment and growth. 
Furthermore, physical treatment of rubberwood with 
MA might regulate the permeability of O2 and water 
vapour, thereby preventing the fungal growth.

The unreacted MA quantity present in wood was 
determined by a leaching test and the result showed 
that 0.02 mg·mm–3 MA was leached from treated 
wood. The high concentrations of released MA at the 
initial period of leaching may be because of a high 
content of MA on the surface or in the pores of treat-
ed wood that is subject to very early loss. Once wood 
preservatives fix well during the reactions with wood, 
they should resist to leaching. This means that the 
protective agent will not leach. Although the results 
from the chemical analysis of leachates showed that 
MA was leached from the treated wood, the wood 
samples still had high fungal resistance. The concen-
tration of non-reacted leachable MA from MA treat-
ed wood was 0.02 mg·mm–3 but did not contribute to 
fungal growth resistance. The leaching test indicated 
that MA was leached but the fixed MA in wood was 
enough for the prevention of mould growth.

The result of the viable count of A. niger PSU1 on 
MA treated wood showed that there was about 90% 
viable count of A. niger PSU1 after inoculation for 
24 h. This result indicated that fungal spores were 
not largely reduced on MA treated wood. Fungicidal 
activity was defined as a reduction in fungal growth 
of ≥ 3 log10 CFU·ml–1 (CFU – colony-forming unit), 
resulting in about 99.9% reduction in CFU·ml–1 
relative to the initial inoculum (Ernst et al. 2002). 
Certainly, MA did not exhibit any fungicidal activity 
against mould on wood. Additionally, the result of 
wood diffusion test showed similar antifungal activ-
ity for untreated and MA treated wood. In addition, 
the agar well diffusion showed that the amount of 
released MA in leachates did not contribute to any 
antifungal effects. These results suggested that MA 
used in this study did not act as a fungicide. This was 
clearly seen from both the antifungal study and the 
measurement of the growth inhibition test on mould.

Although there was 0.02 mg·m–3 released MA in the 
leachate from MA treated wood, it had the same cyto-

toxic effect as the leachate from untreated wood. The 
survivals of cells incubated with leachates from MA 
treated and untreated wood showed that both types 
of leachates had high toxicity to cell lines. One reason 
for the high leachate toxicity could be that the wood 
contained a high natural extractive content such as 
phenolic compounds and esters (Simatupang et al. 
1994; Vetter et al. 2008). These results indicate that 
the MA treated rubberwood had a similar cytotoxic 
effect as the natural rubberwood. This study showed 
that the treatment of rubberwood with MA is an en-
vironmentally friendly alternative to prevent moulds 
instead of using highly toxic preservatives. 

CONCLUSIONS

In this study, MA was tested for efficacy on wood 
protection against moulds isolated from rubberwood. 
2.5% MA was effective to prevent mould growth on 
rubberwood for 52 weeks. The complete protection 
was not provided by a reduction of moisture content 
but possibly by a change of the recognizable site for 
fungal enzyme and a smaller pore size of the wood 
cell wall. After leaching, MA treated rubberwood still 
resisted to mould growth. Maleic anhydride used in 
the present study is not a fungicide, it is environmen-
tally friendly and its cytotoxic effect against human 
cells is similar to untreated wood. Maleic anhydride 
has a potential to be used as a low toxic anhydride for 
wood modification, thereby increasing the wood util-
ity for various applications related to humans such as 
wooden toys, kitchen wares and furniture.

ACKNOWLEDGEMENT

The authors would like to thank Plan Creations 
Co., Ltd., Trang, Thailand for providing rubber-
wood materials. Thanks to N. Pahumunta for her 
assistance in the cytotoxicity test.

R e f e r e n c e s

American Society for Testing and Materials (1998): Standard 
test method for fungicides for controlling sapstain and 
mold on unseasoned lumber (laboratory method). ASTM 
Standard D4445-91. In: Annual Book of ASTM Standards. 
West Conshohocken, ASTM: 497–500.

Bardage S.L., Bjurman J. (1998): Isolation of an Aureoba-
sidium pullulans polysaccharide that promotes adhesion 
of blastospores to water-borne paints. Canadian Journal 
of Microbiology, 44: 954–958.



J. FOR. SCI., 62, 2016 (7): 314–321	 321

Chauhan S.S., Aggarwal P., Karmarkar A., Pandey K.K. (2001): 
Moisture adsorption behaviour of esterified rubberwood (He-
vea brasiliensis). Holz als Roh- und Werkstoff, 59: 250–253.

Clemons C., Young R.A., Rowell R.A. (1992): Moisture sorp-
tion properties of composite boards from esterified aspen 
fiber. Wood and Fiber Science, 24: 353–363.

Ernst E.J., Yodoi K., Roling E.E., Klepser M.E. (2002): Rates and 
extents of antifungal activities of amphotericin B, flucytosine, 
fluconazole, and voriconazole against Candida lusitaniae 
determined by microdilution, Etest, and time-kill methods. 
Antimicrobial Agents and Chemotherapy, 46: 578–581.

Fujimoto H. (1992): Weathering behaviour of chemically 
modified wood with maleic acid-glycerol (MG) mixture. 
FRI Bulletin, 176: 87–96.

Fujimoto H. (1995): Reaction conditions of maleic acid-glyc-
erol treatment of solid wood. Rinsan Shikenjoho, 9: 1–6.

Hill C.A.S. (2006): Chemical modification of wood (II): 
Reaction with other chemicals. In: Wood Modification: 
Chemical, Thermal and Other Processes. Chichester, John 
Wiley & Sons: 77–97.

Hill C.A.S., Mallon S. (1998): The chemical modification of 
Scots pine with succinic anhydride or octenyl succinic 
anhydride. I. Dimensional stabilisation. Holzforschung, 
52: 427–433.

Hill C.A.S., Farahani M.R.M., Hale M.D.C. (2004): The use of 
organo alkoxysilane coupling agents for wood preservation. 
Holzforschung, 58: 316–325.

Iwamoto Y., Itoh T. (2005): Vapor phase reaction of wood with 
maleic anhydride (I): Dimensional stability and durability 
of treated wood. Journal of Wood Science, 51: 595–600.

Li Y., Dong X., Liu Y., Li J., Wang F. (2011): Improvement of 
decay resistance of wood via combination treatment on 
wood cell wall: Swell-bonding with maleic anhydride and 
graft copolymerization with glycidyl methacrylate and 
methyl methacrylate. International Biodeterioration & 
Biodegradation, 65: 1087–1094.

Lim S.C., Choo K.T., Gan K.S., Centre T.T. (2003): The Char-
acteristics, Properties and Uses of Plantation Timbers – 
Rubberwood and Acacia Mangium. Timber Technology 
Bulletin No. 26. Kuala Lumpur, Timber Technology Centre, 
Forest Research Institute Malaysia: 11.

Lugauskas A., Levinskaite L., Peciulyte D. (2003): Micromy-
cetes as deterioration agents of polymeric materials. Inter-
national Biodeterioration & Biodegradation, 52: 233–242.

Mosmann T. (1983): Rapid colorimetric assay for cellular 
growth and survival: Application to proliferation and cytotox-
icity assays. Journal of Immunological Methods, 65: 55–63.

Muhammed S., Musgrave O.C., Petty J.A. (2009): Impreg-
nation of rubberwood and other Malaysian timbers with 

copper naphthenate and trimethyl borate. Journal of 
Tropical Forest Science, 21: 345–352.

Schiopu N., Tiruta-Barna L. (2012): Wood preservatives. 
In: Pacheco-Torgal F., Jalali S., Fucic A. (eds): Toxicity of 
Building Materials. Cambridge, Woodhead Publishing Ltd.: 
138–165.

Papadopoulos A.N., Hill C.A.S. (2002): The biological effec-
tiveness of wood modified with linear chain carboxylic acid 
anhydrides against Coniophora puteana. Holz als Roh- und 
Werkstoff, 60: 329–332.

Papadopoulos A.N., Duquesnoy P., Cragg S.M., Pitman A.J. 
(2008): The resistance of wood modified with linear chain 
carboxylic acid anhydrides to attack by the marine wood 
borer Limnoria quadripunctata Holthius. International 
Biodeterioration & Biodegradation, 61: 199–202.

Priyadarshan P.M. (2011): Ancillary income generation. In: 
Biology of Hevea Rubber. Wallingford, CABI Publishing: 
164–168.

Ratnasingam J., Grohmann R. (2014): Color development in 
rubberwood (Hevea brasiliensis) during kiln drying. Euro-
pean Journal of Wood and Wood Products, 72: 555–557.

Shigematsu A., Mizoue N., Ide K., Khun K., Pheng M., Yoshida 
S., Kohroki K., Sato N. (2010): Estimation of rubberwood 
production in Cambodia. New Forests, 42: 149–162.

Simatupang M.H., Schmitt U. and Kasim A. (1994): Wood 
extractives of rubberwood (Hevea brasiliensis) and their 
influences on the setting of the inorganic binder in gypsum-
bonded particleboards. Journal of Tropical Forest Science, 
6: 269–285.

Teoh Y.P., Don M.M., Ujang S. (2011): Assessment of the 
properties, utilization, and preservation of rubberwood 
(Hevea brasiliensis): A case study in Malaysia. Journal of 
Wood Science, 57: 255–266.

Tjeerdsma B.F., Swager P., Horstman B.J., Holleboom B.W., 
Homan W.J. (2005): Process development of treatment of 
wood with modified hot oil. In: Militz H., Hill C.A.S. (eds): 
Proceedings of the 2nd European Conference on Wood 
Modification, Göttingen, Oct 6–7, 2005: 186–197.

Verran J., Rowe D.L., Cole D., Boyd R.D. (2000): The use of 
the atomic force microscope to visualise and measure wear 
of food contact surfaces. International Biodeterioration & 
Biodegradation, 46: 99–105.

Vetter L.D., Depraetere G., Janssen C., Stevens M., Acker 
J.V. (2008): Methodology to assess both the efficacy and 
ecotoxicology of preservative-treated and modified wood. 
Annals of Forest Science, 65: 504.

Received for publication November 24, 2015 
Accepted after corrections June 7, 2016

Corresponding author:

Ass. Prof. Dr. Aran H-Kittikun, Prince of Songkla University, Faculty of Agro-Industry, Department of Industrial 
Biotechnology, Karnjanavanich Road, 90112 Hat Yai, Thailand; e-mail: aran.h@psu.ac.th


