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Abstract: Wood is one of the important construction materials and it is necessary to protect it from
biological pests. Hemicellulose in wood consist of various sugar hexoses or pentoses depending
on the tree species. This composition can have significant effects on interactions with chemical
substance as biocides or coatings. Interactions of glucose, arabinose, mannan, galactomannan,
glucogalactomannan, xylan, and hemicellulose corresponding its structure in spruce, pine and beech
with biocidal substance caffeine was studied in the present study. Chemical analyses were performed
spectrometrically at the caffeine optimal wavelength of 287 nm. The results indicate variable rate of
interactions between caffeine and the tested sugar monomers or polymers. The largest interactions
between caffeine were observed for simple sugars glucose (71%) and arabinose (67%). Mannan and
hemicellulose composted of mannan units had very low interactive potential with caffeine (1–9%),
the models of woody plants showed no statistically significant difference (25–30%). Nevertheless,
hemicellulose in some previous research showed less potential to bind caffeine than lignin, but
greater than completely inactive cellulose. It is evident that the structure of individual sugars and
their mixture in polymer hemicellulose has effects on binding interactions with caffeine; however,
other research in this area will be necessary in the future.

Keywords: caffeine; hemicellulose; wood; polysaccharides

1. Introduction

Wood is amongst the oldest and the most used building materials in human history. It
can be used for indoor and outdoor applications as columns, beams or trusses, wooden
cladding and facades, interior elements, bridges or footbridges. Wood has excellent prop-
erties as a construction material. In addition, wood is a renewable source and is easily
recyclable. Different types of woody plants, both of domestic origin and exotic woods, are
suitable for different construction uses. The wood species used most in Europe are spruce,
beech, oak and pine, and larch [1,2]. While spruce is the most commonly used material
for outdoor use, beech wood is very suitable for interiors, which is also used in the food
industry (popsicle sticks), medicine (spatulas), for the production of toys, beads, veneers,
small objects and other wood-based materials [2].

Generally speaking, wood consists of lignin (25–35%), cellulose (32–56%), hemicellu-
loses (15–45%), pectins, various additional chemicals (1–30%), whose composition affects
the physical-chemical properties of wood [3]. Cellulose and hemicellulose create the main
building component of plant primary cell walls and secondary cell walls [4]. Hemicellu-
loses are composed of various pentoses (arabinose, xylose) and hexoses (glucose, mannose,
galactose). These linear polysaccharides have short side chains and a smaller degree of
crystals than cellulose [3]. However, the chemical structure of woody plants varies from
wood kind to kind and also depends on the location, age and condition of individual
trees [5]. Such differences can lead to diverse interactions of woody plants with various
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chemicals such as mordants, paints, varnishes and pest control. Mainly biodegradation
or eutrophication of woods used for construction purposes is a very significant problem,
which also applies to other building materials [6].

One of the most explored substance against biological pests is caffeine in recent years
(Figure 1). This methylxanthine is of natural origin and its suitable applicability has
been verified many times. However, its success against biological pests varies among the
individual pests—termites, fungi, moulds [7–15]. This, of course, is related both to the
sensitivity of individual organisms to this substance, individual test performance, and to
the composition of the woody plants that are treated with caffeine-containing preparations.
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In the newest studies, the significant effects of lignin and its alcohol precursors on
binding interactions of wood were described. Whereas cellulose did not interact with the
caffeine molecules in both prior studies, the opposite was the case for hemicellulose and its
alcohol precursors [16].

However, the study of the interactions of caffeine with hemicellulose has not yet
received attention instead of one study [16]. In this study, the interactions of hemicellulose
with caffeine were confirmed to be lower than for lignin, yet greater than for cellulose,
which was inactive. Hemicellulose forms the filler between cellulose and lignin, and it
is quite possible that if the binding of caffeine to this wood component together with the
binding to lignin can have an important effect on the resistance of wood to pests and even
on the durability of coating systems in general.

In general, the interaction of chemicals with wood can be based on physical or chemical
interactions. These basic bonds include intermolecular bonds (hydrogen bridges, Van der
Walls forces, metal binding, stacking), or chemical covalent, donor-acceptor or ionic bonds.
However, we do not know much about the type of these relationships between caffeine
and hemicellulose.

For these reasons, hemicellulose and its binding interactions with caffeine is a main
goal of the actual study. This approach is new and can bring interesting knowledge and
stimuli for further research into the issue of binding interactions of caffeine or the other
similar biologically active substances with basic wood components. The interactions of
caffeine and various pentoses (arabinose, xylose), hexoses (glucose, galactose, mannose,
galactomannose) occurring in wood and their mixtures in such proportions as they occur in
spruce (mannan:xylan = 5:3), pine (mannan:xylan = 1:1) and beech (mannan:xylan = 1:19)
and in the generally described hemicellulose model (D-mannose + D-glucose + D-galactose
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in ratio = 3:1:1) were studied. Our results are discussed with available literature sources and
caffeine interactions with hemicellulose and its individual sugar precursors are described.

2. Materials and Methods
2.1. Chemicals

Caffeine, mannan (consist of D-mannose, D-glucose and D-galactose in ration 3:1:1)
and glucose were purchased from Sigma-Aldrich, Ltd. (Prague, Czech Republic). Xylan,
galactomannan, arabinose were purchased from P-Lab, Ltd. (Prague, Czech Republic).
All of the substances were in powder the form (>99% purity). The glucogalactomann was
prepared in a ratio: D-mannose + D-glucose + D-galactose in ratio = 3:1:1. Deionized 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 used. The caffeine concentration was
selected according to results from the previous study [16]. 30 mL glass bottles were fulfilled
by 20 mL of caffeine solution with 20 mg of the appropriate sugar or biopolymer in powder
form. The controls for analytical measurements were pure caffeine solution (1 g/L) and
pure precursor or their mixtures (1 g/L). The caffeine and hemicellulose components were
mixed before exposition in an incubator. The bottles were stored in an incubator at a
temperature of 20 ± 2 ◦C in the dark. The analyses were made after 72 h of exposure.
Triplicates were prepared for pure caffeine solution, all pure sugar mixtures and the
mixtures of caffeine with sugar mixtures.

2.3. Chemical Analyses

Spectrophotometer Biochrom Libra S22 was used for determination of all solutions
(5 mL). The optimal wavelength of caffeine = 287 nm was used [16]. The pure sugar or
sugar-polymers absorbance values were the controls for subtracting the amount of caffeine
in solutions containing caffeine and a certain sugar or polysaccharide mixture thereof.

2.4. Statistical Analyses

The absorbance in the presence/absence of caffeine in solutions of the individual
sugars or their mixtures were used to calculate caffeine concentrations in all of the samples.
The caffeine absorbance 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 sugar
or their mixture, xb is the absorbance of caffeine-sugar/mixture and xa is the absorbance
of the same pure sugar/mixture [16].

The percentage ration (R) of caffeine bonding to sugar monomers or their mixtures
was calculated according to Formula (2):

(R) = A(SP or M)/A(CF) * 100, (2)

where (R) is a percentage ration (R) of caffeine bonding to hemicellulose components (in
%), A(SP) is an absorbance of caffeine-sugar component complex, A(M) is an absorbance of
caffeine-sugar mixture components complex, A(CF) is is an absorbance of pure caffeine [16].

The absorbance values (for all three replicates of caffeine + the sugar(s) minus the
sugar(s)) were compared to the using multivariate nonparametric ANOVA, Kruskal-Wallis
Test (GrapPad InStat, version 3.06; GraphPad Software Inc., San Diego, CA, USA, 2003).

3. Results

The measured absorbance values are relatively consistent (Table 1) with very low stan-
dard deviations (0.001–0.013). The residual caffeine (CF) concentration in the solution of
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glucose or arabinose showed a statistically significant difference compared to the pure caf-
feine solution hemicellulose (GGM) versus glucose. On the other hand, other combinations
were not statistically significant (Table 2). The substance with the highest affinity to caffeine
was glucose, followed by arabinose, then polysaccharide xylan followed by polysaccharide
mixtures imitating hemicellulose in pine, spruce and beech. The least interactions were
observed for glucomannan, general glucogalactomannan and mannan (Figure 2).

Table 1. Absorbance of tested samples at λ = 287 nm: caffeine (CF), hemicellulose (HC), galactomannan (GM: D-mannose +
D-glucose + D-galactose in ratio = 3:1:1), mannan (M), galactan (GT), glucose (G), arabinose (A), xylan (X), spruce (mannan:
xylan ratio = 5:3), pine (mannan: xylan ratio = 1:1) and beech (mannan: xylan ratio = 1:19). Primary data (n = 3), mean
values of absorbance [A] and their standard deviations (SD).

Substance 1.
[A]

2.
[A]

3.
[A]

Average
[A]

SD
[A]

A-CF:
(IIb—IIa to VIIb—VIIa) [A]

Average
CF—(A-CF)

[A]

I CF 0.737 0.748 0.749 0.745 0.007 0.745 -
IIa HC 0.028 0.025 0.022 0.025 0.003
IIb CF + HC 0.725 0.732 0.738 0.732 0.007 0.707 0.038
IIIa GM 0.059 0.059 0.050 0.055 0.005
IIIb CF + GM 0.729 0.741 0.738 0.736 0.006 0.681 0.065
IVa M 0 0 0 0 0
IVb CF + M 0.736 0.743 0.735 0.738 0.004 0.738 0.007
Va G 0.020 0.019 0.020 0.020 0.001
Vb CF + G 0.236 0.236 0.235 0.235 0.001 0.215 0.529
VIa A 0.051 0.054 0.054 0.053 0.002
VIb CF + A 0.300 0.303 0.304 0.302 0.002 0.249 0.495
VIIa X 0.455 0.460 0.464 0.460 0.005
VIIb CF + X 0.928 0.923 0.937 0.929 0.007 0.469 0.275
VIIIa spruce 0.265 0.268 0.261 0.265 0.003

VIIIb CF +
spruce 0.805 0.815 0.805 0.810 0.006 0.545 0.199

IXa pine 0.363 0.360 0.364 0.362 0.002
IXb CF + pine 0.869 0.889 0.894 0.884 0.013 0.522 0.223
Xa beech 0.276 0.277 0.281 0.278 0.003
Xb CF + beech 0.842 0.833 0.837 0.837 0.005 0.559 0.185

4. Discussion

Caffeine in aquatic solution was the focus of attention in this study. It has been shown
that caffeine in aqueous solution preferentially forms hydrogen bonds with water molecules
and that the caffeine-sugar bond occurs by a different mechanism. Some researchers
investigated that sugars weakly bind to caffeine by face-to-face stacking, similar to the
binding of caffeine molecules to each other. This mode of interaction does not affect the
hydrogen bonding of the sugar molecules to water [17–20].

Hemicelluloses are usually composed of various monomers—hexoses and pentoses.
The composition of hemicellulose is variable among individual tree species [21]. Compared
to cellulose, which has only a chain of glucose units, the hemicellulose chain is irregular
and therefore cannot be precisely structurally defined and plotted. Compared 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 cellulose and partly better than lignin [16,22]. Hemicellulose composition is
therefore very important for the success of binding interactions.

It is evident that the ratios of interactions with caffeine decreased with the complexity
of tested polysaccharide mixtures. Such results are not very surprising because glucose
and arabinose are small molecules in contrast to the rest of tested, more complex polymers.
Such small and simple molecules (Figure 3) might easier and faster react with simple
molecules of caffeine. It was verified that even the sucrose, glucose or sorbitol are bound
to caffeine by the interaction of the aliphatic hydrophobic protons of the sugar with the
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caffeine face. This intermolecular association via face-to-face stacking were suggested by
simulation and various experimental studies. While the interactions of glucose in aquatic
solutions have been well described in the latest studies [17–20], Interactions of caffeine
with arabinose have not been studied yet. Nevertheless, these simple interactions are only
illustrative in the present study, because hemicellulose is composed of many sugar units in
the woods. Nevertheless, we can suppose the same bonding interactions of arabinose to
caffeine as in the case of glucose because it showed an even stronger binding interaction
more than arabinose in the present study.

Table 2. The comparison of absorbance values for all three replicates of “caffeine + the individual
sugar(s)” minus “the same sugar(s)” were compared using multivariate nonparametric ANOVA,
Kruskal-Wallis Test (significance: n.s. = not significant; * = low significance corresponding to
difference 21.000; **= higher significance corresponding to difference 24.000).

Comparison Difference Significance p Value

CF vs. GGM 3.000 n.s. >0.05
CF vs. GM 6.000 n.s. >0.05
CF vs. G 24.000 ** <0.01
CF vs. A 21.000 * <0.05
CF vs. X 18.000 n.s. >0.05
CF vs. spruce 12.000 n.s. <0.05
CF vs. pine 15.000 n.s. >0.05
CF vs. beech 9.000 n.s. >0.05
GGM vs. GM 3.000 n.s. >0.05
GGM vs. G 21.000 * >0.05
GGM vs. A 18.000 n.s. >0.05
GGM vs. X 15.000 n.s. >0.05
GGM vs. spruce 9.000 n.s. <0.05
GGM vs. pine 12.000 n.s. >0.05
GGM vs. beech 6.000 n.s. >0.05
GM vs. G 18.000 n.s. >0.05
GM vs. A 15.000 n.s. >0.05
GM vs. X 12.000 n.s. >0.05
GM vs. spruce 6.000 n.s. >0.05
GM vs. pine 9.000 n.s. >0.05
GM vs. beech 3.000 n.s. >0.05
G vs. A −3.000 n.s. >0.05
G vs. X −6.000 n.s. >0.05
G vs. spruce −12.000 n.s. >0.05
G vs. pine −9.000 n.s. >0.05
G vs. beech −15.000 n.s. >0.05
A vs. X −3.000 n.s. >0.05
A vs. spruce −9.000 n.s. >0.05
A vs. pine −6.000 n.s. >0.05
A vs. beech −12.000 n.s. >0.05
X vs. spruce −6.000 n.s. >0.05
X vs. pine −3.000 n.s. >0.05
X vs. beech −9.000 n.s. >0.05
spruce vs. pine 3.000 n.s. >0.05
spruce vs. beech −3.000 n.s. >0.05
pine vs. beech −6.000 n.s. >0.05

The other studied chemicals are more complex polymers. Xylan, for which a certain
level of binding interactions was proven, consisted of pentose sugars. Typically, xylans
amount in hardwoods (beech in the present study) is 10–35%, whereas it is 10–15% in
softwoods (pine, spruce in the present study). Xylan is the most interactive polymer of
those tested, it shows the highest binding interactions (see Figure 2). It is quite probable
that this is influenced by the presence of pentose sugar units instead of hexoses, because
xylan is formed mainly by the arabinose units (Figure 4).
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Generally, mannan and its incorporation into the polymer lead to low interactions
with caffeine molecules. When we compare data for commercially prepared mannan,
glucomannan and glucogalactomannan prepared by us in the laboratory, the galactose
units in the mixture appear to lead to a reduction in binding in this case. Models describing
the spatial interactions of caffeine with carbohydrates have so far been designed only for
simple sugars such as glucose or fructose [17,20]. In the case of polymeric structures such
as inhomogeneous hemicellulose, this is impossible for the time being.
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Figure 2. Levels of caffeine (in % of 1 g/L) bonding to hemicellulose (glucogalactomannan—GGM),
its sugar precursors (glucose = G, arabinose = A) and the sugar polymers (xylan = X, mannan = M,
galactomannan = GM) and the polysaccharides ratio corresponding to hemicelluloses of spruce, pine
or beech wood.
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The statistical analysis confirmed the significant difference just between the relations
of GGM-glucose (see Table 2). Generally, it seems that these reduced hemicellulose-caffeine
interactions are affected by lower amount of place for binding interactions on sugar poly-
mers. One study described that the binding in caffeine in sugar complexes is bonding
through the hydrophobic sites in rings and hydrogen interactions are not expected [17] as
at monomer sugars.
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One can suppose that this assumption also applies to the other sugars or hemicel-
luloses. Interactions of caffeine with certain drugs and additives [18,19] are very well
described, the research of interactions between wood and paint containing caffeine have
only just begun. Similar studies to the present study have not been performed, and for this
reason, is not possible to compare our data with any previous values.

Model trees “pine”, “spruce” and “beech” consist of various mannan and xylan ratios:
spruce (mannan:xylan = 5:3), pine (mannan:xylan = 1:1) and beech (mannan:xylan = 1:19).
Although their interaction with caffeine is very similar and statistically insignificant, the
beech that contains the most xylan is controversially to the earlier text relatively the least
reactive. In contrast, pine, which contains the same amount of both polysaccharides, has
the best results. It therefore appears that the binding of caffeine is influenced by the
disproportion of the two carbohydrates in the mixture and the number of free carbonyl
and oxo groups of xylan.

When caffeine was used as an active biocidal substance in any mixture (mainly
soluble in water, pure or with metal nanoparticles, or with propolis), the coating was
applied to beech, spruce or pine [8–10,13]. Caffeine application leads to variable protective
efficiency against selected pests [7–15]. Our data from the present study indicate that
application of caffeine on the covers of these most commonly used woods might be affected
by composition of hemicellulose together with lignin presence [16].

It is generally known that wood-destroying fungi (not molds) are divided into fungi
that cause white or brown rot of wood according to which part of the wood mass they
degrade (whether only cellulose and hemicelluloses or also lignin). The relationship
between the species or group of wood pests (insects, molds, fungi) and their specific food
preference (individual sugars or polysaccharides), however, have also never been studied
in detail.

5. Conclusions

Interactions of monosaccharide glucose and arabinose or polysaccharide mannan,
galactomannan, glucogalactomannan, xylan, and hemicellulose corresponding to its struc-
ture to spruce, pine and beech with biocidal substance caffeine was studied in the present
study. The measured data indicate that the most significant interactions with caffeine were
in simple sugars such as glucose and arabinose, followed by xylan, whilst a lower rate of
interactions was ascertained in the other hemicellulose models.

No difference was found in the efficiency of caffeine binding to hemicellulose of
woody plants such as beech, pine and spruce. Based on these results, it appears that
hemicellulose, as demonstrated for cellulose in the previous study [22], does not have a
significant binding effect of caffeine to wood for these most commonly used wood species
in building structures. The main component of wood in this respect is lignin [16,22], or
some other, hitherto unexplored accompanying substances of woody plants from this point
of view.
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Perspective natural biocide for wood protection against decaying fungi and termites. J. Clean. Prod. 2021, 304, 127110. [CrossRef]
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