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Abstract: Caffeine is a verified bioactive substance suitable for wood protection against pests. Unlike
studies of the biocidal effects of caffeine, caffeine-wood bonds and interactions with wood polymer
structures have not been studied whatsoever thus far. For this reason, caffeine (1 g/L) interactions
with the main wood components (cellulose; hemicellulose; lignin and its precursors conipheryl
alcohol, sinapyl alcohol, coumaryl alcohol) were analyzed in the present study. Caffeine concen-
trations were analyzed using UV–VIS spectrometry at wavelength 287 nm. The results confirmed
caffeine variable binding with wood components in comparison to controls (pure caffeine). Cellulose
and sinapyl alcohol did not interact with caffeine. Caffeine was bonded with the rest of the wood
components in an increasing rank: conipheryl alcohol = lignin < hemicellulose < coumaryl alcohol.
These results have a significant role in the protection of wood depending on its chemical composition
and the wood species.

Keywords: caffeine; wood structure; wood; lignin

1. Introduction

Wood is one of the most important natural materials in the construction industry.
From a chemical point of view, wood consists of lignin (L), cellulose (C), hemicelluloses
(HC), and various additives and mineral substances. Cellulose and lignin are the two most
widespread biopolymers in the world. Lignin is a polyphenolic amorphous substance with
a high molecular weight. It appears in the largest amount in the secondary cell wall of
plant cells. Its main function is to strengthen cellulose molecules within the cell walls [1].
The basic building blocks of lignin are phenylpropane derivatives (phenylpropanoids),
which we refer to as lignin precursors: p-coumaryl alcohol (CuA), coniferyl alcohol (CoA)
and sinapyl alcohol (SA). These hydroxycinnamic alcohols are linked to three-dimensional
structures by ether bonds or bonds between two carbons [2]. Lignin is covalently bound to
polysaccharides. They create intercellular fibers and strengthen cellulose molecules within
the cell walls [3].

The cellulose structure is formed by unbranched chains of about 500 D-glucose units
forming microfibrils determining the direction of growth of the plant cells. It is the main
building block of plant primary cell walls and, together with lignin and hemicelluloses, it
builds secondary cell walls [4]. Hemicelluloses are linear polysaccharides (various pentose
and hexose) with short side chains and a smaller degree of crystalline content than cellulose.
They fill the spaces between the cellulose and enable the binding of hydrophobic lignin [1].

The proportion of the individual components differs for coniferous and deciduous
trees, as well as for individual tree species and specimens in relation to their age, posi-
tion, etc. The chemical composition of wood and wood materials affects their ability to
interact with water and other chemicals such as various pesticides, dyes, varnishes, and
adhesives [5].
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However, wood building materials and grown wood are often attacked by wood-
destroying pests. Modern wood-preserving substances are supposed to be environmentally
friendly and safe in terms of health. A suitable alternative to the previously used chemicals
can be found in certain natural wood or plant extracts, oils, or individual substances with
biocidal effects produced by plants for their own protection against pests [6–10].

Caffeine (C) (1,3,7-trimethyl-3,7-dihydro-1H-purin-2,6-dion) appears to be a suitable
candidate for wood protection against biological attacks [11–21]. This methylxanthine
(Figure 1) is produced by coffee tree or the plants such as legumes and certain types
of vegetables. It was also tested as an active substance against termites [11]. Other
authors [12–16] have analyzed he effectiveness of tea extracts or pure caffeine against fungi
or molds in vitro studies. Pure caffeine was also applied to wood materials under various
concentrations and treatment conditions [17–19]. Caffeine in various mixtures has already
been tested [9,20,21].
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Figure 1. Scheme of caffeine.

However, there are no studies about the chemical interactions of caffeine and indi-
vidual primary wood structures, with the exception of caffeine as drug-coated cellulose
wrapping [22]. For this reason, in this study, we separately analyzed caffeine interactions
with basic wood components such as cellulose; hemicellulose; and lignin and its precursors
conipheryl alcohol, sinapyl alcohol, and coumaryl alcohol separately as aquatic solutions
in the present study.

2. Materials and Methods
2.1. Chemicals

Caffeine, conipheryl alcohol, sinapyl alcohol, and coumaryl alcohol were purchased
from Sigma-Aldrich, Ltd. (Prague, Czech Republic). Cellulose and hemicellulose were
purchased from P-Lab, Ltd. (Prague, Czech Republic). Microcrystalic cellulose was used
(particle size = 0.02–0.1 mm). The hemicellulose was composed of galactomannan and xylan
at a 1:1 ratio. Lignin with low sulfonate content was purchased from Sigma-Aldrich, Ltd.
(Saint Louis, MO, USA). All of the substances were in powder the form (>99% purity). Deion-
ized water was used as a solvent for the preparation of aquatic solutions or suspensions.

2.2. Experiment Procedure

Water stock solution of caffeine (1 g/L) was prepared for the recent experiments. The
caffeine concentration was selected on basis of previous toxicity data with molds and
fungi [14,15]. Glass bottles (30 mL volume) were fulfilled by 20 mL of caffeine solution
with 20 mg of the appropriate biopolymer or alcohol in powder form was added. Pure
caffeine solution (1 g/L) and pure component mixtures (1 g/L) were prepared as controls
for analytical measurements. The caffeine and wood components were mixed before
exposition in a thermostat. They were prepared as pure soluble solutions for alcohol
precursors of lignin and lignin and hemicellulose. Suspension was used for cellulose. Their
suspension was filtrated. Triplicates were prepared for each caffeine-polymer suspension
or caffeine or alcohol solution and for all of the control samples. The bottles were stored in
a thermostat at a temperature of 20 ± 2 ◦C in the dark. The samples were analyzed after
72 h of exposure.
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2.3. Chemical Analyses

The suspension of cellulose (with or without caffeine) was filtered to obtain 5 mL of the
filtrate. Determination of all solutions with or without caffeine (5 mL) was performed using
UV–VIS spectrometry (spectrophotometer Biochrom Libra S22) at the optimal wavelength
for the determination of caffeine (Figure 1). A 1 g/L caffeine concentration was used
for this experiment [14,15]. A linear calibration curve was then generated with caffeine
concentrations ranging from 1 to 10 mg/L as we only prepared 25 mL of caffeine solution
(max. 25 mg of caffeine per test bottle), and we accepted any caffeine affinity to the
individual wood components (see Figure 2 in the Results and Discussion chapter).
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Figure 2. Absorbances of caffeine at selected wavelengths (nm), n = 3.

2.4. Statistical Analyses

The absorbances in the presence/absence of caffeine in solutions of the individual
wood components at the optimal caffeine wavelength were used to calculate caffeine
concentrations in all of the samples. The caffeine absorbances in the mixtures (except for the
caffeine absorbance in the pure caffeine solution) were calculated according to Formula (1):

(A−CF) = xb− xa (1)

where (A−CF) is the absorbance of caffeine in the caffeine solution mixture with any wood
component, xb is the absorbance of caffeine mixture with any pure wood component, and
xa is the absorbance of the same pure wood component solution.

The absorbances of caffeine-component mixtures were then compared to the ab-
sorbance values of pure caffeine solution and the absorbance values were used for recalcu-
lation of the caffeine concentrations (mg/L) in Excel program. The caffeine concentrations
were compared to the appropriate control (without polymers) using multivariate ANOVA,
Dunnett Multiple Comparison Test considering p < 0.01 as significant (GrapPad InStat,
version 3.06; GraphPad Software Inc., San Diego, CA, USA, 2003).

3. Results and Discussion

The key substance in this study is caffeine. Its behavior and properties in the aqueous
environment have been well documented in the past, e.g., [23,24]. A calibration curve for
caffeine dissolved in water has been constructed many times with different peaks [25–27]
to select the most suitable wavelength for determining caffeine concentration in the range
270–290 nm.

Figures 2 and 3 were produced in order to determine the caffeine concentration in
our study. Based on the curve in the Figure 2, the wavelength of 287 nm was used as
the optimal wavelength for measuring of caffeine absorbance. A calibration curve was
then made for the selected and known caffeine –concentrations (Figure 3). The caffeine
concentrations of up to 10 mg/L were analyzed. The caffeine concentrations were then
calculated on the basis of absorbance data of mixtures of wood components with caffeine
and by comparing the absorbance value of pure caffeine solution (Figure 4, Table 1).
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Figure 3. Calibration curve of caffeine in the range 1–10 mg/L (wavelength 287 nm).
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Figure 4. Residual levels of pure solution of caffeine (CF) (1 g/L) or in the aquatic mixtures of
caffeine (1 g of caffeine and 1 g of each wood component·L−1) with the selected components of
wood: cellulose—C, sinapyl alcohol—SA, conipheryl alcohol—CoA, lignin—L, hemicellulose—HC,
coumaryl alcohol—CuA. The results were statistically determined using ANOVA, Dunnett Multiple
Comparison Test; see Tables S1–S3.

Table 1. Absorbances of tested samples at λ = 287 nm: caffeine (CF), cellulose (C), cellulose + caffeine suspension (C + CF),
lignin (L), lignin + caffeine suspension (L + CF), conipheryl alcohol (Co-A), conipheryl alcohol + caffeine solution (Co-A
+ CF), sinapyl alcohol (S-A), sinapyl alcohol + caffeine (S-A + CF), coumaryl alcohol (Cu-A), coumaryl alcohol + caffeine
solution (Cu-A + CF). Primary data (n = 3), mean values, and their standard deviations (SD).

Line Material 1. Replica
(A)

2. Replica
(A)

3. Replica
(A)

Mean
(A) SD A-CF.:

(2b–2a; . . . 7b–7a)

1 CF 0.391 0.398 0.385 0.392 0.007
2a C 0.007 0.010 0.010 0.009 0.002
2b C + CF 0.397 0.398 0.400 0.399 0.002 0.390
3a L 0.799 0.792 0.808 0.800 0.008
3b L + CF 1.083 1.072 1.089 1.081 0.009 0.281
4a Co-A 0.278 0.279 0.283 0.280 0.003
4b Co-A + CF 0.571 0.574 0.567 0.571 0.003 0.291
5a S-A 0.378 0.380 0.382 0.380 0.002
5b S-A + CF 0.776 0.770 0.780 0.775 0.005 0.395
6a Cu-A 0.020 0.019 0.020 0.020 0.003
6b Cu-A + CF 0.236 0.236 0.235 0.235 0.001 0.215
7a HC 0.051 0.054 0.054 0.053 0.002
7b HC + CF 0.300 0.303 0.304 0.302 0.002 0.249

Each of the tested materials has its own optimal wavelength. The possibility of the
same optimal wavelength for caffeine and other chemicals was verified (see Table S1).
The results show that all of the studied wood components have an optimal wavelength
different from the value of 287 nm. Cellulose is not soluble in water and for this reason,
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its optimal wavelength was not determined. The different optimal wavelengths of all of
the studied chemicals enable the use of our preferred approach to calculate the caffeine
concentrations in caffeine-component mixtures.

The results of the chemical analyses suggest (Table 1, Figure 4) that the ability of
caffeine to interact with the tested wood components is different. There was no statistically
significant difference in the residual caffeine concentration in the solution of cellulose and
SA solution compared to the pure caffeine solution. This indicates no or low sorption of
caffeine on these components. Cellulose is not soluble in water under normal conditions.
Its solubility is possible in the other solvents, concentrated mineral acids or solutions of
their salts or organic ammonium bases [28,29]. In some previous studies, caffeine leaching
from treated wood samples was confirmed, so it is possible that this is due to the weak
hydrogen bond between caffeine and cellulose, which makes up 50–58% of the weight of
wood. The same results were found in a study by [30] where the authors did not confirm
the binding of caffeine to cellulose using the FTIR method for pine wood.

Hemicelluloses are usually composed of various carbohydrate units-hexose and pen-
tose. Composition of hemicellulose is variable among individual tree species [31]. Com-
pared to cellulose, hemicelluloses are more soluble in water and better degrade into simple
sugars. The smaller sugar units of hemicellulose or individual pentose or hexose can
probably bond better to caffeine than to cellulose. The authors of one study described that
the molecular dynamics simulations and the NMR experiments showed that sugars have
an affinity for caffeine molecules [23]. The binding in caffeine–sugar complexes occurs
by face-to-face stacking of the hydrophobic triad of protons of the pyranose rings against
the caffeine face, rather than by hydrogen bonding [23]. Lignin fills the space between
cellulose and hemicellulose, interconnects them, and ensures the strength and rigidity of
the resulting structure in plant tissues [30]. In the case of phenolic lignin and its monomers,
the ability to interact with caffeine differed significantly. The amount of residual caffeine
in the solution decreased in the following order: SA, CoA = lignin, CuA. It is evident that
the most effective interactions and bonds occur in the simplest precursor (CuA), which in
its structure contains only hydroxyls with one carbonyl group of CoA to SA containing
2 carbonyl groups.

This is probably not a coincidence. Lignin is a mix of all these precursors in various
ratios, but lignin is mostly represented by CoA (up to 95%), which has a sorption very
similar to lignin (see Figure 3). For this reason, we can assume variable caffeine successful
biocidal potential for different woods. The results of the paper [30] confirm our results
on the binding interactions of caffeine with lignin. According to their study, caffeine
may interact with the methylene group derived from the aromatic rings of the guaiacyl
group of lignin according to their study. However, coumaryl alcohol without any guaiacyl
group created the most intensive interactions with caffeine (Figure 3) in contrary to sinapyl
alcohol with two guaiacyl groups in its structure in this study. One possible explanation
is that conipheryl alcohol and sinapyl alcohol may create hydrogen bonds with caffeine
due to the presence of -OCH3 groups in their molecules, but coumaryl alcohol cannot.
Caffeine–coumaryl alcohol interactions are such probably based on the other kind of bonds
or interactions. Generally, coumaryl alcohol has an elongation effect on the production
of lignin chains [32]. Quantum mechanical calculations have determined the coumaryl
alcohol monomer to be more reactive than the other two common lignin monomers, sinapyl
and coniferyl alcohols [32]. The other study describes the possibility of coumaryl alcohol
creating bonds with other organic compounds after its esterification [33]. Such an action
mechanism likely occurs probably in the present.

Another interesting aspect may be the effect of the application of caffeine as a preserva-
tive against wood-destroying fungi. White rot is caused by fungi that break down cellulose
and hemicellulose, as well as lignin [34]. Some species of white rot fungi preferably destroy
only lignin [35], but some species degrade all components simultaneously [36]. The ques-
tion is whether the high affinity of caffeine to lignin compared to HC and C could cause
higher white-rot fungi sensitivity. It was demonstrated that caffeine differently affects
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fungi causing brown and white rot in wood. White-rot fungus species Trametes versicolor
(Linnae ex Freis) was less sensitive to caffeine than the other three species representing fungi
causing brown-rot [15]. In the experiment, the fungi were exposed to the same caffeine
concentration on agar without the presence of cellulose or lignin (1 g/L). The results of [15]
indicate a relatively high significance of caffeine–hemicellulose interactions for fungal
sensitivity of brown-rot fungi, as they consume only cellulose and hemicellulose. Similar
results were described in the study [17], in which the authors treated pine wood with
caffeine in various concentrations. Species T. versicolor was again less sensitive then the
other three model brown-rot fungi. We can assume that hemicelluloses are better digested
and accessible to fungi than cellulose, and therefore, they break it down first. If properly
correct, hemicellulose and its rapid degradation could be the key to the susceptibility of
fungi to caffeine-containing fungicides. Caffeine bound to lignin is thus probably less
available to fungi and may therefore be less sensitive to it [15]. However, there has yet to
be more detailed research in this area. It is necessary to research various kinds of woods
and fungi.

The biodegradation of wood by wood-destroying fungi will be influenced not only
by the kind of rot or the sensitivity of some of the individual species, but also by the
composition of the wood mass. This statement is based on the study b [19], where a
different sorption of caffeine solution was found in 7 woody plants (beech, red oak, walnut,
sapelli, English oak, pine, spruce) as well as different levels of biodegradability against
wood-destroying fungi and molds.

4. Conclusions

The interactions of caffeine and basic wood components-cellulose, hemicellulose,
lignin, and its 3 alcohol precursors (coumaryl alcohol, conipheryl alcohol, sinapyl alcohol)
in aqueous solutions were investigated under defined conditions in the present study. In
general, it can be concluded that the bond of caffeine to the selected wood components
depends on their solubility in water and their chemical structure. No interactions of
caffeine with cellulose were observed. The simpler molecules containing only hydroxyl
groups (coumaryl alcohol) or hexose and pentose (hemicellulose) bonded better to caffeine
molecules than to more complexed polymers (lignin, cellulose). We also observed the
variable intensity of interaction among the alcohol precursors of lignin. Sinapyl alcohol
was inert to caffeine, contrary to the high affinity of coumaryl alcohol. Conipheryl alcohol
had interactions with caffeine very similar to the interactions that caffeine had with lignin.
This may be just explained by the 95% presence of conipheryl alcohol in lignin. Coumaryl
alcohol demonstrated the highest level of interactions with caffeine.

However, each tree species is composed of these components in different percentages,
and other chemicals such as pectin, tannins, or dyes can also affect the binding interactions.
Our research is therefore important for practical use, because after it was applied to various
wood-based materials, caffeine had various effects on the same pasts, which has also been
demonstrated in prior studies.

These results are the first steps to towards better understanding wood-caffeine in-
teractions, but they can also lead to the other extensive research focused on developing
new natural wood protective agents. Many natural substances have biocidal effects and
understanding the mechanisms of binding these substances to wood would enable and
accelerate the production and application of organic products in practice, both for the
protection of logs and wood materials and possibly the protection of growing trees from
pests and their premature felling.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12050533/s1. Table S1. The optimal wavelength (nm) of aquatic solutions (caffeine = C,
hemicellulose = HC, lignine = L, conipheryl alcohol = CoA, sinapyl alcohol = SA, coumaryl alcohol—
CuA) or cellulose suspension (C). Table S2. Data of Dunnett Multiple Comparisons Test (Anova)—
comparison of the control (CF - caffeine solution) with other samples containing a mix of caffeine
and any of the other components (HC—hemicellulose, L—lignin, CuA—coumaryl alcohol, CoA—

https://www.mdpi.com/article/10.3390/f12050533/s1
https://www.mdpi.com/article/10.3390/f12050533/s1
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conipheryl alcohol, C—cellulose, SA—sinapyl alcohol. Table S3. Data of Tukey-Kramer Multi-
ple Comparisons Test (Anova)—comparison of main wood components lignin (L), cellulose (C),
and hemicellulose (HC). Table S4. Data of Tukey-Kramer Multiple Comparisons Test (Anova)—
comparison of lignin (L) with its the precursors (CuA—coumaryl alcohol, CoA—conipheryl alcohol,
SA—sinapyl alcohol).
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14. Kobetičová, K.; Kočí, V.; Petříková, M.; Šimůnková, K.; Černý, R. Growth effectivity of molds in contact with methylxanthines.

MATEC Web Conf. 2019, 282, 02058. [CrossRef]
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