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UVODNIK / EDITORIAL

Odgovorni urednik / Managing Editor
JozZe Kropivsek

Spostovane bralke in bralci!

Na urednistvu revije LES/WOOD se zavedamo,
da sta za uspeh vsake znanstvene revije pomemb-
na dva pogoja: da objavlja visokokakovostne znan-
stvene c¢lanke, ki kaZzejo napredek stroke na temelj-
nih in mejnih podrogjih, in da ti doseZejo ¢im SirSo
mnoZico bralcev in s tem razsirjajo nova znanja. Ce
je izpolnjen prvi pogoj, je izpolnitev drugega lazja,
saj z dobrimi ¢lanki revija postane bolj prepoznav-
na in jo isCe vec bralcev. Velja pa tudi obratno, da
vec bralcev iz stroke in znanosti ustvarja tudi vec-
je polje potencialnih avtorjev novih znanstvenih
objav. Oboje je torej med seboj povezano. Klju¢no
vlogo pri izpolnjevanju teh dveh pogojev in promo-
ciji znanstvene revije igrajo tudi bibliografske baze.
Revija namrec z vkljucitvijo v baze pridobiva ugled
in prepoznavnost, hkrati pa se poveca dostopnost
preko iskalnikov in branost, ¢lanki pa so bolj citirani.
To spet privablja nove avtorje in jih spodbuja, da
objavljajo vse boljse ¢lanke, kar pa zopet povecuje
ugled revije. Z veseljem in ponosom se ob pricujoci
Stevilki revije oziramo na prehojeno pot in izpostav-
ljamo nekaj prelomnic:

Revija LES/WOOD je Ze od leta 1997 vpisana v
bazo CAB Abstracts (https://www.cabi.org/publi-
shing-products/cab-abstracts/), ki je »vodilna bibli-
ografska informacijska storitev v angleSkem jeziku,
ki uporabnikom omogoca dostop do literature s
podrocja ved o Zivljenju v vec kot 480.000 ¢lankih
in porocilih«. Vkljucitev v to bazo je bila za razvoj
revije klju¢na, saj jo to uvrs¢a med pomembnejse
revije na podrocju ved o Zivljenju.

Danes je nujno, da je revija digitalizirana. Re-
vija LES/WOOD je do leta 2012 izhajala le v tiskani
obliki. Takoj po njeni oZivitvi v letu 2017, smo poleg
tiskane uvedli tudi elektronsko razli¢ico revije in jo
ponudili bralkam in bralcem preko svetovnega sple-

ta. Najprej smo pridobili ISSN Stevilko za elektron-
sko verzijo revije, vzporedno s tem pa smo vzposta-
vili tudi spletno stran revije (http://www.les-wood.
si). Za vecjo prepoznavnost je bila revija leta 2017
vklju€ena v sistem »Digital Object Identifier« (DOI).
Od takrat vsak ¢lanek prejme lastni digitalni pred-
metni identifikator DOI (Digital Object Identifier),
zaloznik pa je ¢lan organizacije CrossRef.

Pred vpisom revije v mednarodne bibliograf-
ske zbirke so potrebne razlicne formalne, tehnicne,
vsebinske in oblikovne dopolnitve, saj razlicne bi-
bliografske baze postavljajo jasne (minimalne) teh-
ni¢ne in vsebinske zahteve. Pri tem je pomembno
predvsem redno izhajanje, jasna uredniska politika,
prenova (in digitalizacija) uredniSkega procesa in
on-line objava ¢lankov v berljivi obliki. Predvsem v
zadnjem obdobju so pomembna tudi pravila eti¢ne-
ga delovanja in politika preprecevanja plagiatorstva
ter jasna pravila o ravnanju z intelektualno lastnino,
kar predvsem velja za elektronsko verzijo revije. V
ta namen je bila spletna stran revije LES/WOOD v
prvi polovici leta 2019 povsem posodobljena.

Naslednja pomembna prelomnica se je zgodila
poleti 2019, ko je bila revija LES/WOOD vklju¢ena v
bazo DOAJ (The Directory of Open Access Journals
= Imenik revij odprtega dostopa). DOAJ je seznam
revij z odprtim dostopom in je izhodis¢e za iska-
nje kakovostnega, strokovno pregledanega gradiva
z odprtim dostopom. Vkljucitev v DOAJ povecuje
prepoznavnost in enostavnost uporabe ¢lankov, na
ugledu in prepoznavnosti pa pridobiva tudi revija kot
celota. Cilj baze DOAI je zajeti in celovito predstaviti
vse znanstvene revije z odprtim dostopom z jasno in
kakovostno urednisko politiko, ki zagotavlja doloce-
no vsebinsko raven ¢lankov (https://doaj.org/).

Nadaljnji razvoj revije LES/WOOD bo $el v smeri
indeksiranja v bazi Scopus, kar bo, upamo, povecalo
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mednarodno prepoznavnost, razsirilo krog bralcev
in povecalo zanimanje avtorjev za objavljanje v nasi
reviji. V tem procesu je klju¢no sodelovanje, ustvar-
jalna izmenjava znanja, novih idej in pobud, kar nas
bo vse sopotnike revije vodilo naprej k novim us-
pehom. Zato vas toplo vabim, da po svojih moceh
prispevate k promociji revije in njenemu razvoju.
Hvala za vaso podporo Ze vnaprej!

Dear readers!

At the editorial board of the journal LES/WOQD,
we are aware that two conditions are important for
the success of every scientific journal: that it pub-
lishes high-quality scientific articles that show the
advancement of the profession in fundamental and
frontier areas, and that they reach as wide range
of readers as possible, and thus disseminate new
knowledge. If the first condition is fulfilled, then ful-
filment of the second is easier, because with good
articles the journal becomes more recognizable and
is sought by more readers. Conversely, more scien-
tific and professional readers also create a larger
pool of potential authors for new scientific publi-
cations. The two are therefore interconnected. Bib-
liographic databases also play a key role in fulfilling
these two conditions and promoting the scientific
journal. Namely, by joining the databases, the jour-
nal gains reputation and visibility, while increasing
search engine accessibility and readability, and the
articles it publishes are cited more. This again at-
tracts new authors and encourages them to publish
better articles, which in turn enhances the reputa-
tion of the journal. In this issue of LES/WOQOD, it is
with the pleasure and pride that we take a look at
the path of the journal’s development and highlight
some turning points over the years:

Since 1997, LES/WOOD has been listed in the
CAB Abstracts database (https://www.cabi.org/
publishing-products/cab-abstracts/), which is “the
leading English-language bibliographic information
service providing access to the world’s applied life sci-
ences literature, giving users access to over 480,000
journal articles, conference papers and reports”. Be-
ing involved in this database has been crucial to the
development of the journal, as it makes it one of the
most important publications in the life sciences.

Today, it is crucial that the journal is being digi-
tized. Until 2012, LES/WOOD was published in print-
ed form only. With its revival in 2017, in addition to

the printed version, we introduced an electronic ver-
sion and offered it to readers via web services. The
ISSN number for the electronic version of the journal
was obtained, and at the same time a website was
set up (http://www.les-wood.si). For greater visibility,
the journal was incorporated into the Digital Object
Identifier (DOI) system in 2017. Since then, each arti-
cle in LES/WOOQD has been signed with its own Digital
Object Identifier (DOI) name, while the publisher has
become a member of the CrossRef organization.

Different formal, technical, substantive and de-
sigh amendments are required before the journal
is published in international bibliographic databas-
es, as different bibliographic databases set clear
(minimum) technical and content requirements.
Of particular importance is regular publication, a
clear editorial policy, the redesign (and digitization)
of the editorial process, and the online publication
of articles in a readable form. Especially in recent
years, ethical rules of operation, a plagiarism pre-
vention policy and clear rules on the management
of intellectual property are also important, which
mainly apply to the electronic version of the jour-
nal. To this end, the website of LES/WOQOD journal
was completely updated in the first half of 2019.

The last important turning point happened
during the summer of 2019 when LES/WOOD was
included in the DOAJ database (the Directory of
Open Access Journals). DOAJ is a white list of open
access journals and aims to be the starting point for
all information searches for quality, peer reviewed
open access material. Being included in DOAJ also
increases the visibility and ease of use of articles,
and that of LES/WOOD as a whole. The DOAJ aims
to be comprehensive and cover all open access
scientific and scholarly journals that use a quality
control system to guarantee the content that they
publish meets high standards (https://doaj.org/).

Further development of LES/WOOD will move
in the direction of indexing in the Scopus database,
which will hopefully increase international visibility,
widen the readership and increase the interest of
authors in publishing in the journal. In this process,
collaboration, the creative exchange of knowledge,
new ideas and initiatives, are crucial, which will
lead all the journal’s contributors to new success-
es. Therefore, | warmly invite you to contribute to
the promotion of the journal and its development.
Thanks in advance for your support!
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Abstract / Izvlecek

Abstract: We used the Confocal Laser Scanning Microscope (CLSM) Olympus LEXT OLS5000 for non-destructive ob-
servation and image analysis of wood anatomy traits in growth layers of tree species from different climatic zones. In
European beech (Fagus sylvatica), where tree rings can generally be recognised, we discuss the changes in tree-ring
structure due to adverse effects (insect attacks). Growth layers in Mediterranean Aleppo pine (Pinus halepensis) from
south-eastern Spain are not always annual and contain numerous intra-annual density fluctuations (IADFs). Ocote
pine (Pinus oocarpa) growing at high elevation in Honduras showed growth layers with clear growth ring boundaries
and IADFs. In both pines, CLSM allowed us to recognise and measure tracheid parameters to define density fluctua-
tions. In tropical true mahogany (Swietenia macrophylla) from Venezuela and cedrela (Cedrela odorata) from Costa
Rica, we studied the growth layers with variable dimensions of vessels demarcated by marginal axial parenchyma.

Keywords: confocal laser scanning microscopy (CLSM), wood anatomy, wood identification, image analysis, dendro-
chronology, tree-rings, growth ring boundaries

Izvlecek: Konfokalni laserski vrsticni mikroskop (CLSM) Olympus LEXT OLS5000 smo uporabili za nedestruktivno prou-
cevanje anatomskih znakov v prirastnih plasteh dreves iz razlicnih podnebnih pasov. Pri bukvi (Fagus sylvatica), kjer je
na splosno mogoce prepoznati branike, CLSM omogoca Studij anatomskih posebnosti zaradi Skodljivih ucinkov (npr.
napadov ZuZelk). Prirastne plasti sredozemskega alepskega bora (Pinus halepensis) v jugovzhodni Spaniji ne nastajajo
vedno v skladu s koledarskim letom, zaznamujejo jih namrec tudi Stevilna nihanja gostote (IADFs) znotraj posameznih
plasti. Bor Pinus oocarpa, ki raste na visoki nadmorski visini v Hondurasu, izkazuje jasno razmejene prirastne plasti
in pojav IADFs. V obeh borih smo s pomocjo CLSM prepoznali in izmerili dimenzije traheid za boljSe dolocanje IADF
in za boljso razmejitev prirastnih plasti. V lesu srednjeameriskega mahagonija (Swietenia macrophylla) iz Venezuele
in cedrele (Cedrela odorata) iz Kostarike smo analizirali prirastne plasti, ki imajo spremenljive dimenzije trahej in so
razmejene z marginalnim aksialnim parenhimom.

Kljucne besede: konfokalna laserska vrsticna mikroskopija, anatomija lesa, identifikacija lesa, analiza slike, dendro-
kronologija, branike, prirastne plasti, meje med prirastnimi plastmi

1 INTRODUCTION
1 UuUvoD

ant environmental signals (Verheyden et al., 2004;
Garcia-Gonzalez & Fonti, 2006; Campelo et al.,

Comparative and quantitative wood anatomy
combined with dendrochronology may provide in-
formation regarding wood anatomy related to spe-
cies, provenance, as well as the time and conditi-
ons in which the wood was formed.

Research into wood anatomy allows the anal-
ysis of anatomical traits, which can reflect import-

1 University of Ljubljana, Biotechnical Faculty, Department of
Wood Science and Technology, Ljubljana, Slovenia
e-mail: angela.balzano@bf.uni-lj.si

2010). Wood quality also depends on wood anato-
my, which varies between and within species, indi-
vidual trees and even growth layers.

Dendrochronology, as the study of tree rings
(growth layers), is based on cross-dating, which
helps to assign every tree ring to the calendar year
when it was formed. This principle can be applied
in trees from temperate environments, where the
tree rings are generally annual. They usually con-
tain early- and late-wood, and are demarcated by
tree-ring boundaries.
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However, in Mediterranean and tropical envi-
ronments it is often challenging to define tree rings
and the boundaries between them, as their forma-
tion is not necessarily synchronised with calendar
years (Cherubini et al., 2003; De Luis et al., 2011;
Balzano et al., 2018, 20194, b). Such growth layers
typically contain numerous anomalies associat-
ed with intra-annual density fluctuations (IADFs)
(Campelo et al., 2007; De Micco et al., 2016a)
sometimes called false rings (e.g. Kaennel & Sch-
weingruber, 1995).

To help with the identification of tree rings we
often apply quantitative wood anatomy (QWA),
which is based on the measurement of anatomical
traits (for instance shape, dimensions and frequen-
cy of xylem elements, thickness of cell walls etc.) in
relation to time (position in the growth layer). This
is used to characterise the relationships between
plant growth and various environmental factors.

Studying  anatomical features requires
time-consuming sample preparation for microsco-
py, i.e. the cutting of thin microscopic slides. There-
fore, there is a search for methodologies which
enable observation and analyses of microscopic
structures without special specimen preparation
(e.g., Fioravanti et al., 2016, 2017). One such meth-
od could be confocal microscopy, which has already
been successfully applied in material and surface
science, although to date there are few studies in
the field of life sciences and wood anatomy or den-
drochronology (e.g., Haag et al., 2018).

The objective of the present study is thus to
evaluate the possibilities of applying a Confocal
Laser Scanning Microscope (CLSM) Olympus LEXT
OLS5000 for different case studies in dendrochro-
nology and quantitative wood anatomy, and to
evaluate its suitability in replacing classical meth-
ods based on the time-consuming preparation of
thin sections and light microscopy.

2 MATERIALS AND METHODS
2 MATERIAL IN METODE

2.1 MATERIAL
2.1 MATERIAL

We studied wood structure on cores (5 mm
in diameter) collected from trees with an incre-
ment borer. The cores were smoothed by sanding
(with sandpaper grits from 80 to 280) to observe

the cross-sections of the wood to identify the

growth layers and observe their wood-anatomical

characteristics.
The investigated species were:

1) temperate European beech (Fagus sylvatica
L.) from a site in Croatia ca. 45.42°, Longitude:
16.28°, Altitude: ca. 100 m) (Luki¢, 2018),

2) Mediterranean Aleppo pine (Pinus halepensis
Mill.) from Alicante in southern Spain (Latitude:
38.40°, Longitude: -0.44°, Altitude: ca. 70 m),

3) ocote pine (Pinus oocarpa Schiede ex Schlt-
dl.) from Siguatepeque in Honduras (Latitude:
14.60°, Longitude: -87.83°, Altitude: ca. 1100
m), from high elevation in the tropical zone,
collected by Jean Pierre Veillon in 1970 (Lu-
na-Lugo, & Marcano-Berti, 2011),

4) Tropical true mahogany (Swietenia macrophyl-
la King) from Ticoporo in Venezuela (Latitude
8.15°, Longitude -70.84°, Altitude: ca. 200 m)
collected by Jean Pierre Veillon in 1969 and

5) cedrela (Cedrela odorata L.) from Turrialba in
Costa Rica (Latitude 9.90°, Longitude -83.69°,
Altitude ca. 700 m) collected by Jean Pierre
Veillon in 1966.

2.3 CONFOCAL LASER SCANNING MICROSCOPY
2.3 KONFOKALNA LASERSKA VRSTICNA

MIKROSKOPIJA

The objects were observed with a Confocal
Laser Scanning Microscope (CLSM) Olympus LEXT
OLS5000 (Olympus Corporation Tokyo 163-0914,
Japan) (Figure 1) with the following objectives:
MPLFLN5x (numerical aperture 0.15, working dis-
tance 20 mm), MPLFLN10XLEXT (numerical ap-
erture 0.3, working distance 10.4 mm), and LM-
PLFLN20OXLEXT (numerical aperture 0.45, working
distance 6.5mm). The microscope is equipped with
a 405 nm violet laser, which enables the best lat-
eral resolution in range (0.12 um), and allows the
microscope to capture fine patterns and defects
that conventional optical microscopes, white-light
interferometers, or red laser-based microscopes
are unable to detect.

First, we used optical systems for colour ob-
servation. The system acquired microscope colour
images by illuminating the sample with the white
light-emitting diode (LED) light source and imaging
the reflected light with the complementary met-
al-oxide-semiconductor (CMOS) image sensor.
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dendrochronology

The objects were placed on the stage. By mov-
ing the stage, we used the system to create a pan-
oramic macro map based on stitching images on
the moving trace in real-time for an overview of
the sample. Colour digital images obtained using
the stitching function covered the entire length of
the cores in order to identify the growth layers and
perform tree-ring width measurements for dendro-
chronology. As the focal depth was relatively deep,
we could use the colour images to observe some
details or define the positions for detailed observa-
tions using the confocal laser scan.

High resolution laser confocal images were ac-
quired at different focus positions to identify the
minute structures and measure anatomical param-
eters. All the measurements were performed with
the OLS5000 image analysis software.

Figure 1. Workstation with a
confocal laser scanning micro-
scope LEXT OLS5000 3D (Olym-
pus Corporation Tokyo 163-
0914, Japan) equipped with
an optical system for colour
observation, image stitching,
and image analysis software
OLS5000.

Slika 1. Delo s konfokalnim la-
serskim vrsticnim mikroskopom
LEXT OLS5000 3D (Olympus
Corporation Tokyo 163-0914,
Japonska), ki je opremljen z op-
ticnim sistemom za opazovanje
barvne slike, spajanje zajetih slik
in programsko opremo za anali-
zo slike OLS5000.

3 RESULTS AND DISCUSSION
3 REZULTATI IN RAZPRAVA
3.1 DENDROCHRONOLOGY — GROWTH LAYERS
AND ANOMALIES IN WOOD
3.1 DENDROKRONOLOGIUA — PRIRASTNE PLASTI
IN ANOMALIE V LESU
The presented examples show the potential of
use of LEXT OLS5000 3D in different wood species,
Fagus sylvatica, Pinus halepensis, Pinus oocarpa,
Swietenia macrophylla and Cedrela odorata, with dif-
ferent wood anatomies and structures of the growth
layers addressed for different research purposes.
The stitched images of polished increment
cores based on combining the live observations
(Figure 2) with the analysis of an acquired image
enabled us to study the growth layers and growth
ring boundaries at different magnifications.

Figure 2. Stitched images of increment cores acquired with a 5x objective at the resolution of 96 dpi. From
top to bottom: Fagus sylvatica, Pinus halepensis, Pinus oocarpa, Swietenia macrophylla and Cedrela odorata.
Slika 2. Spojene slike izvrtkov lesa, pridobljene z objektivom 5x povecave pri loljivosti 96 dpi. Od zgoraj
navzdol: Fagus sylvatica, Pinus halepensis, Pinus oocarpa, Swietenia macrophylla in Cedrela odorata.
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At higher magnifications and resolutions, we
could observe structural variations in the wood and
apply image analysis. The detailed results for differ-
ent wood species are shown in the next chapters.

3.2 TREE-RING ANOMALIES IN EUROPEAN BEECH
3.2 ANOMALUE BRANIK V LESU BUKVE

European beech (Fagus sylvatica), as a typical
temperate species, normally contains clear growth
rings formed due to interruption of cambium activi-
ty during the cold period of the year (e.g., Prislan et
al., 201343, b). The investigated cores of Fagus syl-
vatica from a site near Petrinja in Croatia contained
tree rings with numerous anomalies. This caused
difficulties to correctly perform tree-ring width
measurement and cross-dating (Lukié¢, personal
communication). In 2013 numerous beech trees
suffered an attack of gipsy moth (Lymantria dispar),
which typically attacks oaks. In 2013 it caused also
defoliation of beech (Luki¢, 2018), and consequent-
ly an extremely narrow tree ring was formed (Figure
3). On the pictures observed under the stereomi-

croscope and on those obtained by flat-bed scan-
ner, the tools usually applied in dendrochronology,
the 2013 ring appeared pale and sometimes could
not be recognised (Figure 3a). At higher magnifica-
tion and resolution of CLSM, the tree ring and its
structure could be identified. The 2013 ring showed
early- and latewood and clear growth ring bound-
ary (Figure 3d). Another extremely narrow tree ring
was formed in 1966 (Figure 3c). It contains early-
wood and narrow latewood and a clear growth ring
boundary, which could indicate that cambial pro-
duction was possibly interrupted at the end of June
(Prislan et al., 2013a). The same species also had
some very wide tree rings with intra-annual density
fluctuations, like the 1984 tree ring, which at low-
er magnifications were erroneously interpreted as
tree rings (Figure 3a, b), whereas higher magnifica-
tion showed no growth ring boundary (Figure 3e).

The questions raised can as a rule be solved by
dendrochronological cross-dating, while the appli-
cation of CLSM enables better interpretation of the
anomaly.

?

= ““l

Figure 3. European beech (Fagus sylvatica): (a) a core scanned with a flat-bed scanner at 1200 dpi resolution
with potentially very narrow rings (arrows), and (b) the same core after tree-ring width measurement in Co-
oRecorder and with cross-dating; (c, d, e) detailed views of individual rings captured by CLSM with tree ring
1966 at two magnifications (c), tree ring 2013 (d) and intra-annual density fluctuation in the 1984 ring (e).
Slika 3. Bukev (Fagus sylvatica):(a) izvrtek posnet s skenerjem z locljivostjo 1200 dpi, z oznacenimi poten-
cialno zelo ozkimi branikami (puscice) in (b) isti izvrtek po merjenju Sirin branik s pomocjo programa Coo-
-Recorder in datiranju, (c, d, e) podrobna zgradba posameznih branik, posnetih s CLSM: branika 1966 pri
dveh povecavah (c), branika 2013 (d) in gostotna variacija v braniki 1984 (e).
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3.3 GROWTH RING ANOMALIES IN ALEPPO PINE
3.3 ANOMALUE V PRIRASTNIH PLASTEH

ALEPSKEGA BORA

Growth layers of Aleppo pine (Pinus halepen-
sis) from Alicante in south-eastern Spain are often
not annual and often contain numerous anomalies
with intra-annual density fluctuations (IADFs) (Fig-
ure 4). They are characterised by latewood-like cells
in earlywood (E-IADF), and earlywood like cells in
different portions of latewood (L-IADF) (Figure 4).
The species often have unclear growth ring bound-

aries (Figure 4b) which are a consequence of unin-
terrupted cambial production in winter (De Luis et
al., 2007, 2011; De Micco et al., 2016a; Novak et al.,
2016a; Balzano et al., 2018, 2019a, b), and lack of
cambial dormancy in winter (Prislan et al., 2016).
The species can also contain dark rings (Figure 4b),
i.e. rings which contain only latewood (Novak et al.,
2016a). Furthermore, the species contains numer-
ous missing rings (Novak et al., 2011, 2016b). All
these anomalies can only be detected with dendro-
chronological cross-dating.

"50_0 um;

Figure 4. Mediterranean Aleppo pine (Pinus halepensis): (a) a core with “normal” rings (N) and a great
variety of growth ring types and irregularities, and (b) a detailed view of growth rings containing
E-IADF (latewood-like cells in earlywood) (E) and L-IADF (earlywood-like cells in latewood) (L); dark
ring, composed of cells with latewood characteristics (D), and growth ring with unclear boundaries
(U). Scale bars 500 um.

Slika 4. Sredozemski alepski bor (Pinus halepensis): (a) pregled izvrtka, ki vsebuje »normalne« branike
(N) in razlicne tipe anomalij v prirastnih plasteh ter (b) podrobni posnetki prirastnih plasti z gostotno
variacijo tipa E-IADF (celice kasnega lesa v ranem lesu) (E) in L-IADF (celice ranega lesa v kasnem lesu)
(L), temno braniko (D) in prirastno plastjo z nerazlocnimi mejami (U). Merilne daljice 500 um.

IADFs are usually first defined visually; how-
ever, their characteristics can be more precise-
ly defined only by measuring the dimensions of
tracheids or tracheid lumina, and the cell walls
along the same radial in terms of tracheidogram
(Vaganov, 1990). Such measurements are usually
performed on thin cross-sections observed under
a light microscope, after a time-consuming sample

preparation. The presented case study shows that
it is possible to use CLSM and the associated image
analysis system to obtain sufficient magnifications
and resolutions, and thus to measure the tracheid
parameters (Figure 5).
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No. Result Distance[pm] %Height[pm] Width[um]
1 18.338 1.000 18.310

2 21.642 5.000 21.057

3 24,594 2.000 22,888

Figure 5. Wood of Pinus halepensis and measurement of cell wall thickness and dimensions of lumina
(tracheids) of a radial row using Lext CLSM and image analysis software OLS5000. The laser system
provides the intensity, colour and height of the image of the same object. Using the measurement
option “profile” we can get the intensity, colour and height profiles in a chosen linear row and mea-
sure on it different parameters (here the diameter measurement of tracheids). The colour profile is
also shown.

3.4 GROWTH LAYERS IN (Pinus oocarpa)
FROM HONDURAS

Ocote pine (Pinus oocarpa), native to Central showed that the species has tree rings with typi-
America, is poorly known in Europe. We inspected  cal early- and latewood and clear tree-ring bound-
the wood structure of this species on cross-sec- aries. Many rings contain E- or L- types of IADFs
tions of the cores to evaluate the suitability for (Figure 6).
tree-ring analysis. Images at larger magnifications
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Figure 6. Ocote pine (Pinus oocarpa) from a high elevation site in Honduras: (a) overview of tree rings, (b)
typical ring, (c) tree ring containing E-IADF (arrow), and (d) tree ring with L-IADF (arrow). Scale bars 500 um.
Slika 6. Bor (Pinus oocarpa) z visokogorskega rastisca v Hondurasu: (a) pregled branik, (b) normalna brani-
ka, (c) branika, ki vsebuje gostotno variacijo tipa E-IADF (puscica) in (d) branika, ki vsebuje L-IADF (puscical).

Merilne daljice 500 um.

The first impression is that the structure of
ocote pine tree rings is similar to that of tree rings of
conifers (pines) growing in temperate environments.
The investigated samples originated from the trees
growing in Honduras, near Siguatepeque, ca. 1100 m
above sea level, where the climate is characterised
by three seasons: a wet and relatively cool season
(between May and November) with sufficient rain to
ensure vegetation, a colder interlude (November to
February) with temperatures occasionally down to
8 °C, and a dry season (February to May), with tem-
peratures of up to 32 °C (Wikipedia, 2019, El clima
promedio en Siguatepeque, Honduras, 2019).

Although November to February temperatures
are not very low, the clear growth ring boundaries
could be a consequence of the interruption of cam-
bial activity in winter. The change of seasons could
explain the IADFs in the rings. Dendrochronological
cross-dating supported by detailed anatomy stud-
ied with CLSM could help to explain the processes
affecting IADF formation and interruption of cam-
bial activity resulting in clear tree-ring boundaries.

3.5 GROWTH LAYERS IN TROPICAL TRUE
MAHOGANY
3.5 PRIRASTNE PLASTI V TROPSKEM
SREDNJEAMERISKEM MAHAGONIJU
True mahogany (Swietenia macrophylla) is a
tropical hardwood species of the family Meliaceae
that grows in Mexico, Central America, and tropi-
cal South America (except the Amazon basin). The
species is also planted outside its natural range. It is
listed in CITES, Annex Il (Richter et al., 2017).

The wood of Swietenia contains heartwood
which is brown to red-brown and can be differ-
entiated from the sapwood. The air-dry density
is 400—-500-650 kg/m?3 (Richter & Dallwitz, 2000).
The species is characterised by interlocked grain
and ribbon figures. The wood is diffuse-porous,
vessels are of medium size with a tangential di-
ameter in the range of 90-160-255 um. The
vessels regularly contain dark reddish-brown de-
posits. The fibres are as a rule septate and have
medium-thick cell walls. The rays are multiseriate,
mainly 1-2—-4(-5) cells wide. Rays, axial paren-
chyma and vessel elements are storied, although
storied rays cannot be observed in all specimens.
Axial parenchyma is mainly banded. The bands
are marginal (or seemingly marginal), mainly 4-8
cells wide and present growth ring boundaries.
The wood also contains paratracheal axial paren-
chyma which is scanty to vasicentric.

The material presented in this study originates
from Ticoporo near Barinas in Venezuela, which is
characterised by a tropical climate with dry sea-
sons (average annual temperature 27.6 2C, average
temperature variation between the hottest and
the coldest month less than 3 9C, average annual
rainfall ca. 2500 mm) (Pereyra et al., 2005). The
wood contains marginal parenchyma demarcating
growth layers. It was found that the optimal tech-
nique and magnification should be used to recog-
nise the growth layers (Figure 7). The dimensions of
the vessels varied in the radial direction, as shown
by image analysis of the CLSM system. This could
be of help with defining the growth layers.
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Figure 7. True mahogany Swietenia macrophylla: (a) stitched image of increment core acquired with CLSM
with 5x objective at the resolution of 96 dpi, and( b) detail of the same image; (c) thin cross-section under
the light microscope, and (d) wood at the same magnification observed with CLSM. Arrows show bands of
marginal axial parenchyma. Scale bars 500 um.

Slika 7. Pravi mahagoni Swietenia macrophylla: (a) spojena slika posnetkov precnega prereza lesa iz izvrt-
ka, pridobljena s CLSM, objektiv 5x povecave pri locljivosti 96 dpi, in (b) podrobnosti iste slike; (c) precni
prerez tanke rezine pod svetlobnim mikroskopom in (d) les pri isti povecavi, posnet s CLSM. Puscice kaZejo
pasove marginalnega aksialnega parenhima. Merilne daljice 500 um.

No.  Result Width1Wicth2IWidth3WidthaiWidthSIWidth Width7Widtha Wictho Wicth1 Widths Widths Width1 Width LWdth 1 Wicth1Wicth1:
1 27189 12233 91504 5367 9.579 130.827 102.83¢ 0.134 1.082 22932 9401 35169 6280 89611 12405 0920 1.010

Figure 8. Measurement of vessel lumen diameter and area in Swietenia macrophylla in a linear row. Here
are shown the colour profile and height profile obtained with a confocal laser scan.

Slika 8. Merjenje premerov in povrsine lumnov trahej v lesu mahagonija Swietenia macrophylla. Tu sta
prikazana barvni profil in profil po visini objekta, pridobljena s konfokalnim laserskim skeniranjem.
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Several studies have shown that dendrochro-
nological methods might be possible for Swietenia
macrophylla as the growth increments in the adult
xylem are marked by terminal parenchyma bands
and are annual (Dlnisch et al., 2002, 2003). The
same studies in Swietenia macrophylla in Brazil
also showed that besides annual rings there are
also non-annual increment zones, and false rings
may occur. Furthermore, cambium showed dor-
mant phases during the dry period in Brazil. Studies
also indicated that the seasonal pattern of cambi-
al growth of Swietenia and tropical tree species in
general has to be analysed separately on each site
before tree-ring chronologies can be established
(Dunisch et al., 2002, 2003).

3.6 GROWTH LAYERS IN TROPICAL CEDRELA

3.6 PRIRASTNE PLASTI V TROPSKI CEDRELI
Cedrela, or Central American cedar (Cedrela

odorata), is a hardwood from the Meliaceae fam-

ily. The wood of Cedrela resembles that of Swi-

etenia (from the same family) and is of similar co-
lour and density. The identification keys list only
a few wood anatomical differences between the
two taxa. Cedrela is generally semi-ring porous,
has larger vessels, does not have storied struc-
tures and has a pleasant aromatic odour, where-
as Swietenia is diffuse-porous, has medium-sized
pores, storied structures and is odourless (Richter
& Dallwitz, 2000).

The geographic distribution of Cedrela is Mexi-
co and Central America, the Caribbean, and tropical
South America. Cedrela odorata is on the CITES list of
protected species, Appendix Ill (Richter et al., 2017).

Cedrela generally has distinct growth rings de-
marcated by marginal (or seemingly marginal) axial
parenchyma bands, which are usually more than
three cells wide (Richter & Dallwitz, 2000).

Detailed studies proved that also cedrela has
growth layers which can be studied by dendrochro-
nological methods (Dlnisch et al., 2002, 2003). It
was shown that the formation of increment zones

Figure 9. Cedrela (Cedrela odorata): (a) stitched image of increment core acquired with CLSM with 5x objective at
the resolution of 96 dpi, and (b) details of the same image, arrows show growth ring boundaries; (c) detailed view
of wood structure with bands of marginal axial parenchyma (double arrow) and fibres (arrow). Scale bars 500 um.
Slika 9. Cedrela (Cedrela odorata): (a) spojena slika posnetkov precnega prereza lesa izvrtka, pridobljenih s
CLSM, objektiv 5x povecave pri locljivosti 96 dpi, in (b) podrobnosti iste slike, kjer puscice kaZejo meje med
prirastnimi plastmi; (c) precni prerez lesa pri vecji povecavi, kjer dvojna puscica kaZe pas marginalnega
aksialnega parenhima, enojna puscica pa viakna. Merilne daljice 500 um.

Les/Wood, Vol. 68, No. 2, December 2019 13



Balzano, A., Novak, K., Humar, M., & Cufar, K.: Uporaba konfokalne laserske vrsticne mikroskopije v dendrokronologiji

in cedrela was annual, and that annual growth
increments are indicated by alternating fibre and
vessel bands embedded in paratracheal parenchy-
ma (Dianisch et al., 2002). Like in Swietenia, the
cambium showed dormant phases during the dry
period in Brazil (Dinisch et al., 2002, 2003).

The material presented in this study are the
cores from trees from Turrialba in Costa Rica, at
an altitude of ca. 700 m. We had an impression
that the growth layers are less distinct than in
Swietenia (Figure 9). Surface preparation of the
cores was a possible reason that we could not find
the alternating fibre and vessel bands embedded
in paratracheal parenchyma reported by Dinisch
and co-workers (2002).

In addition, less clear growth layers could be
a consequence of climatic conditions in the area
around Turrialba, which is characterised by sig-
nificant rainfall, abundant even in the driest peri-
od. In Turrialba, the average annual temperature
is 22.9 °C, and the average total annual rainfall is
2854 mm (Climate Turrialba, 2019).

4 CONCLUSIONS
4 ZAKLJUCKI

The case studies on cross-sections on wood
of temperate European beech (Fagus sylvatica)
from Croatia, Mediterranean Aleppo pine (Pinus
halepensis) from Spain, ocote pine (Pinus oocar-
pa) from Honduras, as well as tropical true ma-
hogany (Swietenia macrophylla) from Venezuela
and cedrela (Cedrela odorata) from Costarica
showed the potential of using a Confocal La-
ser Scanning Microscope (CLSM) Olympus LEXT
0OLS5000.

The optical system makes it possible to ob-
tain colour images, while the option to create
panoramic macro maps enables stitching of imag-
es, and therefore we can observe large portions
of wood (i.e. the entire core). As the focal depth
is relatively deep, it is possible to enlarge the co-
lour images and observe small details as well as
to define the positions for detailed observations
using the confocal laser scanning mode. This all
builds a system which enables non-destructive
observation of detailed wood anatomy. Further-
more, the image analysis software OLS5000 en-
ables the measurement of cell parameters.

Other advantages of CLSM are the possibility to
work at ambient conditions on polished cross-sec-
tions under different magnifications, the ability to
control the depth of field and collect serial optical
sections from thick specimens.

The observation of the such details can sig-
nificantly improve the recognition of growth layers
and the boundaries between them, as well as help
to study growth anomalies. This can vastly enhance
the quality of dendrochronological studies.

The study presented here, which to the best
of our knowledge is one of the first to apply this
technique in the field of wood science comprehen-
sively, helped us to evaluate the potential and the
advantages of CLSM in comparison with classical
wood anatomy and dendrochronology techniques.

5 SUMMARY
5 POVZETEK

Primerjalna in kvantitativna anatomija lesa v
kombinaciji z dendrokronologijo lahko poda infor-
macije o zgradbi lesa, ki so povezane z genetiko, ze-
mljepisnim obmocjem, pa tudi s casom in razmera-
mi, v katerih je les nastal. Raziskave anatomije lesa
omogocajo analizo anatomskih znakov, ki lahko od-
razajo pomembne okoljske signale (Verheyden et
al., 2004; Garcia-Gonzalez & Fonti, 2006; Campelo
et al., 2010). Za proucevanje anatomskih znakov je
obicajno potrebna priprava in uporaba tankih mi-
kroskopskih rezin za svetlobno mikroskopijo, kar pa
je zelo zamudno. Zaradi tega iS¢emo metodologije,
ki omogocajo opazovanje in analize mikroskopskih
struktur brez posebne priprave vzorcev.

Cilj te Studije je oceniti moZnosti uporabe kon-
fokalne laserske vrsticne mikroskopije (CLSM) za
razlicne Studije v dendrokronologiji in oceniti pri-
mernost CLSM za nadomescéanje klasi¢nih metod, ki
temeljijo na zamudni pripravi mikroskopskih rezin
in svetlobni mikroskopiji.

Zgradbo lesa smo proucevali na izvrtkih pre-
mera 5 mm, odvzetih iz dreves s prirastoslovnim
svedrom. PreCne povrsine na izvrtkih smo gladko
zbrusili. V lesu razli¢nih vrst iz razli¢nih okolij smo
proucevali prirastne plasti (branike), meje med nji-
mi (letnice) (Torelli, 1990) in druge lesno-anatom-
ske posebnosti.

Raziskali smo les naslednjih vrst: 1) navadna
bukev (Fagus sylvatica L.) z rastiSs¢a na Hrvaskem
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z zmerno klimo (Luki¢, 2018); 2) sredozemski alepski
bor (Pinus halepensis Mill.) z rastis¢a v Alicanteju na
jugovzhodu Spanije; 3) bor (Pinus oocarpa Schiede ex
Schltdl) z rastis¢a z visoko nadmorsko visino v trop-
skem pasu v bliZini kraja Siguatepeque v Hondurasu
(Luna-Lugo, Marcano-Berti, 2011); 4) pravi mahagoni
(Swietenia macrophylla King.) z obmocja Ticoporo v
Venezueli s tropskim podnebjem in 5) cedrela (Cedre-
la odorata L.) iz kraja Turrialba v Kostariki s tropskim
podnebjem.

Vse vzorce lesa smo opazovali s konfokalnim
laserskim vrsticnim mikroskopom Olympus LEXT
OLS5000 (Olympus Corporation Tokyo 163-0914,
Japonska) (slika 1) z objektivi MPLFLN5x (numeric-
na apertura 0,15, delovna razdalja 20 mm), MPLFL-
N1O0XLEXT (numeri¢na apertura 0,3, delovna razdalja
10,4 mm) in MPLAPON20XLEXT (numeri¢na apertura
0,6, delovna razdalja 1 mm).

Na osnovi posameznih slik, ki smo jih opazovali v
Zivo, smo pripravili sestavljene slike celotnih izvrtkov
(slika 2), na katerih smo s programom za analizo slike
lahko proucevali prirastne plasti in meje med njimi ter
druge anatomske posebnosti pri razlicnih povecavah.

Raziskani izvrtki bukve (Fagus sylvatica) so
vsebovali branike s Stevilnimi anomalijami, ki so
povzrocile teZzave pri pravilnem merjenju Sirin bra-
nik in sinhroniziranju zaporedij Sirin branik. Leta
2013 so na proucenih drevesih zabeleZili skode
zaradi metulja gobarja (Lymantria dispar), ki sicer
obzira hrastove liste (Luki¢, 2018). Poskodbe lis-
tov bukve so imele za posledico nastanek izredno
ozke branike v letu 2013 (slika 3). Branika 2013 je
bila svetla (zaradi odsotnosti ali zelo ozkega pasu
kasnega lesa) in je na mnogih vzorcih ni bilo mo-
goce prepoznati s pomocjo tehnik, ki jih obic¢ajno
uporabljamo v dendrokronologiji (slika 3a). Pri vec-
jih povecavah in locljivosti je CLSM omogocil opa-
zovanje anatomske zgradbe branike (slika 3d). Leta
1966 je tudi nastala zelo ozka branika (slika 3c), ki
je vsebovala rani les in nekoliko kasnega lesa z jasno
letnico, kar bi glede na dosedanje raziskave delova-
nja kambija pri bukvi (Prislan et al., 2013a) lahko
pomenilo, da se je nastajanje lesa koncalo Ze konec
junija. Bukev je imela tudi nekaj zelo Sirokih branik
z medletnimi nihanji gostote (IADF), kot na primer
branika iz leta 1984. Te variacije smo pri manjsih
povecavah s stereo lupo pogosto napacno interpre-
tirali kot branike (slika 3a, b), medtem ko so vecje
povecave s CLSM pokazale, da gre samo za gosto-

tne variacije (slika 3e). Prirastne plasti alepskega
bora (Pinus halepensis) vsebujejo Stevilne gostotne
variacije (IADF), ki jih je starejsa literatura poime-
novala lazne branike (slika 4a, b), zato je na splosno
tezko ugotoviti, kaj je branika in ali je nastala znot-
raj istega koledarskega leta (De Luis et al., 2011; No-
vak et al., 2016a; Balzano et al., 2018, 2019). Vrsta
ima pogosto nejasne meje med prirastnimi plastmi
(slika 4b), ki so posledica neprekinjenega delovanja
kambija tudi pozimi (Prislan et al., 2016). Pojavljajo
se tudi »temne branike, ki predstavljajo prirastne
plasti, ki v osnovi vsebujejo le kasni les (Novak et
al., 2016a) (slika 4c). Predstavljena Studija kazZe, da
je mogoce uporabiti CLMS in pripadajoci sistem za
analizo slike, za opazovanje lesa pri veliki povecavi
in loCljivosti ter za merjenje dimenzij celic in celi¢-
nih sten (slika 5). Slednje omogoca izdelavo trahei-
dograma (Vaganov, 1990), kar pripomore k prepo-
znavanju gostotnih variacij in rastnih anomalij.

Na posnetkih precnih prerezov lesa bora (Pinus
oocarpa) iz Hondurasa, z rastis¢a na visoki nadmor-
ski visini 1100 m, ki se sicer nahaja v tropskem pasu,
smo ob vecjih povecavah lahko videli razlo¢ne prira-
stne plasti. Te so imele zgradbo, tipicno za branike
lesnih vrst iz zmernega podnebija, ki vsebujejo rani
in kasni les ter jasne letnice. Stevilne prirastne plasti
vsebujejo tudi tipi¢ne gostotne variacije tipa E- in L-
IADF (slika 6). Slednje so verjetno posledica menjave
treh letnih ¢asov na obmocju Siguatepeque v Hondu-
rasu, z zelo razlicnimi temperaturami in padavinami.
Dendrokronolosko sinhroniziranje, podprto s po-
drobno analizo anatomske zgradbe s pomocjo CLSM,
bi lahko pomagalo razloZiti procese, ki vplivajo na na-
stajanje IADF in na prekinitev aktivnosti kambija, kar
ima za posledico jasne meje med prirastnimi plastmi.

Predstavljamo tudi dendrokronoloski potencial
pravega mahagonija (Swietenia macrophylla) (Torel-
li, 1997, 2006), ki v nasem primeru izvira iz tropskega
obmocdja v Venezueli. Prirastne plasti pri tem maha-
goniju razmejujejo jasni pasovi marginalnega aksi-
alnega parenhima. Posnetki s CLSM kazejo, da je za
prepoznavanje prirastnih plasti treba izbrati optimal-
no (in ne nujno najvecjo) povecavo (slika 7). Slike ka-
Zejo, da premeri trahej od zacetka do zakljucka plasti
upadajo in da jih je mogoce izmeriti s sistemom za
analizo slike. Tudi spremljanje dimenzij trahej je v
pomoc pri doloc¢anju prirastnih plasti.

Les cedrele (Cedrela odorata), iz druzine Me-
liaceae, kamor spadajo tudi mahagoniji (Torelli,

Les/Wood, Vol. 68, No. 2, December 2019 15



Balzano, A., Novak, K., Humar, M., & Cufar, K.: Uporaba konfokalne laserske vrsticne mikroskopije v dendrokronologiji

1999), ima na splosno razlo¢ne prirastne plasti,
razmejene s pasovi marginalnega aksialnega paren-
hima, ki so na splosno Siroki vec kot tri celice (Rich-
ter & Dallwitz, 2000). Pri opazovanju lesa cedrele
z rastis¢a v Kostariki smo imeli vtis, da so prirastne
plasti manj izrazite kot pri prou¢evanem mahago-
niju (slika 9). Povrsinska obdelava lesa, ki ima sicer
nizko gostoto, je morda razlog, da nismo mogli jas-
no prepoznati izmenjave pasov viaken in aksialnega
parenhima, o katerih poroc¢ajo Dilinisch in sodelavci
(2002, 2003). Omenjeni raziskovalci so med drugim
ugotovili tudi, da so prirastne plasti pri cedreli iz
Brazilije bolj pravilne kot pri mahagoniju in da jih
bolj upraviceno lahko imenujemo letne prirastne
plasti (branike).

Predstavljene Studije na primerih razli¢cnih
lesnih vrst iz razli¢nih okolij kaZejo, da ima CLSM ve-
lik potencial in da omogoca preucevanje anatom-
ske zgradbe lesa v povezavi s klasi¢nimi dendrokro-
noloskimi tehnikami. Pri tem se izognemo zamudni
pripravi mikroskopskih preparatov za svetlobno mi-
kroskopijo, ki jih potrebujemo za klasic¢en pristop v
anatomiji lesa. Nasi rezultati so pokazali, da si od
CSML lahko obetamo nadgradnjo dendrokronolo-
Skih Studij rastnih anomalij v odvisnosti od ¢asa.

Predstavljena Studija je po nasih podatkih ena
prvih, ki predstavlja moznosti uporabe konfokalne
laserske vrsticne mikroskopije na podrocju anato-
mije lesa in dendrokronologije.
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Abstract / Izvlecek

Abstract: Exact wood identification is usually based on observation of wood features under the microscope. For this, we
have to take a sample of the wood from the object and cut thin slides, possibly of all three anatomical sections. Such
destructive sampling is often not possible on valuable historical objects, and therefore there is a need for non-destructive
approaches. The objective of the study is to present the potential of Confocal Laser Scanning Microscopy (CLSM) using an
Olympus LEXT OLS5000 for the identification of wood. We present work on an example of a gothic sculpture, “St. George
Defeating the Dragon”. Conventional sampling and microscopical wood identification showed that St. George is made
of Norway spruce (Picea abies), and the dragon of poplar (Populus sp.) or willow (Salix sp.). We present crucial features
needed for the identification of these species and the limitations with identification if the samples are too small. Finally,
we demonstrate the possibility of wood identification of the abovementioned species using CLSM on wood samples
without special preparation of the surfaces. CLSM enabled us to observe all the features needed for wood identification.

Keywords: confocal laser scanning microscopy (CLSM), wood anatomy, wood identification, Picea abies, Populus
sp., Salix sp.

lzvlecek: Natancna identifikacija lesa obicajno temelji na opazovanju anatomskih znakov pod mikroskopom. Za to
moramo odvzeti vzorec lesa in narezati tanke preparate, po moZnosti vseh treh anatomskih prerezov. Taksno destruk-
tivno vzorcenje na dragocenih zgodovinskih predmetih pogosto ni sprejemljivo, zato iscemo nedestruktivne pristope.
Cilj te Studije je predstaviti moZnosti identifikacije lesa s pomocjo konfokalnega laserskega mikroskopa (CLSM) Olym-
pus LEXT OLS5000. Identifikacijo predstavljamo na primeru gotskega kipa svetega Jurija z zmajem. Konvencionalno
vzorcenje in mikroskopska identifikacija lesa sta pokazala, da je sveti Jurij narejen iz lesa navadne smreke (Picea
abies), zmaj pa iz lesa topola (Populus sp.) ali vrbe (Salix sp.). Predstavljamo kljucne znacilnosti, potrebne za identifi-
kacijo nastetih vrst, in omejitve identifikacije, Ce so vzorci premajhni. Na koncu pokaZzemo moznost identifikacije lesa
zgoraj omenjenih vrst s CLSM na vzorcih lesa brez posebne priprave povrsine. CLSM nam je omogocil opazovanje vseh
anatomskih znakov, potrebnih za identifikacijo lesa.

Kljucne besede: konfokalna laserska vrsticna mikroskopija (CLSM), anatomija lesa, identifikacija lesa, Picea abies,
Populus sp., Salix sp.

1 INTRODUCTION
1 UuUvoD

Macroscopic identification is more or less
non-destructive and is mainly based on fea-

Art objects made of wood represent an im-
portant part of our cultural heritage. For their op-
timal conservation, restoration, and valuation, it
is important to know from which wood and how
they were made. For wood identification, we can
apply traditional macroscopic and microscopic
methods (Cufar & Zupani¢, 2000).

! University of Ljubljana, Biotechnical Faculty, Department of
Wood Science and Technology, Ljubljana, Slovenia
e-mail: katarina.cufar@bf.uni-lj.si

tures which can be observed with the naked
eye or simple magnification lens (e.g., Wagen-
fahr, 1999; Richter et al., 2002; Ruffinatto et al.,
2019). Such a methodology has its limitations,
however, as the number of wood characteristics
which can be recorded is relatively small, and
some of them, like colour and odour, change or
even disappear with ageing. The use of macro-
scopic identification keys may sometimes lead to
subjective decisions or even wrong identification
(Haag et al., 2018).
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Microscopic wood identification is more reli-
able, especially in the case of aged or painted wood-
en objects. However, this method is not non-de-
structive, as we need to collect an oriented piece of
wood from the object and cut thin cross, radial and
tangential sections. When the sections are made,
identification is based on observation of wood fea-
tures under the microscope.

For identification of softwoods and hardwoods,
we dispose with numerous identification keys. If we
know the origin of the wood, for instance Europe,
we can use dichotomous microscopic keys and il-
lustrated descriptions of the species (e.g., Grosser,
1977; Schweingruber, 1978, 1990; Wagenfiihr, 1996,
1999; Schoch et al., 2004; Cufar & Zupancic, 2009;
Signorini et al., 2014; Ruffinatto et al., 2017).

More universal are multiple entry keys that en-
able identification based on searching for the pres-
ence or absence of wood features. The International
Association of Wood Anatomists (IAWA) organised
committees to define the lists of microscopic fea-
tures for hardwood (IAWA committee, 1989) and
softwood (IAWA committee, 2004) identification.
The lists enabled the development of widely used
computer added identification tools like the publicly
available InsideWood (InsideWood, 2004 onwards)
which is also an indispensable resource of informa-
tion on hardwood anatomy (Wheeler, 2011). There
are also identification keys supported by the DELTA/
INTKEY program package (Richter & Trockenbrodt,
1995) for microscopic identification of commercial
hardwoods (Richter & Dallwitz, 2000), microscopic
identification of softwoods (Richter, personal com-
munication) and CITESwoodID for identification of
CITES protected trade timbers (Richter et al., 2005).

Exact wood identification is therefore based on
observation of wood features on microscopic sections
under the microscope. The sections are cut from sam-
ples taken from the objects. With regard to valuable
historical objects, such destructive sampling is usually
not possible, and thus there is a need for less destruc-
tive or if possible non-destructive approaches.

The recent development of non-destructive
methods has helped to study valuable (historical)
objects, where destructive sampling of wood spec-
imens is not possible. Such methods have been, for
example, used to study the wood of historical mu-
sical instruments (Fioravanti et al., 2016; Haag et
al., 2018), bows of historical stringed instruments

(Fioravanti et al., 2017) and wood species of historic
gala berlines (Giulio, et. al., 2019). Different pieces
of equipment have been used for this, like the por-
table digital microscopes Dino-lite pro AD413T and
AMA4113ZT4 (Fioravanti et al., 2016), Dino-lite and
synchrotron light X-ray CT in phase-contrast mode
(Fioravanti et al., 2017), or digitised image micro-
scope analysis systems Cell*F®, Olympus and KEY-
ENCE® VHX-5000 (Haag et al., 2018).

In the present study, we present the possibility
to use a Confocal Laser Scanning Microscope (CLSM)
Olympus LEXT OLS5000 for wood identification on
the example of a gothic statue of St. George from Ptuj,
Slovenia. We compared wood identification based
on light microscopy of sections obtained from tiny
wood samples taken from the statue, on conventional
(large) sections from the slide collection, and wood
identification using CLSM on the samples of the same
wood species without special surface preparation.

2 MATERIALS AND METHODS
2 MATERIAL IN METODE

2.1 MATERIAL
2.1 MATERIAL

Figure 1. Gothic statue of St. George defeating the drag-
on. Arrows show the locations where small samples of
wood were taken for microscopic wood identification.
Slika 1. Gotski kip svetega Jurija zzmajem. Puscice pri-
kazujejo mesto na glavi svetnika in mesto na spodnji
strani zmaja, kjer sta bila odvzeta majhna vzorca lesa
za mikroskopsko identifikacijo lesa.
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The main church in Ptuj holds the statute of
the patron saint St. George defeating a dragon (Fig-
ure 1), presumably made between 1370-1380 AD
(Vnuk, 2013, 2019).

The statue was presented at the exhibition “A
knight, a lady and a dragon —the heritage of medie-
val warriors” in the National Museum of Slovenia in
Ljubljana from December 2012 until February 2014
(Vnuk, 2013). After the exhibition it was possible to
study the statue to identify the wood it is made of.

2.2 SAMPLE PREPARATION, LIGHT MICROSCOPY,

AND WOOD IDENTIFICATION
2.2 PRIPRAVA VZORCEV, SVETLOBNA MIKROSKO-

PIJA IN IDENTIFIKACIJA LESA

We examined the statue in the restoration
workshop. Together with the restorers, we defined
the sites where the tiny samples of the wood could
be taken for research. We took two samples of min-
imal dimensions, one from the head of St. George
and one from the dragon (Figure 1).

The sample taken from the head of the stat-
ue of St. George was an oriented splinter (ca. 3 x
3 x 7 mm) taken from a location where the head
was previously damaged. The splinter was further
oriented and fixed into a holder of the Leica SM

2000 R slide microtome (Figure 2a), where we cut
20 um thick slices of cross and tangential sections,
as the amount of wood collected was not sufficient
to obtain the radial section as well. The slices were
stained with safranin and astra blue, dehydrated
and embedded in Euparal (Cufar & Zupangi¢, 2000;
Prislan et al., 2009). Thus, permanent slides (Figure
2b) were prepared.

From the dragon, we cut three shavings using
a scalpel and obtained thin slices of approximate
size 7 x9 x 0.3 mm, which were immediately put on
a glass slide and embedded into glycerol without
staining. The slices only contained the cross-section
of the wood.

All slides were observed with a Nikon Eclipse
E 800 light microscope. Micrography was per-
formed with a Nikon DS-fil digital camera and NIS
Elements Br 3.0 software. Microscopic identifi-
cation of wood was performed with keys for the
microscopic identification of softwoods and hard-
woods (Grosser, 1977; Richter & Dallwitz, 2000;
Schoch et al., 2004).

For wood identification, we also observed the
reference material, the slides of the same species
from the slide collection of the Department of
Wood Science and Technology, for comparison.

SUIRIS sy ey
TAU
PcAB

Figure 2. Laboratory work: (a) cutting of thin sections with a sliding microtome, (b) slides from the sta-
tue and from the collection prepared for light microscopy, (c) confocal laser scanning microscope LEXT
OLS5000 3D (Olympus Corporation Tokyo 163-0914, Japan) equipped with an optical system for colour
observation with an oriented sample of wood from the collection.

Slika 2. Delo v laboratoriju: (a) rezanje tankih preparatov z drsnim mikrotomom, (b) preparati iz kipa in iz
zbirke, pripravljeni za opazovanje pod svetlobnim mikroskopom in (c) konfokalni laserski mikroskop LEXT
OLS5000 3D (Olympus Corporation Tokyo 163-0914, Japonska), opremljen z opticnim sistemom za opazo-
vanje barvne slike z orientiranim vzorcem lesa iz zbirke.
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2.3 CONFOCAL LASER SCANNING MICROSCOPY
2.3 KONFOKALNA LASERSKA MIKROSKOPUJA

We took samples from the wood collection of
the Department of Wood Science and Technology
to check if the features crucial for the identifica-
tion of wood from the statue could be observed
with Confocal Laser Scanning Microscope (CLSM)
(Figure 2c). The wood was observed with a CLSM
Olympus LEXT OLS5000 (Olympus Corporation
Tokyo 163-0914, Japan) with the following objec-
tives: MPLFLN5x (numerical aperture 0.15, work-
ing distance 20 mm), MPLFLN10OXLEXT (numerical
aperture 0.3, working distance 10.4 mm), and
MPLAPON20XLEXT (numerical aperture 0.6, work-
ing distance 1 mm).

We used the optical system for colour observa-
tion. The system acquired microscope colour images
by illuminating the sample with the white light-emit-
ting diode (LED) light source and imaging the reflect-
ed light with the complementary metal-oxide semi-
conductor (CMOS) image sensor.

The wood objects without special surface
preparation were placed on the stage. Moving the
stage, we selected the position for imaging. As the
focal depth of the colour images was relatively
deep, we could enlarge the colour images to ob-
serve the detailed wood anatomy features or to
define the positions for detailed observations using
the polarised light.

3 RESULTS AND DISCUSSION
3 REZULTATI IN RAZPRAVA

Due to the small dimensions of the wood sam-
ple taken from the head of the statue, the obtained
cross-section only contained part of one tree-ring
with earlywood and some tracheids indicating a
gradual transition to latewood (Figure 3a). The
section contained no axial resin canals. However,
the tangential section contained radial resin ca-
nals with thick-walled epithelial cells (Figure 3b).
Assuming that the wood of the sculpture possibly
originated from the local forests (Slovenia and its
surroundings), the features lead us to the conclu-
sion that the wood is Norway spruce (Picea abies).

In the optimal case the structure of Norway
spruce should be observed on all three anatomical
sections (transversal, tangential, radial) to observe
the key features of Picea abies including the gradual
transition from early to latewood, axial and radial res-
in canals with thick-walled epithelial cells, heterocel-
lular rays with radial tracheids and ray parenchyma
cells containing piceoid cross-field pits, as well as the
presence of multiseriate rays with radial resin canals
and the predominating uniseriate rays (Figure 4).

Observation with CLSM on a parallel sample
of Picea abies wood showed that the abovemen-
tioned key features can be observed on the wood
surface without time-consuming sample prepa-
ration (Figure 5).

! Figure 3. Sections obtained
4 from a wooden splinter of
the St. George statue with
the (a) cross-section and (b)
tangential section indicating
the wood of Norway spruce
(Picea abies). Light microsco-
py — bright field, safranin, and
astra blue staining. Scale bars
—100 um.

Slika 3. Prerezi lesa vzorca
iz glave kipa svetega Jurija s
(a) precnim prerezom in (b)
tangencialnim prerezom, ki
nakazuje les navadne smreke
(Picea abies). Svetlobni mik-
roskop - svetlo polje, obar-
vanje safranin in astra modro.
Merilne daljice - 100 um.
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Figure 4. Norway spruce (Picea abies) wood from the collection of the Department of Wood Science and
Technology, light microscopy — bright field, safranin and astra blue staining: (a) cross-section with gradual
transition from early to latewood (arrow) and axial resin canals (RC), (b) cross-section with axial resin ca-
nals with thick-walled epithelial cells, (c) radial section with heterocellular ray composed of radial trache-
ids (RT) and parenchyma cells (PC) with piceoid cross-field pits, (d) tangential section with a multiseriate
ray containing radial resin canal RC (double arrow) and an uniseriate ray (arrow). All scale bars — 100 um.
Slika 4. Prerezi lesa navadne smreke (Picea abies) iz zbirke preparatov Oddelka za lesarstvo. Svetlobni mikroskop
- svetlo polje, obarvanje safranin in astra modro: a) precni prerez, branika s postopnim prehodom iz ranega v
kasni les (puscica) in aksialnimi smolnimi kanali (RC), (b) precni prerez z aksialnimi smolnimi kanali z debelosteni-
mi epitelnimi celicami, (c) radialni prerez s heterocelularnim trakom, ki vsebuje radialne traheide (RT) in trakov-
ne parenhimske celice (PC) s piceoidnimi piknjami v kriznih poljih, (d) tangencialni prerez z vecrednim trakom, ki
vsebuje radialni smolni kanal RC (dvojna puscica) in enoredni trak (puscica). Vise merilne daljice - 100 um.

The shavings from the dragon only contained
cross-sections. We could observe that the wood is a
diffuse-porous hardwood with small diameter ves-
sels and uniseriate rays (Figure 6). These features
are typical of willows (Salix sp.) (Figure 7) and pop-
lars (Populus sp.) (Figure 9). The two species have
similar wood anatomy and can be differentiated
based on the type of the rays visible on the radial
section, which we did not have. The rays in Salix are

heterogeneous (Figure 7 b, c) whereas in Populus
they are homogenous (Figure 9 b, c).

CLSM images of Populus and Salix structure on
parallel samples enabled us to see the anatomical
features of both species (Figures 8 and 9), especial-
ly the upright cells defining heterocellular rays seen
on the radial surface (Figure 8 b, c). They are crucial
for the identification of Salix and its differentiation
from Populus.
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Figure 5. Norway spruce (Picea abies), sample of wood from the collection, Confocal Laser Scanning Mi-
croscopy: (a) cross-section with gradual transition from early to latewood and axial resin canal (RC), (b) ra-
dial section with heterocellular ray with radial tracheids (RT) and parenchyma cells (PC) containing piceoid
cross-field pits, (c, d) tangential section with a multiseriate ray containing radial resin canal RC (double
arrow) and an uniseriate ray (arrow). All scale bars — 100 um.

Slika 5. Les navadne smreke (Picea abies) iz zbirke Oddelka za lesarstvo. Konfokalni laserski mikroskop: a)
precni prerez, branika s postopnim prehodom iz ranega v kasni les in aksialnim smolnim kanalom (RC), (b)
radialni prerez s hetero celularnim trakom, ki vsebuje radialne traheide (RT) in trakovne parenhimske celice
(PC) s piceoidnimi piknjami v kriznih poljih, (c, d) tangencialni prerez z ve¢rednim trakom, ki vsebuje radial-
ni smolni kanal RC (dvojna puscica) in enoredni trak (puscica). Vse merilne daljice - 100 um.

Figure 6. Shaving taken from the dragon — un-
stained cross-section under a light microscope.
Scale bar — 100 um.

Slika 6. OstruZek s spodnjega dela zmaja — neobar-
van precni prerez pod svetlobnim mikroskopom.
Merilna daljica - 100 um.
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Figure 7. Willow (Salix alba) wood
from the slide collection, light mi-
croscopy — bright field, safranin and
astra blue staining: (a) cross-section
—diffuse-porous wood with uniseri-
ate rays, (b) radial section — heter-
ogenous ray consisting of procum-
bent and upright cells (arrow), (c)
tangential section — uniseriate rays
with procumbent and upright cells
(arrow). All scale bars — 100 um.
Slika 7. Les bele vrbe (Salix alba) iz
zbirke preparatov, svetlobna mik-
roskopija — svetlo polje, obarvanje,
safranin in astra modro: (a) precni
prerez — difuzno porozen les z eno-
rednimi trakovi, (b) radialni prerez —
heterogeni trak, sestavljen iz leZeCih
in pokoncnih celic (puscica), (c) tan-
gencialni prerez — enoredni trakovi
sestavljeni iz leZecCih in pokoncnih
celic (puscica). Vse merilne daljice -
100 um.

Figure 8. Willow (Salix sp.), confocal laser scanning microscope: (a) cross-section — diffuse-porous wood
with uniseriate rays (arrow), (b, c) radial section — heterogenous ray with procumbent (3) and upright cells
(2), vessel (V), and large vessel-ray pits (4), (d) tangential section — uniseriate ray, with upright marginal
cells (arrow) indicate the heterogeneous ray. All scale bars — 100 um.

Slika 8. Les vrbe (Salix sp.) iz zbirke lesa, konfokalni laserski mikroskop: (a) precni prerez - difuzno porozen les
z enorednimi trakovi, (b, c) radialni prerez - heterogeni trak, sestavljen iz leZecih (3) in pokoncnih celic (2) in
traheje (V), ter velike piknje med trakom in trahejo (4) (c) tangencialni prerez — enoredni trakovi sestavljeni
iz leZecCih in pokoncnih celic (puscica) nakazujejo heterogeno trakovno tkivo. Vse merilne daljice — 100 um.
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Figure 9. Poplar (Populus nigra)
wood from the slide collection,
light microscopy — bright field,
safranin and astra blue staining:
(a) cross-section — diffuse-po-
rous wood with uniseriate rays,
(b) radial section — homogenous
ray consisting of procumbent
cells, (c) tangential section —
uniseriate homogenous rays. All
scale bars — 100 um.

Slika 9. Les ¢rnega topola (Popu-
lus nigra) iz zbirke preparatov,
svetlobna mikroskopija — svetlo
polje, obarvanje, safranin in as-
tra modro: (a) precni prerez - di-
fuzno porozen les z enorednimi
trakovi, (b) radialni prerez — ho-
mogeni trak, sestavljen iz leZe-
Cih celic, (c) tangencialni prerez
— enoredni homogeni trakovi.
Vse merilne daljice — 100 um.

Figure 10. Poplar (Populus sp.), confocal laser scanning microscope: (a, b) cross-sections — diffuse-porous
wood with uniseriate rays, (c) radial section — vessel elements with typical alternate intervascular pits (IP),
(d) radial section — homogenous rays (R) consisting of procumbent cells. All scale bars — 100 um.

Slika 10. Les topola (Populus sp.) iz zbirke lesa, konfokalni laserski mikroskop: (a, b) precni prerez — difuzno
porozen les z enorednimi trakovi, (c) radialni prerez — traheja z izmenicnimi intervaskularnimi piknjami (IP),
(d) radialni prerez — homogeni trakovi, sestavljeni iz leZecih celic. Vse merilne daljice — 100 um.
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4 CONCLUSIONS
4 ZAKLIUCKI

The use of a confocal laser scanning micro-
scope made it possible to identify the species Pi-
cea abies, Populus nigra and Salix alba based on
microscopic wood anatomy features. The key fea-
tures necessary to identify the mentioned central
European species could be observed on oriented
wood samples without special preparation of the
surfaces. The CLSM methodology would possibly
be applicable to identify the wood of the statue of
St. George defeating the dragon in a non-destruc-
tive way if the working distance of the microscope
would allow observing the features directly on the
object.

5 SUMMARY
5 POVZETEK

Leseni umetniski predmeti so pomemben
del nase kulturne dedis¢ine. Za njihovo optimal-
no konserviranje, restavriranje in vrednotenje je
pomembno vedeti, iz katerega lesa in kako so bili
izdelani. Za prepoznavanje vrste lesa lahko upora-
bimo tradicionalne makroskopske in mikroskopske
metode (Cufar & Zupanti¢, 2000; Cufar, 2006; Cuf-
ar & Merela, 2014).

Makroskopska identifikacija lesa je bolj ali
manj nedestruktivna, saj temelji predvsem na last-
nostih posameznih vrst, ki jih je mogoce videti s
prostim o¢esom ali z lupo (npr. Wagenfiihr, 1999;
Richter et al., 2002; Ruffinatto et al., 2019). Ta me-
todologija ima svoje omejitve, saj je Stevilo znakov
za makroskopsko identifikacijo lesa razmeroma
majhno, nekateri znaki, kot sta na primer barva in
vonj, pa se s starostjo spremenijo ali celo izginejo.
Zato lahko uporaba makroskopskih identifikacij-
skih kljucev privede do subjektivnih odlocitev ali
celo napacne identifikacije (Haag et al., 2018).

Mikroskopska identifikacija lesa je bolj zanesl-
jiva, zlasti prilesenih predmetih kulturne dedis¢ine.
Ta metoda ja Zal destruktivna, saj zahteva odvzem
usmerjenega kosa lesa iz predmeta, iz katerega
narezemo tanke precne, radialne in tangencialne
rezine za opazovanje pod mikroskopom.

Za prepoznavanje lesa iglavcev in listavcev so
na voljo $tevilni identifikacijski kljuci. Ce les izvira iz
srednje Evrope, lahko uporabimo dihotomne mik-
roskopske kljuce in s slikami opremljene opise les-

nih vrst (npr. Grosser, 1977; Schweingruber, 1978,
1990; Wagenfihr, 1996, 1999; Schoch et al., 2004;
Signorini et al., 2014; Ruffinato et al., 2017).

Bolj vsestranski so vecvhodni kljuci, ki temel-
jijo na prepoznavanju anatomskih znakov v lesu.
Mednarodno zdruZenje lesnih anatomov (IAWA)
je organiziralo odbore za pripravo seznamov mik-
roskopskih znakov listavcev (IAWA Committee,
1989) in iglavcev (IAWA Committee, 2004). Sezna-
mi so omogocili razvoj racunalnisko podprtih orodij
za identifikacijo lesa kot na primer javno dostopni
portal InsideWood (InsideWood, 2004 naprej), ki je
tudi nepogresljiv vir za identifikacijo in zbirko po-
datkov o anatomiji listavcev (Wheeler, 2011).

Veliko se uporabljajo tudi racunalniski kljuci za
identifikacijo lesa, ki jih podpira programski paket
DELTA / INTKEY (Richter & Trockenbrodt, 1995).
V uporabi so kljuci za mikroskopsko identifikacijo
listavcev (Richter & Dallwitz, 2000), mikroskopsko
identifikacijo iglavcev (Richter, osebna komunikaci-
ja) in CITESwoodID za identifikacijo lesa zascitenih
vrst s seznama CITES (Richter et al., 2005).

Omenjeno destruktivno vzorcenje lesa na
dragocenih zgodovinskih predmetih obicajno ni
mogoce, zato laboratoriji razvijajo uporabo ne-
destruktivnih metod, ki so jih na primer uporabili
za proucevanje lesa zgodovinskih glasbenih instru-
mentov (Fioravanti et al., 2016; Haag et al., 2018),
lokov godal (Fioravanti et al., 2017) in razkosnih
kocij (Giulio et al., 2019). Za to so uporabili razli¢-
no opremo. kot so prenosni digitalni mikroskopi
Dino-lite pro AD413T in AM4113ZT4 (Fioravanti et
al., 2016), Dino-lite in sinhrotronski rentgenski CT
(Fioravanti et al., 2017) ali sisteme za zajem in ana-
lizo slike Cell*F®, Olympus in KEYENCE® VHX-5000
(Haag et al., 2018).

V tej studiji predstavljamo moZnost uporabe
konfokalnega laserskega skenirnega mikroskopa
Olympus LEXT OLS5000 (Olympus Corporation To-
kyo 163-0914, Japonska) (Balzano et al., 2019) za
identifikacijo lesa na primeru gotskega kipa svete-
ga Jurija s Ptuja v Sloveniji (slika 1). Primerjali smo
identifikacijo lesa na podlagi svetlobne mikroskopi-
je rezin iz vzorcev, odvzetih iz kipa, nato na obicaj-
nih preparatih iz zbirke Oddelka za lesarstvo in nato
Se identifikacijo lesa z uporabo CLSM na vzorcih
lesnih vrst, iz katerih je izdelan kip (slike 5, 8 in 10).

Natancna identifikacija lesa obicajno temelji na
opazovanju anatomskih znakov s pomocjo mikrosko-
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pa. Za tak nac¢in moramo odvzeti vzorec lesa in nare-
zati tanke preparate, po moznosti vseh treh anatom-
skih prerezov, precnega, radialnega in tangencialnega.
Sledi pregled s svetlobnim mikroskopom, dolocitev
anatomskih znakov in identifikacija lesa.

Po pregledu kipa in posvetu z restavratorji smo
sklepali, da sta sveti Jurij in zmaj verjetno izdelana
iz razli¢nih lesnih vrst. Skupaj z restavratorji smo
poiskali mesta, kjer bi bilo mogoce les natanc¢no
pregledati ali po potrebi na ¢im manj invaziven
nacin odvzeti vzorce lesa za raziskave. Ker zaradi
polihromacije nismo mogli videti lesno anatomskih
znakov, potrebnih za dolocitev lesne vrste, smo od-
vzeli dva vzorca minimalnih dimenzij, enega na gla-
vi svetega Jurija, enega pa na zmaju (slika 1).

Iz glave smo na mestu manjSe predhodne
poskodbe odvzeli vzorec v obliki orientirane trske
(dimenzije 3 x 3 x 7 mm), ki smo ga v laboratoriju
dodatno orientirali, poravnali in vpeli v drsni mik-
rotom Leica SM 2000 R (slika 2a) ter odrezali rezine
debeline 20 um precnega in tangencialnega prere-
za. Rezine smo obarvali z barvili safranin in astra
modro, jih dehidrirali in vklopili v vklopni medij (Eu-
paral 3C-129; Chroma) (Cufar & Zupancic, 2000).

Iz zmaja smo v restavratorski delavnici s skal-
pelom odrezali ostruzke oz. tanke rezine priblizne
velikosti 7 x 9 x 0,3 mm, ki smo jih takoj po od-
vzemu neobarvane poloZili na objektno steklo in
vklopili v glicerol. Odvzeti material oz. rezine so
zajemale samo precni prerez lesa.

Tako smo pripravili preparate (slika 2b) za opa-
zovanje s svetlobnim mikroskopom Nikon Eclipse E
800. Mikrografija je bila opravljena z digitalno ka-
mero Nikon DS-fil in programsko opremo NIS Ele-
ments Br 3.0. Mikroskopsko identifikacijo lesa smo
opravili s pomocjo standardnih identifikacijskih kl-
jucev (Cufar, 2006; Cufar & Merela, 2014; Schoch
et. al., 2004; Signorini et al., 2014).

Trska lesa iz glave kipa svetega Jurija je bila
dovolj velika, da smo izdelali precni in tangencialni
prerez lesa (slika 3). Precni prerez je zajel del Siro-
ke branike, ki je vsebovala samo rani les s tipicnim
postopnim prehodom iz ranega v kasni les (slika
3a), na tangencialnem prerezu pa so bili jasno vid-
ni radialni smolni kanali z debelostenimi epitelnimi
celicami (slika 3b).

Kljub temu, da na preCnem prerezu nismo vi-
deli aksialnih smolnih kanalov in lesa ni bilo do-

volj, da bi odrezali radialni prerez ter potrdili pri-
sotnost heterogenega trakovnega tkiva in majhnih
piceoidnih pikenj v kriZznem polju, smo na podlagi
radialnih smolnih kanalov lahko ugotovili, da je kip
svetega Jurija narejen iz lesa navadne smreke (Pi-
cea abies).

Vse klju¢ne mikroskopske znake lesa smo pois-
kali in prikazali na preparatih lesa smreke iz zbirke
preparatov Oddelka za lesarstvo (slika 4). V nasled-
njem koraku smo vse klju¢ne znake za identifika-
cijo te lesne vrste poiskali na orientiranih vzorcih
lesa smreke iz zbirke lesa Oddelka za lesarstvo in
jih preiskali s konfokalnim laserskim mikroskopom.
Posneli smo znake kot so: postopni prehod iz rane-
ga v kasni les, aksialne in radialne smolne kanale z
debelostenimi epitelnimi celicami, radialni prerez
s heterocelularnim trakom, ki vsebuje radialne tra-
heide in trakovne parenhimske celice s piceoidnimi
piknjami v kriznih poljih (slika 5).

Ostruzek lesa, ki smo ga odvzeli iz zmaja, je
vseboval samo precni prerez, na katerem smo lah-
ko videli, da je les difuzno porozen listavec z maj-
hnimi trahejami in da ima enoredne trakove (slika
6). Nasteti znaki so znacilni za les vrbe (Salix sp.)
(slika 7) ali topola (Populus sp.) (slika 9). Obe vrsti
imata podobno anatomijo lesa in ju je mogoce raz-
likovati po trakovih, ki so pri vrbi heterogeni (slika
7 b, c), pri topolu pa so homogeni (slika 9 b, c).
Omenjenega znaka na precnem prerezu ni mogoce
videti.

Na CLSM posnetkih lesa vrbe in topola iz zbir-
ke Oddelka za lesarstvo smo lahko videli vse znake,
potrebne za dolocitev topola in vrbe in za razliko-
vanje vrbe in topola (sliki 8 in 10). Pri tem sta bila
klju¢na radialna prereza. Pri vrbi smo na radialnem
prerezu lahko videli heterogeni trak (slika 8 b, c),
sestavljen iz leZecih in pokoncnih celic, pri topolu
pa homogeni trak, sestavljen samo iz lezecih celic
(slika 10 d).

Konfokalni laserski vrsticni mikroskop je omo-
goCil prepoznavanje vseh klju¢nih znakov za mik-
roskopsko identifikacijo lesa vrst Picea abies, Po-
pulus nigra in Salix alba. Znake smo lahko posneli
na orientiranih vzorcih lesa brez posebne priprave
povrsin. Metodologija CLSM bi bila najverjetneje
uporabna tudi za identifikacijo lesa direktno na
kipu, ¢e bi delovna razdalja mikroskopa omogoca-
la, da bi kip postavili pod mikroskop.
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Abstract / Izvlecek

Abstract: Non-native tree species are increasingly growing in urban environments, where they are exposed to cul-
tivation and pruning measures, and in many cases their growth becomes uncontrolled, even invasive. In such cases
the structure of the wood is more heterogeneous, with more tyloses, discolorations and decay, and higher moisture
content. The drying of such wood is more demanding and cannot rely on the standard drying schedules. Therefore,
the drying kinetics of the boards (thickness 22 mm, 28 mm and 46 mm) of three wood species (black locust — Robinia
pseudoacacia; box elder — Acer negundo and horse chestnut — Aesculus hippocastanum) were analysed at 20 °C and
40 °C. Additionally, the drying quality was assessed by determining the moisture content gradient, drying stresses and
presence of typical drying defects. In the drying tests the moisture content gradients were relatively low in all species,
so no high drying stresses were generated. Due to the expected high risk of collapse, careful drying of green maple was
needed, to prevent board twisting when a pronounced number of knots and greater fibre deviation occurred. Half-dry-
ing times indicated the longer drying of thicker black locust boards, and very careful drying of box elder. We confirmed
the usability of the half-drying time to compare the drying kinetics of different wood species and assortments.

Keywords: invasive wood species, wood, permeability, diffusivity, drying rate, drying quality

lzvlecek: V vrtovih in parkih se zaradi oblik in privlacnega videza vse pogosteje razsirjajo neavtohtone drevesne vrste,
ki so podrejene posebnim gojitvenim in obrezovalnim ukrepom. Pogosto lahko postane njihova Siritev nekontrolirana,
celo invazivna. V primeru takih dreves je struktura lesa bolj heterogena, les je bolj verjetno otiljen, diskoloriran in
okuZen ter ima visjo vlaZnost. SuSenje takSnega lesa je teZavnejse in ne omogoca uporabe standardnih susilnih progra-
mov. Raziskali smo kinetiko susenja treh lesnih vrst (robinije — Robinia pseudoacacia; amerikanskega javorja — Acer
negundo in divjega kostanja — Aesculus hippocastanum). Susili smo deske debelin 22 mm, 28 mm in 46 mm pri 20 °C
in 40 °C. Ob tem smo spremljali kakovost susenja. Ocenjevali smo vlaZnostni gradient, susilne napetosti in pojav zna-
Cilnih napak pri susSenju. Pri susilnih preizkusancih so bili vlaZznostni gradienti pri vseh lesnih vrstah razmeroma nizki,
zato nismo zabeleZili visokih suSilnih napetosti. Raziskave so pokazale, da je zaradi ugotovljene nevarnosti kolapsa
potrebno previdno suSenje lesa sveZega amerikanskega javorja, da se prepreci krivljenje desk, zlasti ob prisotnosti
stevilnih gr¢ in vecjem odstopanju poteka lesnih vlaken. Polovicni Casi susenja so nakazovali daljSe susenje debelejsih
preizkusancev robinije in zelo previdno suSenje javorja. Potrdili smo uporabnost kinetike polovic¢nega casa susenja
razlicnih vrst in debelin lesa.

Kljucne besede: invazivne lesne vrste, les, permeabilnost, difuzivnost, hitrost susenja, kakovost susenja

1 INTRODUCTION
1 UuvoD

commonly found in parks, gardens and urban envi-
ronments. In gardens and parks, trees are subjected

Their attractive appearance, great adaptability
and flexibility to growth conditions, and variations
of tree shapes are the reasons that more and more
tree species are spreading from their natural en-
vironments to non-native habitats. They are most

! University of Ljubljana, Biotechnical Faculty, Department of
Wood Science and Technology, Ljubljana, Slovenia
e-mail: denis.plavcak@bf.uni-lj.si

to specific cultivation and pruning measures, and
in many cases their growth becomes uncontrolled.
Therefore, we a consider them invasive species.

As these trees do not grow in forest stands they
have the characteristics of freestanding trees, as also
often found in urban areas. The features are evident
in the crown length, which extends from the top to
the ground of the tree, the trunk is of conical in
shape, the branches and knots are present through-
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out the entire tree height (Zobel & Buijtenen, 1989;
Ramagea et al., 2017). In addition, the trunk con-
tains a greater proportion of juvenile wood, the
amount of sapwood is larger and the growth rings
are wider. Due to the characteristic growth condi-
tions and human activity affecting tree growth, the
structure of the wood is usually very heterogeneous
and deviates from that which is typical for forest
trees in a closed stand; the proportion of juvenile
wood is higher; the response of living trees to ex-
ternal injuries is accompanied by compartmental-
ization processes with an emerging amount of dis-
coloured wood (Torelli, 1974), and there are more
knots and fibre deviations (Dinwoodie, 2000).

Frequent human interventions to form the
tree shape and greater exposure to a wide variety
of mechanical damage mean that wood tissues re-
spond more intensively with abiotic, physiological
and biochemical reactions (Racz et al., 1961; Nece-
sany, 1969; Koch et al., 2000; Koch et al., 2003).
In areas around tree wounds, mostly phenolic
substances are accumulated in the lumens of pa-
renchymal cells. In less-filled lumens, free water is
replaced by air, which causes oxidation processes,
condensation, and polymerization of the accumu-
lated substances in parenchyma cells (Necesany,
1966; Torelli, 1984). The resulting products are
less soluble, while enzymes could induce oxidative
coloration, i.e. discoloured wood (Bosshard, 1965,
1967; Kucera, 1971; Bauch, 1984). The formation
and development of staining is also determined
by the ratio of free water to gases in the lumens,
which affect the vitality of parenchyma cells (Boss-
hard, 1965; Sachsee, 1965).

The response of trees to frequent mechanical
damage is manifested by an atypical distribution of
moisture content, not only by the sporadic occur-
rence of wet pockets in the radial direction, but also
by greater variation in moisture content along the
tree axis. The drastic increase of tyloses, pit aspi-
ration, more biologically infected wood and lighter
wood with poor mechanical properties makes dry-
ing of this wood very demanding (Gorisek et al.,
2008; Gorisek & Straze, 2009), so we cannot rely on
the standard drying schedules (Plavcak et al., 2018).

Sapwood, which is involved in water transport,
has a high amount of water, which is highly depen-
dent on the leaf surface and water requirements
of the tree (Tyree & Zimmermann, 2002). The ratio

of leaf area to sapwood area also depends on the
availability of water in the soil, the average rela-
tive air humidity, the age of the tree, the vitality of
the tree, the amount of ions and nutrients in the
soil, and the height of the tree (Wullschleger et al.,
1998). With tree growth the capillary flow moves
more and more toward the periphery of the trunk,
and therefore the core loses its transport function
which results in the loss of free water; however, the
moisture content still remains above the fibre sat-
uration point (FSP). The discoloured wood is often
associated with increased moisture content and bi-
ological infection (Torelli, 1974).

Permeability of the wood has an important
role in drying and impregnation processes as it
determines the ease of water flow through a po-
rous structure (Walker, 2006). Considering Darcy’s
law (eq. 1), the volumetric flow rate is directly pro-
portional to the applied pressure difference, while
gas compressibility is also taken into account in gas
flow (eq. 2) (Siau, 1971, 1984).

po k.

— 1
t AAP W

LP
p v onLp

= (2)
t AAPP,

Designation:

k, kg coefficient of liquid or gas permeability [m3/m Pa s],
v/t volumetric flow [m3/s],

L length of the specimen in the flow direction [m],

A cross section area of specimen [m?],

AP pressure difference [Pa],

n dynamic viscosity [Pa s],

P average pressure [Pa],

a

P pressure at which the liquid flow is determined [Pa].

Despite several limiting factors, Darcy’s law
remains the dominant starting point for studying
the capillary flow of free water in wood. The move-
ment of free water is certainly not limited with the
size of cell lumens. The passages through the pits
in the cell wall have a significantly more important
role. Moreover, the inhomogeneity and incom-
pressibility of the fluid, as well as independence
from the specimen length and certain other restric-
tions, have been taken into consideration (Bram-
hall, 1971; Siau, 1971; Kumar, 1981). During liquid
flow the flux effectiveness may be affected by the
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appearance of air bubbles, plugged pores by parti-
cles and/or the occurrence of the slip effect (Resh
& Ecklund, 1964; Comstock, 1967; Sabastian et al.,
1973; Petty, 1975; Kumar, 1981; Salin, 2008).

In sapwood the pits are relatively open so wa-
ter can flow smoothly from one lumen to another.
Secondary processes of heartwood formation and
compartmentalization processes after tree wound-
ing cause aspiration of boarded pits and the forma-
tion of tyloses. In this way many pits between adja-
cent lumens are closed (Hansmann et al., 2002). In
such cases, the free flow of capillary water is rath-
er difficult, so the transport of water in the wood
is limited by a much less efficient diffusion flow,
which is otherwise characteristic of the transfer of
bound water.

The capillary flow of free water from the core
to the surface must be closely related to the evap-
oration rate into the surroundings, and therefore
the constant drying rate is established which can be
found at carefully dried low density or highly perme-
able wood species. The surface of less permeable
wood dries quickly below the FSP, so often a con-
siderable amount of free water remains trapped in
the core. Further transport of water takes place only
with a less efficient diffusion flow (Avramidis, 2008).

In the drying practice, more attention is paid
to the diffusion flow of bound water, which is much
slower than the capillary flow. Optimization of this
drying interval results in greater time- and energy
savings. When wood dries under the FSP, many phys-
ical, mechanical and chemical properties change dra-
matically, which significantly affects its final quality.

Fick’s second law of diffusion usually represents
the starting point to study the flow of bound water
based on the molecular flow under the influence of
a concentration gradient (eq. 3) (Crank, 1964).

dc d%c

—=D-—— (3)
ot 0x

Designation:

D diffusion coefficient [m?/s],

dc/0t bound water flow, i.e. time derivative of concentration
of bound water [kg/s],
0%c/0x? second derivative of bound water concentration [kg/m?].

Much research energy has been expended with
the aim to bring the solution of Fick’s law as close
to actual water flow as possible (Avramidis, 2008).

There have been also many arguments about the ef-
fect of different factors that the law doesn’t take into
account. The discussion is related to driving potential
(Hunter, 1993; Brambhall, 1976), nonisotermal diffu-
sion (Siau & Babiak, 1983; Siau & Jin, 1985; Siau et al.,
1986; Avramidis et al., 1987b), influence of moisture
content (Stamm, 1967; Skaar, 1988; Choong, 1963,
1965; Rosen, 1976; Avramidis & Siau, 1987a; Wadso,
1994; Siau, 1984), surface phenomena (Rosen, 1978;
Avramidis & Siau, 1987b; Cai & Avramidis, 1993; Siau
& Avramidis, 1996; Wadso 1994), sorption hysteresis
or history of speciment (Comstock, 1963; Siau, 1984;
Salin, 2010) and the thickness of specimens (Remond
et al., 2005; Straze & Gorisek, 2009)

The aim of this study was to investigate the
wood of three tree species, black locust, horse chest-
nut and box elder, to determine their relevant drying
characteristics. In addition, we determined the dis-
tribution of water in green wood, the types of water
transport in wood, and the permeability and diffu-
sivity of wood, which are of particular importance to
select optimal drying schedules.

2 MATERIAL AND METHODS
2 MATERIAL IN METODE

For this study we selected: black locust (Robinia
pseudoacacia L.), horse chestnut (Aesculus hippocasta-
num L.) and box elder (Acer negundo L.), which are
considered invasive alien species present in sufficient
guantity for potential wood utilization. We chose this
selection because these wood species have very differ-
ent densities, initial moisture contents (MC) and distri-
butions, the presence of sapwood and heartwood, as
well as discolorations and infections in standing trees.

Material for the drying experiments was select-
ed in a park and three trees of each species were col-
lected for examination (Table 1). Then, central radial
boards from sawn timber were selected. A part of
each central board was cut in 5 to 10 mm thick strips
on which mean distance from the pith, mass and vol-
ume in green and oven dry state were measured for
subsequent determination of the radial density and
moisture content profile (Figure 1).

Drying kinetics were investigated on elements
of three thicknesses (22 mm, 28 mm and 46 mm),
and the same width (80 mm) and length (600 mm).
Six samples were randomly selected for each experi-
ment (Figure 2).
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Table 1. Number of growth rings and diameter of the studied trees at the sampling point of the specimens.
Preglednica 1. Stevilo branik in premeri proucenih vzorénih dreves na lokaciji vzoréenja.

T— toofine/ | 'S | Dot e

Lesne vrste St. drevesa $t. branik na vzorcu el
Robinia pseudoacacia RoPs 1 51 149
Black locust / 2 85 198
Robinija 3 54 207
Aesculus hippocastanum AeHi 1 58 289
Horse chestnut / 2 59 289
Divji kostanj 3 125 256
Acer negundo AcNe 1 86 229
Box elder / 2 54 189
Amerikanski javor 3 62 230

Figure 1. Samples cut from the
central board to determine the
radial density and moisture
content profile (from periphery
through pith to periphery of the
stem) of box elder, horse chest-
nut and black locust.

Slika 1. Preizkusanci iz central-
ne deske za dolocanje radial-
nega gostotnega in vlaznostne-
ga profila (od periferije preko
strzena do periferije debla) za
amerikanski javor, divji kostanj
in robinijo.

« s> |
3 |

' Pontels e Qeiarers | Haleet Jerafor |soaiate |
A

Figure 2. Experimental drying
chamber with wood samples.
Slika 2. Eksperimentalna susilna
komora s preizkusanci.
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Figure 3. Samples for determination of the moisture content gradient and drying stresses.
Slika 3. Vzorcenje za dolocanje vlaZznostnega gradienta in susilnih napetosti.

Drying was carried out in controlled condition
at two temperatures (20 °C and 40 °C) with a con-
stant drying gradient. Every 24 to 48 hours each
sample was weighed and three times during the
process the moisture content gradient and drying
stresses were determined (Figure 3).

The drying kinetics were studied by construct-
ing a drying curve, which was divided into a con-
stant drying rate section and a diffusion drying part.
The drying rate of green wood was determined
from the initial slope of the drying curve. Linearity
was assessed with regard to the moisture content
where a constant drying rate prevailed.

Due to the highly demanding drying of disco-
loured wood of box elder, we compared the dry-
ing rate with the permeability of each category of
wood, i.e. sapwood, discoloured wood and heart-
wood. The gas permeability was determined in all
anatomical directions on oriented specimens with a
cross-sectional area of 15 mm x 15 mm, the length
of the specimens was 15 mm when measured in
the longitudinal direction and 5 mm measured in
the tangential or radial directions. The coefficient
of gas permeability was calculated from the deriva-
tion of Darcy’s law for gases (eq. 2).

The diffusivity of wood for bound water was
determined from a non-stationary experiment and
by the analytical solution of the Fick’s second law
(eq. 3) for mass transfer in a thin plate with con-
stant transfer coefficients. By introducing the di-
mensionless mass change (eq. 4) and conditions of
constant diffusion coefficient, homogeneous initial
distribution of moisture content and symmetrical
distribution of moisture content through the cross

section of the sample, the diffusivity is expressed
with equation 5. Additionally, the diffusion coeffi-
cient can also be determined from the half-drying
time (eq. 6).

m(t)=m, 4 |[Dt

E= =—,|— (4)
m,=m, NCA NS
2 2
E
4 \dvt
1 2( 12 2
D= —zlnn—[l—] — 0.049[— (6)
T 16 (1, L2
Designation:
E dimensionless mass [],
m(t) mass at time t [g],
m, m, initial () and final (f) mass [g],
D coefficient of diffusivity [m?/s],
t time [s],
t, half drying time [s],
/ half thickness of the specimen [m].

3 RESULTS AND DISCUSSION
3 REZULTATI IN RAZPRAVA

At the beginning of the drying process the
sawn timber contained approximately the same
amount of water as in the living tree. Relatively
low moisture content was detected in the case of
black locust (Figure 4), which was partly the result
of a pre-dried stem at the time of tree felling. Re-
garding the definition of moisture content (MC),
due to the high density of the black locust wood
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the amount of mainly bound water was substan-
tially higher than in the lighter woods. As expect-
ed, the MC of sapwood was about two times high-
er than that of the heartwood.

Low density horse chestnut proved to have
high and relatively evenly distributed water across
the entire cross section. As the horse chestnut does
not form heartwood, sporadically arranged wet
pockets occasionally appeared as a result of tree
response to mechanical injury. Because of their
slightly darker appearance, wet pockets could be
noticed visually.

While in the horse chestnut stem we did not
detect a high difference of MC between sapwood
and discoloured wood, greater differences in MC
could be observed in box elder (Figure 4). Differ-
ent amounts of water are associated with the vi-
sual assessment of colour, and specifically distinct
and attractive red discoloration areas had slightly
lower MC content compared to the areas of in-
tense brown shades in which the infection was al-
ready widespread, as reported in a previous study

(Plavcéak, 2018). Unstained wood was characterized
by a lower MC, which could be partly also ascribed
rapid drying of very permeable sapwood without
discolouration.

The drying rate, calculated from the slope of
the drying curve in the first period, could serve as
an indicator of the ease of drying of green wood. It
is believed that a constant drying rate is achieved
when free water is maintained at the surface. For all
tree species studied, lower drying rates were deter-
mined in boards of greater thickness (Table 2). The
constant rate of drying was reached only in the thin-
ner elements, whereas in the thicker ones the drying
rate decreased immediately from the beginning of
the procedure. It is believed that in this context the
moisture transport in the dried material was insuf-
ficient to keep the surface moisture content above
the FSP (Youngman et al., 1999; Hukka & Oksanen,
1999; Tremblay et al., 2000; Perre & Karimi, 2002).

The slowest drying was determined in the
black locust at both temperature levels (Table 2).
Due to low initial moisture content, the constant
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Figure 4. Radial moisture content distribution in the stems of () black locust, (A) horse chestnut and (x) box elder.
Slika 4. Radialna porazdelitev vlaZnosti v drevesu: (D) robinija, (A) divji kostanj in (x) amerikanski javor.
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drying rate period was very short, so the diffu-
sion flow prevailed throughout most of the drying
process. As expected, drying was faster at higher
temperatures.

Drying of green horse chestnut and box elder
wood was especially efficient at higher tempera-
tures. Despite rapid drying, great care had to be
taken when discoloured wood was present, as the
high regular shrinkage of box elder wood in the dis-
coloured region is often accompanied by collapse
of the tissue (Merela et al., 2019). Collapse occurs

if the capillary tension, which is strongly dependent
on wood permeability, exceeds the compression
strength of wood. The comparison of gas permeabil-
ity (eq. 4) (Gorisek & Straze, 2009) showed that the
infected wood has the lowest conductivity, being 3.5
times less than sapwood and 1.3 times less than only
discoloured wood (Table 3). The risk of collapse is
more pronounced in infected wood because the bi-
ologically degraded cell walls cause greatly reduced
strength. Due to its lower strength, drying of such
wood at higher temperatures is more risky.

Table 2. The average value (bold) and standard deviation of the drying rate during the first drying period
for black locust, box elder and horse chestnut for three thicknesses and at two temperature levels.
Preglednica 2. Povprecna vrednost (poudarjeno) in standardni odklon hitrosti susenja v prvi fazi susenja za
robinijo, divji kostanj in ameriski javor pri treh debelinah in dveh temperaturah.

Drying rate within 1. period [%/day] /
Susenje v prvi fazi [%/dan]
Nee T=20°C T=40°C
Black locust / | Horse chestnut / Box elder / Black locust / | Horse chestnut / Box elder /
robinija divji kostanj | amerikanski javor robinija divji kostanj amerikanski javor
0.62 131 1.36 141 5.94 6.51
2 0.055 0.042 0.047 0.440 1.805 1.581
28 0.47 1.69 1.43 0.69 4,92 9.04
0.042 0.311 0.172 0.180 0.992 2214
0.34 1.05 0.54 470
4 0.065 0.151 0.299 1.929

Table 3. Coefficients of gas permeability for sapwood, infected wood and discoloured wood of box elder.
Preglednica 3. Koeficient plinske permeabilnosti beljave, okuZenega lesa in rdece obarvanega diskolorira-

nega lesa amerikanskega javorja.

Sapwood / Infected wood / Discoloured wood /
Beljava Okuzen les Diskoloriran les
Coefficient of permeability / Koeficient permeabilnosti
k _[m*/(mPas)]
Average 1.59-107 4.53-10°% 5.53-10%
St. deviation 7.24-10° 1.49:10% 1.41-10°%
c. [%] 455 329 25.5

Despite the fact that, especially in the case of
lighter wood, the quantity of free water is much
higher than the quantity of bound water, the time
and also energy consumption primarily depend on
the diffusion characteristics of wood and its abili-
ty to transport the bound water and water vapour.

Therefore, the coefficient of moisture diffusion is
the most important factor affecting the drying rate.

In order to determine the diffusion characteris-
tics, we placed wood specimens in a controlled cli-
mate chamber with constant temperature and rela-
tive humidity and monitored their change in weight
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Table 4. The bound water diffusion coefficients for black locust, box elder and horse chestnut at two tem-

perature levels.

Preglednica 4. Koeficient difuzivnosti vezane vode za les robinije, diviega kostanja in amerikanskega javorja

pri dveh temperaturah.

Diffusion coefficient / Difuzijski koeficient
D [10° m?/s]
Black locust / Horse chestnut / Box elder /
robinija divji kostanj amerikanski javor
UiTELGES ) (AT T=20°C T=40°C T=20°C T=40°C T=20°C T=40°C
[mm]
46 0.39 0.43 0.83 0.96 0.42 0.99
28 0.73 0.83 1.84 2.03 0.85 1.98
22 2.84 2.73 351 5.24

change, and thus moisture content, as a function of
time until equilibrium was achieved. From the drying
curves (Figure 5) the coefficients of diffusivity and
half-drying times were calculated for all tree species,
thicknesses and temperature levels (eq. 5 and eq. 7).

The moisture transport in wood below the FSP is
governed by more mechanisms, as follows: as bound
water diffusion in the cell wall, as water vapour diffu-
sion in the cell lumen as well as surface emission co-
efficient. Since bound water diffusion represents the
greatest resistance, it also has a decisive effect on
the apparent diffusion coefficient, so there is close
correlation with the porosity or density of wood,
as also confirmed by our measurements (Table 4).
As expected, the denser black locust wood had the

lowest value of diffusivity, whereas the lighter horse
chestnut and box elder performed better concerning
the movement of bound water.

The bound-water diffusion coefficients were af-
fected positively by the increase in temperature. The
most pronounced influence of temperature was ob-
served in box elder, while the effect was lower in the
other two species. A higher coefficient of diffusivity
was found for thinner elements, which could be at-
tributed to stress relaxation.

In terms of practical application, the expression of
flow capability with half-drying time seems to be more
useful (Table 5), and additionally supports the results
given for the diffusion coefficient. We confirmed the
reciprocal relationship between the two variables.

Table 5. The average value (bold) and standard deviation of half drying time for black locust, box elder and
horse chestnut for three thicknesses at two temperature levels.

Preglednica 5. Povprecna vrednost (poudarjeno) in standardni odklon poloviénega casa susenja robinije,
diviega kostanja in amerikanskega javorja pri treh debelinah in dveh temperaturah.

Half-drying time / Poloviéni ¢as su$enja
t,lhl
Black locust / Horse chestnut / Box elder /
robinija divji kostanj amerikanski javor
Thickness / Debelina T=20°C T=40°C T=20°C T=40°C T=20°C T=40°C
[mm]

16 165 150 79 69 155 66

(10.6) (9.1) (9.2) (8.4) (10.9) (8.2)
28 146 129 58 53 125 54

(10.7) (8.8) (6.9) (7.2) (11.9) (6.1)
2 103 95 82 55

(9.6) (9.1) (9.1) (6.2)
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Black locust - Robinia pseudoacacia
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Figure 5. Drying curve of investigated wood species of three thicknesses (22 mm, 28 mm and 46 mm) at

temperatures of 20 °C (left) and 40 °C (right).

Slika 5. Susilna krivulja raziskanih lesnih vrst za tri debeline (22 mm, 28 mm in 46 mm) pri temperaturah

20 °C (levo) in 40 °C (desno).
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Figure 6. Extreme collapse of
infected tissue of box elder.
Slika 6. Izrazito krcenje (ko-
laps) okuZenega tkiva lesa
amerikanskega javorja.

Table 6. Moisture content gradient in black locust, box elder and horse chestnut for three thicknesses at

two temperature levels.

Preglednica 6. Vlaznostni gradient v lesu robinije, diviega kostanja in amerikanskega javorja pri treh debe-

linah in dveh temperaturah.

) Black locust / robinija Horse chestnut / divji kostanj Box elder / amerikanski javor
Th|ckm?ss / MC gradient / Vlaznostni gradient | MC gradient / Vlaznostni gradient | MC gradient / Vlaznostni gradient
Debelina
(mm] [%/cm] [%/cm] [%/cm]
T=20°C T=40°C T=20°C T=40°C T=20°C T=40°C
46 0.19 091 0.88 1.23 0.27 0.88
28 1.27 0.41 0.23 0.49 0.41 2.77
22 2.61 0.97 1.54 4.19

The final control of the drying quality showed
that, in accordance with the determined diffusion
characteristics, the extent of moisture gradients
(Table 6) and the generation of drying stresses can
be predicted. The minor tensions in the black locust
in particular are a reflection of its low shrinkage.
Due to the tendency to collapse, careful drying of
box elder is required above the FSP (Figure 6).

4 CONCLUSIONS
4 ZAKLJUCKI

In black locust, the radial distribution of mois-
ture content in green logs had a pattern which is
typical for species with heartwood. In box elder,
the green moisture distribution varied significantly
with randomly distributed areas of a very high level
of moisture content, accompanied by discoloration
and biological infection. Horse chestnut has rela-
tively homogenously distributed and high green
moisture content.

The low bound-water diffusion coefficients
and long half-drying times showed that black locust
requires very slow and prolonged drying, as also

confirmed in practice (Merela et al., 2019). The dif-
fusivity of horse chestnut and box elder proved to
be moderate and therefore did not negatively af-
fect the drying. However, the trapped free water in
wet pockets (if present) should be considered.

Careful drying of discoloured wood of box el-
der is required above the FSP.

Considering the drying gradient and harden-
ing after drying no special problems are expect-
ed when drying black locust, box elder and horse
chestnut wood.

5 SUMMARY
5 POVZETEK

Raznovrstne oblike in privlacen videz so vzrok,
da vse vel drevesnih vrst razSirjamo po neavtoh-
tonih rastis¢ih, kjer jih najpogosteje zasledimo v
parkih, vrtovih in urbanem okolju. V takih okoljih
so drevesa podrejena posebnim gojitvenim in ob-
rezovalnim ukrepom, v ve¢ primerih pa njihovo
razras¢anje postane nekontrolirano in postanejo
invazivne vrste. Zaradi znacilnih rastnih pogojev
in Cloveskih posegov je zgradba lesa takih dreves
zelo heterogena in odstopa od tiste, ki je znacilna
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za drevesa v naravnih sestojih: vec je juvenilnega
lesa, nastaja diskoloriran les zaradi odzivov dreves
na poskodovanja. Vec je vraslih gré in odklonov
vlaken. Odziv dreves na pogosta poskodovanja se
kaZze v mocnem otiljenju pri listavcih in v aspiraciji
obokanih pikenj pri iglavcih. Posledica je lahko ne-
tipi¢en razpored vlaznosti, pojav mokrin in vecja
variabilnost vlaznosti po viSini drevesa. SuSenje
pogosto nekoliko redkejSega lesa s slabsimi mehan-
skimi lastnostmi in s pogostimi bioloskimi okuzba-
mi je zelo teZavno, zato se v suSilnem procesu ne
moremo zanesti na standardne susilne programe.
Zaradi slabe permeabilnosti lesa teh vrst se pri su-
Senju pojavijo tezave Ze v prvi fazi, vec tezav je tudi
pri impregnaciji lesa.

Za raziskave smo izbrali tri drevesne vrste, ki bi
jih zaradi razpolozljivih koli¢in lesa lahko gospodar-
sko izkoriscali. To so: robinija - Robinia pseudoacacia;
amerikanski javor — Acer negundo in divji kostanj —
Aesculus hippocastanum. Za vse vrste smo dolocili
radialni razpored vlaznosti na vzorcih sveZega lesa.
Vzorce svezega lesa treh debelin (22 mm, 28 mm in
46 mm) smo susili pri konstantni ostrini susenja pri
dveh temperaturah (20 °C in 40 °C). Za vsako lesno
vrsto, debelino in temperaturo smo za susenje izbrali
Sest preizkusancev. Kakovost susenja smo vzporedno
preverjali z doloCevanjem vlaznostnega gradienta,
merjenjem susilnih napetosti in zaznavanjem tipic-
nih susilnih napak veZenja, razpok, itd. (Slika 2).

Iz zaCetnega linearnega dela susilne krivulje
smo izracunali hitrost susenja, iz relativne spre-
membe mase pa smo izracunali difuzijske koe-
ficiente in polovicne uravnovesne case. Zaradi
intenzivnih obarvanj in okuzb smo pri javorju izme-
rili tudi prevodnost beljave, rdece obarvanega dis-
koloriranega lesa in rjavega Ze okuzenega lesa.

Radialni vlaznostni profil pri robiniji je bil sicer
tipicen (Slika 4), z visjo vlaznostjo beljave in niZjo vlaz-
nostjo jedrovine, vendar Se vedno nad tocko nasic¢en-
ja celi¢nih sten. Nekoliko niZje vrednosti od pricako-
vanih pripisujemo temu, da so se po poseku debla
Ze nekoliko osusila. Za divji kostanj je bila znacilna
visoka vlaznost po celotnem precnem prerezu, javor
pa je imel zelo neenakomerno razporejeno vlaznost
z nekoliko visjimi vrednostmi v rdece obarvanih in z
visoko vlaznostjo v rjavo obarvanih obmocdjih v deblu.

Ugotovili smo, da je hitrost susenja v zacetni
fazi najvecja pri redkejSem lesu divjega kostanja in
najmanjsa pri robiniji, kjer se je zaradi nizke zacetne

vlaZznosti ta faza zelo hitro zakljucila. Z dodatnimi
merjenji permeabilnosti smo ugotovili, da je belja-
va zelo permeabilna, medtem ko sta bili obe obar-
vani podrodji zelo slabo permeabilni.

Slabo difuzivnost robinje potrjujejo tako nizki
difuzijski koeficienti (Preglednica 4) kot tudi daljsi
polovi¢ni uravnovesni Casi susenja (Preglednica 5).
Rezultati niso presenetljivi, saj je sposobnost lesa
za prevajanje vezane vode odvisna od poroznosti
oziroma gostote, saj robinijo uvrs¢amo v skupino
gostejsih lesnih vrst, ki je pogosto tudi intenzivno
otiljena. Zaradi manjsega deleZa beljave pri robiniji
nismo mogli narediti ustreznih vzorcev in izvesti pri-
merjave med beljavo in jedrovino. Da so izracuna-
ni difuzijski koeficienti pri debelejsih sortimentih
manjsi, je potrjeno tudi v literaturi (Remond et al.
2005; Straze & Gorisek, 2009). Difuzijske karakteris-
tike lesa divjega kostanja in javorja so bile podobne
in v pricakovani korelaciji z gostoto.

Vlaznostni gradienti so bili pri vseh vrstah re-
lativno nizki, zato tudi niso nastale velike susilne
napetosti in les ni razpokal. Zaradi velike nevarnosti
kolapsa je nujno previdno susenje sveZe javorovine,
zaradi vecjega Stevila grc¢ in vecjih odklonov vlaken
pa je pogostejse veZenje. Poloviéno uravnovesni
Casi kaZejo na dolgotrajnejSe susenje debelejsih
sortimentov robinije, zelo previdno pa je treba su-
Siti tudi javorovino.
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Izvleéek / Abstract

lzvlecek: Bakterijska adhezija na povrsinah in pozneje nastanek biofilma predstavljata glavni vzrok kronicnih okuzb
z negativnim vplivom na zdravje ljudi. S tem izzivom se sre¢ujemo tudi pri izbiri in izdelavi pohistva, kjer stremimo k
razvoju izdelkov s taksnimi povrsinami, na katere naj se bakterije ali drugi mikroorganizmi praviloma ne bi oprijemali.
Predmet nase raziskave je bil testirati izbrana premazna sredstva za les (laneno olje, vodna lazura, nitrocelulozni lak,
nanopremaz) na adhezijo bakterij vrste Pseudomonas aeruginosa, kjer smo kot testno povrsino uporabili vezano bu-
kovo plosco. Topografijo testne povrsine in Stevilo oprijetih bakterij P. aeruginosa smo opazovali z vrsticnim elektron-
skim mikroskopom (SEM) in na posnetkih SEM identificirali in presSteli bakterije. Rezultati nakazujejo, da se je najvecje
stevilo bakterij oprijelo na povrsini, premazani z lanenim oljem. Za potrditev in pridobitev relevantnih rezultatov bodo
v prihodnosti potrebne obsirnejse in bolj poglobljene Studije.

Kljucne besede: les, nanopremaz, laneno olje, nitrocelulozni lak, adhezija bakterij, Pseudomonas aeruginosa

Abstract: Bacterial adhesion to surfaces and subsequent biofilm formation are the main causes of chronic infections
with a negative impact on human health, and this is a problem in the process of manufacturing furniture. This is an
important issue, relevant also to the selection and production of furniture, where there is a focus on the development
of products with antibacterial surfaces to which microorganisms do not adhere. The focus of our research was to
test selected wood coatings (linseed oil, water-borne stain, nitrocellulose varnish, nano-coating) with regard to the
adhesion of Pseudomonas aeruginosa, where we used a beech plywood as the test surface. The topography of the
test surfaces and the number of adhered bacteria were observed on SEM micrographs. The results indicate that the
maximum number of bacteria adhered to the surface coated with linseed oil. In the future, extensive and in-depth
studies will be needed to confirm and obtain the required results.

Keywords: wood, nano-coating, linseed oil, acrylic stain, nitrocellulose lacquer, bacterial adhesion, Pseudomonas
aeruginosa

1 UvoD
1 INTRODUCTION

Starajoca se populacija skupaj s pri¢akovanji
po boljSem Zivljenjskem standardu povecuje pot-

(De Jaeger, 2017a). S tega vidika so gotovo zelo
pomembne raziskave adhezije bakterij na razlicne
povrsine, saj so bakterijske infekcije zelo pomem-
ben izziv na podrocju javnega zdravja (Blackledge

rebe po izdelkih, ki bodo izboljsali kvaliteto Zivlje-
nja, zdravje in higienske razmere. Da bi starejSim
ter osebam s posebnimi potrebami omogocili ak-
tivno in kolikor je le mogoce samostojno Zivljenje,
narasca potreba po pohistvu z integriranimi bioak-
tivnimi funkcijami (De Jaeger, 2017). V to skupino
sodi tudi pohistvo z antibakterijskimi povrSinami
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et al., 2013). Bakterijska adhezija na povrsine in
pozneje nastanek biofilma sta glavna vzroka kro-
ni¢nih okuzb (Gu & Ren, 2014), ki negativno vpliva-
jo na zdravje ljudi in povzrocajo razne zdravstvene
teZzave. Pogostokrat smo taksnim okuzbam najbolj
izpostavljeni v okoljih kot so bolnisnice, javne ku-
hinje, pisarne, Sole in ne nazadnje stanovanjski
prostori, kjer lahko bakterije kljub skrbi za Cisto-
¢o tvorijo biofilme, bodisi na delovnih povrsinah,
tleh, inventarju, pohistvu (Singh & Dawson, 2011;
Bohinc et al., 2014; Alarfaj et al., 2016). Bakterij-
ska adhezija je tako postala velik problem tako v
razli¢nih industrijskih panogah kot v zasebnih sta-
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novanjskih prostorih (Garrett et al., 2008; Myszka
& Czaczyk, 2011; Bohinc et al., 2014).

Namen clanka je zato v prvem delu osvetliti
pomembnost poznavanja procesov adhezije bak-
terij na povrsine razlicnih materialov. V drugem
delu clanka pa podajamo rezultate preliminarne
raziskave, s katero smo ugotavljali, ali lahko obsto-
jece uveljavljene metode za dolocanje bakterijske
adhezije uporabimo tudi za les, povrsinsko obdelan
z nekaterimi povrsinskimi premazi in ali je te meto-
de potrebno prilagoditi tem specificnim podlagam.
Prav tako smo ugotavljali, kaksna je adhezija bak-
terij vrste Pseudomonas aeruginosa na povrsino
vezane bukove plosce in plosce, ki smo jo povrsin-
sko obdelali z nekaterimi izbranimi premazi. Zaradi
majhnega Stevila preskusancev rezultatov nismo
statisti¢cno ovrednotili, tako smo najprej zeleli ugo-
toviti, ali obstajajo indikacije za morebitno razlicno
dovzetnost razlicnih premazov za oprijem bakterij.

1.1 ADHEZIJA BAKTERIJ NA POVRSINE RAZLICNIH

MATERIALOV
1.1 ADHESION OF BACTERIA ON SURFACES OF

VARIOUS MATERIALS

Do kolonizacije bakterij in nastanka biofilmov
na razli¢nih povrsinah pride tako, da se bakterijske
celice pritrdijo na povrsino, ki jim zagotavlja opti-
malne pogoje za razmnoZevanje. Proces bakterij-
ske adhezije je odvisen od fizikalnih in kemijskih
interakcij med bakterijami in povrSino, na katero
se bodo oprijele. Ce bodo za doloéeno vrsto mi-
kroorganizmov pogoji optimalni, bodo kolonizirali
povrsino in tvorili biofilme. Kljub vsemu lahko ad-
hezijo bakterij na razlicne povrsine z nadzorom in
primerno izbiro povrsine tudi preprec¢imo (Bohinc
et al., 2014).

Na adhezijo vplivajo najrazlicnejSe lastnosti
povrsin kot so npr. povrsinski naboj, prosta povr-
Sinska energija, hrapavost in topografija ali celo to-
gost (Song et al., 2015). Avtorji ugotavljajo, da se v
splosnem adhezija bakterij zmanjsa, e so povrsine
hidrofobne, hrapavost povrsine nanometrska ter
prosta povrsinska energija ¢im manjsa. V literaturi
najdemo Studije o oprijemu bakterij na najrazlicnej-
Se materiale, kot so npr. steklo (Bohinc et al., 2014;
Oder et al., 2015), nerjavno jeklo (Fink et al., 2015,
Bohinc et al., 2016), silicijev dioksid s plastmi poli-
elektrolita (Kovacevic et al., 2016), povrsine bioma-
teralov (Reid, 1997), ali npr. polietilen tereftalat (Gil-

lett et al., 2015). Stevilne $tudije so preucevale vpliv
hrapavosti specificnih povrsin na adhezijo bakterij.
Bohinc et al. (2016) so raziskovali vpliv razli¢nih hra-
pavosti ploscic nerjavnega jekla. Povrsino ploscic so
spremenili s tridimenzionalnim poliranjem, krtace-
njem, brusenjem in elektro poliranjem. Ploscice so
prelili z bakterijsko kulturo in jih inkubirali pri 37 °C
za 24 ur. Ugotovili so, da vecja hrapavost povrsine
signifikantno vpliva na adhezijo bakterij. Podobne
rezultate belezijo pri raziskavi, izvedeni na steklenih
povrsinah. Z veCanjem hrapavosti steklene povrsine
se adhezija bakterij povecuje (Bohinc et al., 2014).
Na primeru nerjavnega jekla so Fink et al. (2015)
proucevali vpliv toka tekocCine in temperature za od-
stranitev bakterij z jeklenih nerjavecih povrsin dveh
razlicnih hrapavosti. Ugotovili so, da s turbulentnim
tokom odstranijo znacilno vec bakterij kot z lami-
narnim tokom. Sredstvo, ki so ga uporabljali za izpi-
ranje, je bil fosfatni pufer. Velik vpliv na odstranitev
bakterij je imela tudi temperatura, kjer se je za naj-
bolj ucinkovito izkazala visja temperatura (37 °C).
Prav tako so bila objavljena porocila o mikrobni ad-
heziji na razlicne premaze, polimerne filme, ipd. Kar
nekaj le-teh se nanasa na aplikacije v dentalni me-
dicini (Pereira et al., 2011; Chau et al., 2014), veliko
¢lankov pa je s podrocja premazov proti obrascanju
morskih organizmov oz. antivegetativnih premazov
(Dobretsov & Thomason, 2011; Xu et al., 2016). Po
nasem znanju je v literaturi manj porocil o adheziji
bakterij na polimerne filme, ki so po svojih lastno-
stih podobni tistim, ki jih uporabljamo v obliki pre-
mazov za les. Tako so Bakker et al. (2003) raziskovali
depozicijo treh morskih sevov bakterij z razlicno
vodoodbojnostjo celicnih sten iz umetne morske
vode na poliuretanske premaze razli¢ne povrsinske
napetosti in modula elasti¢nosti. Z adhezijo bakterij
na funkcionalizirane poliuretane so se ukvarjali Fle-
mming et al. (1999). Med pomembnimi dejavniki
za adhezijo se je pokazala tudi prisotnost adheziv-
nih proteinov. V drugi Studiji (Teixeira et al., 2006)
so raziskovali adhezijo bakterij na urea-uretanske
kopolimerne filme z elastomernimi lastnostmi in
pokazali, da obicajen pojav povecanja stopnje ad-
hezije bakterij z narascajoCo hrapavostjo ne velja v
vseh primerih. Izkazalo se je, da pri tem materialu
za adhezijo pomembno vlogo igrata tako topogra-
fija povrsine, kakor tudi locitev vodoodbojne in
hidrofilne faze elastomera. Podobne raziskave so
bile izvedene tudi na filmih poli(metil metakrilat)-a
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(lguerb & Bertrand, 2008) in ostalih poli(metakrilat)
-ov (lbanescu et al., 2016).

Precej pozornosti je pritegnila adhezija mikro-
bov na les. Soumya et al. (2012) so raziskovali med-
fazno prosto povrsinsko energijo med mikrobnimi
celicami in povrsinami lesa Sestih razli¢nih vrst (ced-
rovina, hrastovina, bukovina, jesenovina, borovina
in tikovina) z namenom napovedi, kateri bakterij-
ski sevi imajo vecjo zmoznost oprijema na povrsine
lesa. Ugotovili so, da o adheziji mikrobov na les ni
mogoce podati splosnih sklepov in da je oprijem
bakterij zelo specificen, tako glede na vrsto bakterije
kot tudi vrsto lesa. Ista skupina avtorjev (Soumya et
al., 2012a) se je tudi sicer ukvarjala z adhezijo bak-
terij na cedrovino. Kandelbauer & Widsen (2009)
sta obravnavala razliche metode, ki so ali bi lahko
bile na voljo za izboljsanje higienskih lastnosti lesnih
materialov, ki so prekriti z melaminskimi prevleka-
mi. Vendar se avtorja nista ukvarjala z mehanizmi
adhezije, temvec predvsem z vprasanjem, kako po-
vecati antibakterijske lastnosti takih povrsin.

Ocitno je, da je oprijem bakterij na lesne pre-
maze specificna tema, ki bi v prihodnosti morala
biti obravnavana bolj temeljito.

1.2 ADHEZIJA BAKTERU IN TVORBA BIOFILMA
1.2 ADHESION OF BACTERIA AND FORMATION OF

BIOFILM

Proces adhezije je osnovan na kemijskih in fi-
zikalnih interakcijah med mikroorganizmi in kon-
taktno povrsino. Gre za tako imenovani prvi korak
vezave mikroorganizmov na povrsino (Bohinc et al.,
2014) ter kolonizacije in nastajanja biofilmov (Hori
& Matsumoto, 2010). Med mikroorganizmi pred-
stavljajo bakterije glavne gradnike biofilmov (Hori &
Matsumoto, 2010). Proces oprijemanja bakterijskih
celic na povrsino dolocajo razli¢ni dejavniki kot so:
lastnosti povrsine in mikrotopografija, sestava povr-
Sine, hrapavost, povrsinska napetost, hidrofobnost,
bakterijski povrsinski naboj, velikost in lastnosti celi-
ce (gibljivost bakterij), masni transport, temperatu-
ra, pH, vlaznost ... (Palmer et al., 2007). Bistvenega
pomena je fizikalno-kemijska lastnost bakterijske
celice oz. lastnost njene celicne stene. Pri tem je
zelo pomemben polimer peptidoglikan, ki doloca
lastnosti celicne stene. Glede na koncentracijo oz.
prisotnost peptidoglikana v bakterijskih celi¢nih ste-
nah razlikujemo po Gramu pozitivne in po Gramu
negativne bakterije. Zelo visoke koncentracije le-te-

ga vsebuje celi¢na stena po Gramu pozitivnih bak-
terij, v nasprotju s celicnimi stenami po Gramu ne-
gativnih bakterij. Znacilnost celi¢ne stene po Gramu
negativnih bakterij je kompleksnejsa ovojnica, kjer
je citoplazma omejena s tanko plastjo iz peptidogli-
kana, ki jo loCuje od zunanje celicne membrane. Ka-
korkoli pa prisotnost peptidoglikana in ostalih mak-
romolekul (teihoi¢na kislina, lipoteihoicna kislina,
lipoproteini in lipopolisaharidi, encimi ter mikolna
kislina), predstavljajo pomembne gradnike celi¢nih
sten bakterij, saj so v vecini polielektroliti, ki dolo-
Cajo povrsinski naboj celicne stene. Na primer, ce
je povrsinski naboj celicne stene negativen, naboj
povrsine pa pozitiven, le-to neugodno vpliva na ad-
hezijo, kar pogojuje elektrostaticna odbojna sila, ki
drzi bakterijske celice na kratki razdalji vstran od po-
vrsine. Elektrostati¢ni odboj med celico in povrsino
lahko bakterije premagajo s pomocjo molekularnih
interakcij adhezinov (fimbriji, flagele ali lipopolisa-
haridi - LPS), ki so lokalizirani na celi¢ni steni (Hori &
Matsumoto, 2010; Bohinc et al., 2014).

Temeljna faza bakterijske adhezije je v splo-
Snem opisana z dvostopenjskim modelom kinetic-
ne vezave. Prva oz. zacetna faza je opisana kot hitra
in enostavna reverzibilna interakcija med povrsino
bakterijske celice ter kontaktno povrsino. Na ad-
hezijo bakterij imajo vpliv v glavhem Van der Wal-
Isove sile, elektrostatske sile, hidrofobni ucinki in
kontaktne interakcije. V glavnem interakcijo proste
energije pri procesu adhezije opredeljujeta dva mi-
nimuma. V fazi prvega minimuma so bakterije Sibko
in reverzibilno vezane na povrsino, kar predstavlja
kemijske interakcije med bakterijami in povrsino
na razdalji priblizno 10 nm. V drugi fazi potekajo
interakcije med tako imenovanimi adhezijskimi be-
ljakovinami na povrsini bakterijskih adhezinov (pili
ali fimbriji) in vezavnimi molekulami na povrsini
kontaktnega materiala na razdalji pod 1 nm. V tej
fazi so bakterije mocno in ireverzibilno adherirane
(Bohinc et al., 2014).

Tvorba in nastajanje biofilma se zacne, ko se
bakterije oprimejo dolocene povrSine (Palmer et
al., 2007; Tolker-Nielsen, 2014), kjer so prisotna
hranila (Bohinc et al., 2014). Biofilme sestavljajo ce-
lice in zunajceli¢ne polimerne snovi, ki so produkti
bakterij (Garrett et al., 2008; Tolker-Nielsen, 2014).
V naravi okoli 99 % mikroorganizmov tvori biofilm
(Garrett et al., 2008) oz. tako imenovane mikrobne
skupnosti, ki so zdruzene v svojih zunajceli¢nih pro-
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duktih (Tolker-Nielsen, 2014). Ena izmed klju¢nih
lastnosti biofilmov je ta, da lahko bakterije v ne-
ugodnih razmerah prezivijo (Garrett et al., 2008),
ter da jih le-ti SCitijo pred protimikrobnimi vplivi
(Garrett et al., 2008; Tolker-Nielsen, 2014). Vecjo
odpornost bakterij v biofilmih povezujejo s poca-
snejso rastjo bakterij v globljih slojih biofilma in z
matriksom biofilma, ki ga obdaja, ter tako s tem
omejuje penetracijo Skodljivih delcev v notranjost
(Jefferson, 2004). Myszka & Czaczyk (2011) opre-
deljujeta formiranje biofilma kot petstopenjski pro-
ces. Prvo stopnjo procesa predstavlja vezava plan-
ktonskih mikroorganizmov na trdne povrsine, prvi
stopnji sledi druga s pritrditvijo bakterij s proizvaja-
njem zunajceli¢nih polimerov. Pri tretji stopnji gre
za zgodnji razvoj biofilma, medtem ko se pri Cetrti
stopnji mikrobne skupnosti razvijejo v zrel biofilm.
Zadnja, peta stopnja tega procesa pa je disperzija
celic iz biofilma v okolico.

1.3 VPLIVI NA ADHEZIJO BAKTERU
1.3 INFLUENCES ON ADHESION OF BACTERIA

Za dobro razumevanje adhezije bakterij na ma-
terialne povrsine je potrebno poznati znacilnosti
povrsine. Med parametri omenimo najprej hrapa-
vost povrsin, ki jo lahko izmerimo z mikroskopom
na atomsko silo ali s profilometrom. Napravi delu-
jeta na principu kontaktnega gibanja tipala po mer-
jeni povrsini in shranjevanju premikov v pomnilnik
podatkov. Iz izmerjenih premikov lahko izracuna-
mo aritmetino srednjo hrapavost R_ ali hrapavost
Rq. V vecini primerov se na bolj hrapave povrsine
adherira vec bakterij kot na bolj gladke povrsine. Z
narascajoco hrapavostjo se namrec veca tudi raz-
poloZljiva povrsina za bakterijsko adhezijo (Bohinc
et al., 2014, Bohinc et al., 2016). Neregularnosti in
defekti na povrsini dodatno povecajo stopnjo ad-
hezije, saj se na ta nacin verjetnost za oprijem po-
vrsine Se poveca.

Drugi parameter je hidrofobnost. Le-to doloci-
mo z merjenjem mejnega kota. Na povrsino kane-
mo kapljico kapljevine in z goniometrom izmerimo
kot med povrsino kapljevine in povrsino material-
ne povrsine. Bakterije s hidrofobnimi lastnostmi
preferirajo interakcijo s hidrofobnimi povrsinami.
Hidrofilne bakterije imajo preferenco, da se opri-
mejo hidrofilne povrsine. Poleg tega se hidrofobne
bakterije bolje in mocneje oprimejo povrsine kot
hidrofilne (Van Loosdrecht et al., 1987); stopnja

bakterijske adhezije je povezana z naras¢anjem hi-
drofobnosti bakterijske povrsine.

Tretji parameter je naboj kontaktne povrsine in
povrsine bakterij. Eksperimentalno dolo¢imo naboj
iz pretocnega potenciala. Ob naelektreni povrsini
v stiku z elektrolitsko raztopino nastane difuzna
elektricna dvojna plast. VzdolZ nabite materialne
povrsine povzrocimo tlac¢no razliko in vzpostavimo
volumski tok mobilnega dela elektri¢ne dvojne pla-
sti. V raztopini nabitih ionov volumski tok povzroci
prevladujoce kopicenje protiionov v smeri volum-
skega toka tekocine. Apliciramo elektri¢no polje, ki
povzroci elektricni tok v smeri, nasprotni smeri vo-
lumskega toka tekocine. V ravnovesnem stanju sta
oba tokova enaka; jakost elektricnega polja doseze
ravnovesno vrednost. Iz jakosti doloc¢imo pretocni
potencial. Iz potenciala lahko priblizno izracunamo
povrsinsko gostoto naboja. V veliki vecini primerov
so bakterije negativno naelektrene. Naboj kontak-
tnih povrsin pa je mocno odvisen od pH raztopine,
ki je v kontaktu s samo povrsino. Zaradi elektrostat-
ske sile pozitivho nabite materialne kontaktne po-
vrsine delujejo s privlacno silo na negativno naelek-
trene bakterijske povrsine. Nasprotno negativne
povrsine prispevajo odbojno komponento sile na
negativno nabite bakterije (Kovacevic et al., 2016).

2 MATERIAL AND METHODS
2 MATERIAL IN METODE
2.1 MATERIALI
2.1 MATERIALS

Kot podlago smo uporabili vezano bukovo plo-
S¢o debeline 4 mm. Uporabili smo pet ploscic di-
menzij 100 mm x 100 mm. Adhezijo bakterij smo
ugotavljali na nepremazanih povrsinah ter na po-
vrSinah, obdelanih z naslednjimi premazi: laneno
olje (proizvajalec Chemcolor d.o.0., Sevnica, Slo-
venija), nitrocelulozni oz. celulozno nitratni lak za
les (proizvajalca llva, Milano, Italija), vodno lazuro
Silvanol tankoslojni akrilni premaz za les na vodni
osnovi (Silvaprodukt d.o.o., Ljubljana, Slovenija) in
bezbarvno impregnacijsko sredstvo za doseganje
vodoodbojnosti lesa nanopremaz Silles (Chemcolor
d.o.o., Sevnica, Slovenija) na osnovi organofunkcio-
nalnih fluoriranih silanov.

Za teste adhezije bakterij smo izbrali standar-
dni bakterijski sev bakterije Pseudomonas aerugi-
nosa iz zbirke ATCC 27853 (CeSka zbirka mikroorga-
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nizmov, Brno, Ceska republika), ki je bil izoliran iz
krvne kulture. Vrsta P. aeruginosa spada v druzino
Pseudomonadaceae in rod Pseudomonas. V naravi
bakterije iz rodu Pseudomonas najdemo v zemlji,
vodi, zraku in Zivilih, bogatih z beljakovinami (Kapun
Dolinar, 2001). P. aeruginosa je po Gramu negativen
bacil, ki je iziemno prilagodljiv. Zaradi Stevilnih raz-
licnih metabolnih (presnovnih) poti lahko preZivi in
se prilagodi v vec razlicnih okoljih (Yahr & Parsek,
2006). Najbolj tem bakterijam ugaja vlazno okolje
kot so na primer pitna voda, umivalniki, razpoke v
tleh, raztopine za infuzijo. So odporne proti velikemu
Stevilu dezinfekcijskih sredstev, kar predstavlja velik
problem zaradi tezke odstranitve z okuzenih mest.
Zato se pogosto prenasa v bolnisnicah (Kapun Doli-
nar, 2001). Spada med oportunisticne patogene, kar
pomeni, da okuZi organizem, kadar je njegov imunski
sistem oslabljen. So koliformni nesporulirajoci bacili,
ukrivljeno palicaste oblike, velikosti od 0,5 um — 1,0
pum do 1,5 um — 4,0 um. Gibljejo se s pomocjo enega
ali vec polarnih bickov (Madigan et al., 2006). Upo-
rabili smo trdno hranilno gojisce proizvajalca Biolife,
Italija, katerega izdelek je tudi uporabljeno tekoce
gojisce oz. hranilni bujon brez glukoze.

2.2 ZASNOVA EKSPERIMENTALNEGA DELA
2.2 DESIGN OF THE EXPERIMENTAL WORK
Prvotno smo nameravali preveriti oprijem bak-
terij na nepremazane povrsine lesa in na povrsine,
premazane s Sestimi razlicnimi premazi. Le-te bi
nanesli na kovinske ploscice in jih tako premazane
izpostavili bakterijam. Kovinske podlage so v praksi
primernejse za slikanje povrsine z elektronskim mi-
kroskopom. Zaradi laZje primerjave pa bi povrsino
Se dodatno obarvali z barvilom kristal vijoli¢ni (bar-
vanje po Gramu). Na ta nacin bi se bakterije znacil-
no obarvale in na tako obdelani ter obarvani povr-
Sini z bakterijami bi kasneje lahko natanc¢no izmerili
velikost povrsine, prekrite z bakterijami. Vendar pa
se je tak nacin izkazal za neprimernega. Nekateri
od izbranih premaznih sistemov za les na kovinskih
povrsinah (ploscicah) niso tvorili filma, premazana
povrsina pa se je nagubala. Nagubanost povrsine bi
nase delo zelo otezila, saj ne bi dobili primerljivih
rezultatov s tistimi povrSinami, ki se niso nagubale.
Zato smo se odlocili samo za leseno podlago. Povr-
Sin nismo obarvali zaradi prepustnosti premaznih
sistemov in s tem zvezanega potencialnega obar-
vanja podlage.

2.3 PRIPRAVA VZORCNE POVRSINE
2.3 SAMPLE SURFACE PREPARATION

Na Stiri vzoréne ploscice smo nanesli po enega
izmed Stirih uporabljenih premaznih sredstev. Za
kontrolo smo eno ploscico pustili brez premaznega
sredstva. Vsak premazni sistem smo na posamezno
vzorcno ploscico nanesli dvakrat. Po prvem nanosu
smo premazano povrsino pustili stati 24 ur. Po 24
urah smo vzorce rahlo pobrusili (P240) ter ponovno
nanesli isto premazno sredstvo na enako ploscico.
Premazane povrsine vzorcnih ploscic smo po treh
tednih od nanosa premaznega sredstva razrezali na
manjse dimenzije (10 mm x 10 mm). Te smo na stra-
neh, ki so bile brez premaznega sredstva, zas(itili z
epoksidnim premazom. Pripravljene vzoréne plosci-
ce smo nato pritrdili v petrijevke. Sledila je steriliza-
cija. Petrijevke z vzorci smo postavili v laminarij, kjer
smo jih obsevali z UV svetlobo. Vzorci so bili UV svet-
lobi izpostavljeni z obeh strani. Najprej smo za eno
uro izpostavili premazano povrsino vzorcne ploscice,
po eni uri obsevanja smo vzorce obrnili ter Se eno
uro obsevali drugo, nepremazano stran vzorca.

2.4 PRIPRAVA BAKTERISKE KULTURE IN
IZPOSTAVITEV BAKTERIJAM
2.4 PREPARATION OF THE BACTERIAL
CULTURE AND EXPOSURE TO BACTERIA
Priprava prekonocne bakterijske kulture in iz-
postavitev vzorcev bakterijam sta potekali v mikro-
bioloskem laboratoriju na Zdravstveni fakulteti v Lju-
bljani. Metodologija dela ter priprava sta bili povzeti
po protokolu Kubota et al. (2008) in Bohinc et al.
(2014), z nekaterimi modifikacijami. Sev bakterije
smo prenesli na hranilno gojisce in ga inkubirali pri
37 °C za 24 ur. Po postopku inkubacije smo kolonijo
testnega seva bakterije prenesli s trdnega hranilne-
ga gojisca v hranilni bujon brez glukoze in ga dalje
inkubirali za 24 ur pri 37 °C. Nato smo pripravili po
pet paralelk petrijevk za vsako skupino premaznih
sredstev in eno za nepremazano povrsino. V vsako
petrijevko smo namestili po tri vzorcne ploscice iz
posamezne obravnavane skupine. Po eno petrijevko
v paralelki posamezne skupine smo nalili s teko¢im
gojis¢em z bakterijami, drugo petrijevko v paralelki
pa smo nalili s teko¢im gojis¢em brez bakterij.
Vzoréne ploscice so bile izpostavljene bakteri-
jam razlicno dolgo in sicer: spiranje takoj, ob ¢asu
(t0), inkubiranje pri 37 °C 10 ur pri aerobnih pogo-
jih (t10) in inkubiranje pri 37 °C 18 ur pri aerobnih
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pogojih (t18). Po izpostavitvi vzorcnih ploscic bak-
terijam smo odvzete ploscice po (t0), (t10) in (t18)
spirali s trikrat po 20 ml destilirane vode. Namen
spiranja je bil odstranitev gojis¢a in neoprijetih
bakterij ter preprecitev nadaljnjega oprijema bak-
terijskih celic na testne povrsine. Po spiranju smo
vzorce najprej osusili s susilnikom za lase, da za na-
daljnje preskuse ni bilo prisotne vlage. Ker pa ima
les higroskopne lastnosti, so vzoréne ploscice med
izpostavitvijo in spiranjem absorbirale dodatno
vlago. Posledicno se je pri lesenih plosc¢icah pojavil
problem odvecne vlage v vzorcih in smo vzorce zato
dodatno osusili v vakuumskem susilniku.

2.5 ANALIZA ADHEZIJE BAKTERIJ NA POVRSINI
VZORCEV Z VRSTICNIM ELEKTRONSKIM
MIKROSKOPOM (SEM)

2.5 ANALYSIS OF THE BACTERIAL ADHESION
ON SURFACES OF THE SPECIMENS WITH
A SCANNING ELECTRON MICROSCOPE
Oprijem bakterij na testiranih premaznih sred-

stvih na leseni podlagi smo opazovali in pregledali

z vrstitnim elektronskim mikroskopom (SEM) FElI

Quanta 250 v laboratoriju Oddelka za lesarstvo na

Biotehniski fakulteti v Ljubljani. Pred zacetkom opa-

zovanja smo na vzorce s standardno opremo (Quo-

rum technologies Q150R) nanesli tanek sloj zlata.

Snemanje je bilo izvedeno pri nizkem vakuumu

(6x10* Pa), s pospesevalno napetostjo 5 kV. Raz-

dalja med opazovano povrsino vzorca in elektron-

sko pusko je bila priblizno 10 mm. Cilj opazovanja

1/26/2017 dwell mag [] HFW

“0° | 12:21:21PM |60 ps | 5.00kV | 5000 |82.9 ym | 10.5mm | ETD | 3.0

. 11| E—

vzorcev s SEM je bil iskanje oblik, ki bi ustrezale
bakterijam. Oblike, ki so predstavljale bakterije na
povrsinah vzorcey, izpostavljenih 18 h, so popolno-
ma prekrile povrsino. Na vzorcih, katerih povrsina
je bilaizpostavljena 10 h, smo bakterije opazili le na
dolocenih mestih, ve¢inoma pa le na enem mestu.
Za stetje bakterij smo izvedli kvantitativno analizo,
kjer smo na posnetkih SEM obkroZevali adherirane
bakterije. Za analizo smo uporabili po en SEM po-
snetek za vsak posamezni sistem.

Zaradi nekoliko slabse kakovosti posnetkov SEM
statisticne analize podatkov ni bilo moZno izvesti.
Tako vrednosti, podane v preglednici 1, niso kazalniki,
ki bi nam lahko potrdili, katera povrsina je bolj prijaz-
na bakterijam. Na primer: na doloceni povrsini, veliki
100 um?, je bilo 100 oblik, ki so predstavljale bakteri-
je. Celotna povrsina vzorca je merila 1.000.000 pm?,
kjer smo le na dolocenih delih zasledili nekaj oblik
bakterij, zato ni bilo mogoce ugotoviti, ali se na to
povrsino bakterije bolj ali manj adherirajo.

3 REZULTATI IN RAZPRAVA
3 RESULTS AND DISCUSSION

Kot Ze omenjeno smo povrsine vezane bukove
plosce bakterijam izpostavljali v treh razli¢nih ¢a-
sovnih intervalih, in sicer t0, t10 in t18 (v urah). Po-
snetki SEM so bili narejeni pri 5.000, 10.000, 15.000
in 20.000-kratnih povecavah. Na povrsinah, ki smo
jih sprali takoj po izpostavitvi (t0), smo opazili le
manjse Stevilo bakterij v planktonski obliki na do-

Slika 1. SEM posnetek lesene po-
vrsine, premazane s premaznim
sredstvom — vodna lazura, vzo-
rec izpiran takoj po izpostavitvi
P. aeruginosa (t0), 5.000-kratna
povecava.

Figure 1. Scanning electron mi-
crograph of a surface of lami-
nated beech wood, finished with
the waterborne stain, exposed
to bacteria P. aerugionosa. (t0)
and immediately washed; mag-
nification: 5,000x.

Quanta

50 Les/Wood, Vol. 68, No. 2, December 2019



Bohing, K., Kekec, D., & Petri¢, M.: Adhezija bakterij na lesne premaze

locenih segmentih premazane testne povrsine. Kot
primer je na sliki 1 SEM posnetek lesene premaza-
ne povrsine z vodno lazuro pri 5.000-kratni pove-
Cavi. Predvidevamo, da je na premazani povrsini
le ena bakterijska celica, ki smo jo oznacili s ¢rnim
krogom. To domnevo potrjuje tudi rastna krivulja,
pri kateri v ¢asu tO bakterije Se ne tvorijo adhezije
posameznih bakterij in se pojavljajo le posamezno
(Bohinc et al., 2014).

Po drugi strani pa so bakterije vzorce po 18 urah
izpostavitve v celoti prerasle (slika 2, vzorec, prema-
zan z lanenim oljem). Zato v nadaljevanju predsta-
vljamo le rezultate, dobljene s preiskavami posnet-
kov SEM vzorceyv, ki so bili izpostavljeni bakterijam

9/15/2016 | dwell | HFW WD
11:01:01AM | 30ps | 5.00kV | 10000 x | 41.4 ym | 11.1 mm

e 20 pm —————

Quanta

10 ur (t10), in tistih, pri katerih tekoce gojisce ni vse-
bovalo bakterije P. aeruginosa, prav tako pri t10.

Vzorec, ki ga nismo premazali z nobenim od
izbranih premaznih sredstev za les, je sluZil za kon-
trolo. Podobno kot pri premazanih povrsinah tudi
na povrsini brez premaznega sredstva, ki ni bila iz-
postavljena gojis¢u z dodanimi bakterijami, ni bilo
opaziti bakterij ali oblik, podobnih bakterijam P.
aeruginosa (slika 3a). Na povrSinah nepremazane-
ga vzorca, izpostavljenega bakterijam (t10), pa smo
opazili bakterije, ki smo jih obkroZili s ¢rnim kroZzcem
(slika 3b). Za primerjavo in natanc¢no dolocitev smo
posnetek povecali za 15.000-krat, kjer smo zaznali
oblike, ki predstavljajo bakterije (slika 4).

Slika 2. SEM posnetek lesene
povrsine, premazne z lanenim
oljem, vzorec je bil izpostavljen
bakterijam P. aeruginosa (t18),
10.000-kratna povecava.
Figure 2. SEM micrograph of
wood surface, finished with lin-
seed oil, exposed to P. auregi-
nosa (t18), magnification:
10,000x

Slika 3. SEM posnetek povrsine brez premaznega sredstva, vzorec ni bil izpostavljen bakterijam P. aerugi-
nosa (a) in bakterijam izpostavljen vzorec (b), 5.000-kratna povecava.
Figure 3. SEM micrograph of the surface without a coating, not exposed to P. aeruginosa (a) and exposed

to bacteria (b), magnification: 5,000x.
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Na posnetku SEM (slika 5), kjer je bil vzorec,
premazan z lanenim oljem, izpostavljen bakterijam
(t10), lahko vidimo oblike, ki so znacilne za bakte-
rije P. aeruginosa. Lep primer bakterije je viden na
sliki 6 pri 20.000-kratni povecavi.

Na povrsini vzorca, premazanega z nitrocelu-
loznim lakom, ki je bila 10 ur izpostavljena bakteri-
jam, smo prav tako zasledili oblike, ki predstavlja-
jo bakterije, razen tega pa Se delce, ki jih nismo
znali identificirati. Bakterije so oznacene s ¢rnimi
kroZci, neidentificirani delci pa z rdecimi (slika 7).
Na povrsini lesa, obdelanega z vodno lazuro, smo

1/19/2017 dwell
10:54:45 AM

mag [] HFW
60 ps | 5.00kv | 15000x | 27.6 pm | 104 mm | ETD | 3.0

we HV mag 1 VHF“.".-‘ 7":"."7[;'77”7#.“‘ DO
Ops | 5.00kV | 5000 | 82.9 ym | 10.5mm | ETD | 3.0

tudi opazili oblike, ki niso znacilne za bakterije
(rdeci kroZci (slika 8)), za katere predvidevamo,
da so pigmentni delci. Na vzorcu, premazanem z
vodno lazuro, ki je bil izpostavljen bakterijam, pa
smo opazili tudi oblike, ki predstavljajo bakterije
(slika 9). Nazadnje smo pregledali Se povrsine, ki
so bile premazane z nanopremazom. Primer povr-
Sine vzorca, ki je bil v tekoCem gojiscu bakterijam
izpostavljen 10 ur, je prikazan na sliki 10. Za na-
tancno opredelitev smo isto povrsino posneli pri
20.000-kratni povecavi. Oblika, ki predstavlja bak-
terijo, ima velikost 1,6 um (slika 11).

Slika 4. SEM posnetek povrSine
brez premaznega sredstva, vzo-
rec izpostavljen bakterijam P.
aeruginosa (t10), 15.000-kratna
povecava.

Figure 4. SEM micrograph of
the surface without a coating,
exposed to P. aeruginosa for
10 hours (t10), magnification:
15,000x.

Quanta

Slika 5. SEM posnetek povrsine,
premazane z lanenim oljem,
vzorec izpostavljen bakterijam
P. aeruginosa (t10), 5.000-krat-
na povecava.

Figure 5. SEM micrograph of
the surface with the linseed oil,
exposed to P. aeruginosa for
. 10 hours (t10), magnification:
| 5,000x.

— 20 ym ———

Quanta
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dwell
60 s

mag [
5.00 kv | 20 000 x

mag O]
5.00 KV | 5000 x

WD det
10.5 mm | ETD

HRW
82.9 ym

FW

82.9 pm | 10.5mm | ETD | 3.0

Quanta

— 20 pm ——

Quanta

Quanta

Slika 6. SEM posnetek povrsi-
ne, premazane z lanenim oljem,
vzorec izpostavljen bakterijam P.
aeruginosa (t10), 20.000-kratna
povecava.

Figure 6. SEM micrograph of
the surface with the linseed oil,
exposed to P. aeruginosa for
10 hours (t10), magnification:
20,000x.

Slika 7. SEM posnetek povrsine
vzorca z nitroceluloznim lakom,
vzorec izpostavljen bakterijam P.
aeruginosa (t10), 5.000-kratna
povecava.

Figure 7. SEM micrograph of the
surface with the cellulose nitrate
lacquer, exposed to P. aeruginosa
for 10 hours (t10), magnification:
5,000x.

Slika 8. SEM posnetek povrsi-
ne vzorca, premazanega z vod-
no lazuro, vzorec izpostavljen
bakterijam P. aeruginosa (t10),
5.000-kratna povecava.

Figure 8. SEM micrograph of
the surface with the waterborne
stain, exposed to P. aeruginosa
for 10 hours (t10), magnification:
5,000x.
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Slika 9. SEM posnetek povrsi-
ne vzorca, premazanega z vod-
no lazuro, vzorec izpostavljen
bakterijam P. aeruginosa (t10),
10.000-kratna povecava.

Figure 9. SEM micrograph of
the surface with the waterborne
stain, exposed to P. aeruginosa
for 10 hours (t10), magnification:
10,000x.

1/26/2017
1:30:36 PM

Slika 10. SEM posnetek povrSi-
ne na vzorcu z nanopremazom,
vzorec izpostavljen bakterijam P.
aeruginosa (t10), 5.000-kratna
povecava.

Figure 10. SEM micrograph of
the surface with the nano fin-
ish, exposed to P. aeruginosa for
10 hours (t10), magnification:
5,000x.

M | 60 ps | 10.00 kv | 5000x | 829 pm | 10.7 mm | ETD Quanta

Slika 11. SEM posnetek povrSi-
ne na vzorcu z nanopremazom,
vzorec izpostavljen bakterijam P.
aeruginosa (t10), 20.000-kratna
povecava.

Figure 11. SEM micrograph of
the surface with the nano fin-
ish, exposed to P. aeruginosa for
10 hours (t10), magnification:
20,000x.
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Preglednica 1. Stevilo oprijetih bakterij na povrsinah, razli¢nih obdelav
Table 1. The number of bacteria adhering to surfaces, different treatments

St. posnetka SEM
Vrsta obdelave povr- 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8 .. | Standardna
Sine Poveéava Povprecje deviacija
5000x | 5000x | 5000x | 5000x | 5000x | 5000x | 5000x | 5000x

Brez obdelave 0 13 22 0 0 7 10
Nitrocelulozni lak 112 8 97 1 5 10 0 33 49
Laneno olje 256 59 187 31 50 155 32 110 89
Vodna lazura 58 103 0 6 59 0 11 34 40
Nanopremaz 13 0 5 9 0 0 0 0 3 5

3.1 STEVILO PRITRJENIH BAKTERI
3.1 NUMBER OF ADHERED BACTERIA

V preglednici 1 je navedeno Stevilo bakterij, ki
smo jih ugotovili na razli¢nih posnetkih SEM oz. na
povrsinah z razlicnimi obdelavami. Bakterije smo
Steli na naklju¢no izbranih povrSinah posameznih
vzorcey, in sicer rocno, tako da smo bakterije na
posnetkih SEM najprej identificirali in nato obkro-
zZili. Za tak nacin smo se odlocili, ker so bili po-
snetki SEM slabe kakovosti in zato ni bilo mogoce
izvesti avtomatiziranega Stetja bakterij z racunal-
nisko aplikacijo. Metodo obkroZevanja smo izvedli
na posnetkih SEM pri 5.000 kratni povecavi. Slike
smo natisnili v visoki locljivosti, saj so na tak nacin
bakterije postale lazje opazne. V primerih, kjer je
kvaliteta posnetkov omogocila avtomatsko prepo-
znavanje bakterij, pa smo bakterije presteli s pro-
gramom ImagelJ.

Ugotovili smo, da so razlike v Stevilu bakterij na
posameznih posnetkih naklju¢no izbranih povrsin
razlicno obdelanih preskusancev zelo velike. Kljub
temu pa so se nakazali trendi med dovzetnostjo raz-
licno obdelanih povrsin za oprijem bakterij. Indika-
cije so naslednje: na 4.6 x 10° mm? smo v povprecju
na slikah povrsin lesa brez obdelave opatzili le nekaj
bakterij (pribl. 7), na povrsinah, premazanih z nitro-
celuloznim lakom nekaj deset bakterij (pribl. 33), na
oljenih povrsinah je bilo bakterij najvec, v povpre-
¢ju okrog 110, pri povrsinah z lazuro je bil rezultat
podoben kot v primeru povrsin z nitroceluloznim
lakom (okrog 34 bakterij) ter pri nanopremazu Sil-
les priblizno enako kot pri neobdelanih povrsinah
(nekaj opaZenih bakterij na posnetek, povp. 3).
Menimo, da se najvecja dovzetnost za oprijem bak-
terij nakazuje pri oljenih povrsinah, precej manj,

Les/Wood, Vol. 68, No. 2, December 2019

a Se vedno relativno veliko, pa je bilo bakterij na
povrsinah, premazanih z lazuro in z nitroceluloznim
lakom. Antibakterijski potencial nanodelcev v pre-
mazih je bil v literaturi Ze omenjen (Nosrati et al.,
2017) in podobno smo opazili v tudi v nasi raziskavi,
saj smo na povrsinah z nanopremazom zaznali zelo
malo oprijetih bakterij.

4 SKLEPI
4 CONCLUSIONS

Adhezija bakterij na povrsine in pozneje na-
stanek biofilma sta glavna vzroka kroni¢nih okuzb z
negativnim vplivom na zdravje ljudi. TakSnim okuz-
bam smo najbolj izpostavljeni v bolniSnicah, javnih
kuhinjah, pisarnah, Solah in ne nazadnje tudi v bi-
valnih prostorih. Da bi mozZnost adhezije bakterij
na povrsine ¢im bolj zmanjsali, je najprej potrebno
dobro poznavanje mehanizmov adhezije in dejav-
nikov, ki vplivajo na oprijem bakterij. Proces adhe-
zije temelji na fizikalnih in kemijskih interakcijah
med mikroorganizmi in kontaktno povrsino. Opri-
jemanje bakterijskih celic je odvisno od lastnosti
povrsin in mikrotopografije, sestave povrsine, hra-
pavosti, hidrofobnosti, bakterijskega povrsinskega
naboja, velikosti in lastnosti celice (gibljivost bak-
terij ...), temperature, vrednosti pH in Se Stevilnih
drugih dejavnikov.

Na podlagi preliminarnih rezultatov raziskav
adhezije bakterij smo ugotovili, da lahko tudi les ali
lesne kompozite uporabljamo kot testne povrsine
za preucevanje adhezije bakterij, pod pogojem, da
uveljavljene metode dela prilagodimo lastnostim
lesa. Prav tako velja, da je adhezijo bakterij vrste
P. aeruginosa mozno proucevati tudi na povrsinah
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obi¢ajnih premaznih sredstev za les. Ceprav doblje-
nih rezultatov nismo mogli statisticno ovrednotiti,
se nakazuje, da so za oprijem bakterij P. aeruginosa
med preskusenimi premazi najbolj dovzetne povrsi-
ne, obdelane z lanenim oljem. Najmanj adheriranih
bakterij pa smo po 10-urni izpostavitvi bakterijam
v teko¢em hranilnem gojiscu opazili na povrsinah,
ki so bile premazane z nanopremazom ali pa sploh
niso bile premazane.

5 POVZETEK
5 SUMMARY

Bacterial adhesion to surfaces and subsequent
biofilm formation are the main causes of chronic
infections with a negative impact on human health,
and this is an important topic that should be con-
sidered in the process of furniture manufacturing,
especially when it is intended for use in rooms for
the elderly or in hospitals. There should be a focus
on the application of products with antibacterial sur-
faces to which the microorganisms do not adhere.

The aim of our preliminary research was to test
selected wood coatings (linseed oil, water-borne
stain, nitrocellulose varnish, nano-coating) with re-
gard to the adhesion of Pseudomonas aeruginosa.
We used beech plywood as the test substrate. First,
we wanted to find out if the existing methods for
determination of bacterial adhesion on various ma-
terials can also be applied to wooden and coated
wood surfaces. The test methodology followed that
used in some other similar investigations, where
the adhesion of bacteria to non-wooden surfaces
was investigated.

The prepared samples were exposed to bacte-
ria in a liquid nutrient medium for three different
durations: they were washed immediately after ex-
posure (0 hours, t0), after 10 hours (t10) and after
18 hours (t18). After exposure, the topography of
the test surfaces and number of adhered bacteria
were observed on scanning electron microscopy
(SEM) micrographs.

The results indicated that the maximum num-
ber of bacteria adhered to the surface coated with
linseed oil. In the future, extensive and in-depth
studies will be needed to confirm and obtain more
conclusive results.
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Izvleéek / Abstract

lzvlecek: Nanocelulozni hidrogeli so med najbolj perspektivnimi materiali z visoko dodano vrednostjo, ki jih je moc
pridobiti iz celuloznih virov. V tem prispevku so predstavljeni postopki izdelave hidrogelov, ki temeljijo na nanocelulozi,
ter njihova potencialna uporaba in varnostni vidik. V prihodnosti bodo namrec¢ nanocelulozni materiali eni vodilnih
produktov, ki bodo izhajali iz gozdno lesnega sektorja zaradi njihove visoke dodane vrednosti in potenciala za zame-
njavo sinteticnih materialov.

Kljucne besede: nanoceluloza, nanofibrilirana celuloza, nanocelulozni hidrogeli, hidrogeli, biomateriali, biopolimeri

Abstract: Nanocellulose hydrogels are amongst the most promising materials with a high added value that can
be obtained from cellulose sources. In this manuscript we present different paths to obtaining nanocellulose based
hydrogels as well as their use and safety. In the future, nanocellulosic materials will be one of the leading products
that stems from the forestry and wood products sectors due to its high added value and potential to replace a number
of synthetic materials.

Keywords: nanocellulose, nanofibrillated cellulose, nanocellulose hydrogels, hydrogels, biomaterials, biopolymers

1 uvoD
1 INTRODUCTION

tudi za nanocelulozo. Klasifikacija in lastnosti ce-
luloznih nanomaterialov so v veliki meri pogojena s

Celuloza je najpogostejsi naravni polimer na
zemlji, z naravnim prirastom 7,5 x 10% ton (Habibi,
2014). Celuloza je osnovni gradnik vsake rastlinske
celice, tudi celice lesa, kjer predstavlja strukturo,
ki zagotavlja natezno trdnost tega biokompozita.
Celulozna makromolekula je linearna homopoli-
merna veriga, sestavljena iz glukoznih enot, ki so
med seboj povezane z beta glikozidnimi vezmi.
NajmanjSa ponavljajo¢a se enota celulozne veri-
ge je celobiozna enota (Fengel & Wegener, 1984).
Stopnja polimerizacije celulozne verige je med
1000 in 15000, pri ¢emer pa velja poudariti, da je
stopnja polimerizacije v veliki meri odvisna od izvo-
ra celuloze in tehnologije pridobivanja (Dufresne,
2013). Celuloza je naraven, obnovljiv, trajnosten in
razgradljiv material, ki z izjemno Sirokim spektrom
uporabnosti ucinkovito konkurira materialom, ki
so zasnovani na fosilnih surovinskih virih. To velja

1 Univerza v Ljubljani, Biotehniska fakulteta, Oddelek za le-

sarstvo, Jamnikarjeva 101, 1000 Ljubljana
e-posta: jaka.levanic@bf.uni-lj.si
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postopkom pridobivanja. Z mehansko fibrilacijo ce-
lulozne surovine lahko pridobimo celulozne nano-
fibrile (gibke nitaste strukture, premer 3 — 100 nm,
dolZzina > 1 um) (Habibi, 2014) medtem ko mocna
kislinska hidroliza razgradi amorfna podrocja v ce-
lulozni strukturi, produkt, ki pri tem nastane, pa so
celulozni nanokristali (togi palicasti delci, premer
3 — 5 nm, dolZzina 100 — 200 nm) (Roman, 2015).
Na lastnosti celuloznih nanomaterialov moc¢no vpli-
vajo tudi razli¢ni postopki predobdelave, ki olajsa-
jo fibrilacijo med mehansko obdelavo celuloznih
vlaken. Med postopke predobdelave sodijo; oksi-
dacija z (2,2,6,6-tetrametilpiperidin-1-il)oksil oz.
TEMPO oksidacija (Saito et al., 2007), karboksime-
tiliranje (Wagberg et al., 2008), delna encimatska
hidroliza (Henriksson et al., 2007) in Stevilne druge
(Dufresne, 2013). Na povrsinsko kemijo celuloznih
nanokristalov lahko vplivamo tudi z izbiro mocne
kisline, s katero prednostno hidroliziramo amorfna
podrocja celuloze, npr. z zveplovo(VI) kislino (sul-
fatni ester), fosforjevo(V) kislino (fosfatni ester) ali
klorovodikovo kislino (brez funkcionalne skupine,
nestabilen koloid) (De France et al., 2017).
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Celulozne nanofibrile in celulozni nanokristali
imajo zelo Siroko podrocje uporabe, saj obe vrsti
nanoceluloze lahko vklju¢ujemo v razlicne po-
limerne matrice kot nano-ojacitev ali pa iz njih
izdelujemo nove materiale, kamor sodijo tudi
nanocelulozni hidrogeli. Hidrogeli so tridimenzio-
nalne, hidrofilne polimerne strukture, ki so spo-
sobne zadrzevati veliko kolicino vode ali drugih
bioloskih kapljevin (Calé & Khutoryanskiy, 2015).
Hidrogele lahko klasificiramo glede na materiale,
ki jih gradijo in po mehanizmu nastanka. Hidro-
geli so lahko narejeni iz bioloskih ali sinteti¢nih
materialov, lahko pa so zasnovani na obeh vrstah
gradnikov, kar oznacujemo z izrazom hibridni
hidrogeli (Buwalda et al., 2017). Mehanizmi na-
stanka hidrogelov so razlicni, temeljijo lahko na
fizikalnem premrezZenju z nekovalentnimi oziroma
fizikalnimi interakcijami, kemi¢nem zamrezenju s
kovalentnimi vezmi ali kombinaciji obeh (Buwalda
et al., 2017). Bio-osnovani hidrogeli so praviloma
tudi biolosko razgradljivi. (Calé & Khutoryanskiy,
2015). Polisaharidni hidrogeli, vklju¢no z (nano)
celuloznimi, so v zadnjem casu delezni velike
pozornosti zaradi Siroke dostopnosti, biorazgra-
dljivosti, biokompatibilnosti in vcéasih tudi svo-
je bioaktivnosti (Jun Liu et al., 2016a). Aktualne
raziskave na podrocju hidrogelov se osredotocajo
na uporabo gradnikov, ki lahko zamrezujejo. Tu
prednjacijo predvsem hidrogeli na osnovi algina-
tov, ki jih pridobivamo iz morskih alg. Alginati so
zaradi svoje netoksi¢nosti, biokompatibilnosti in
sposobnosti zamreZenja z dodatkom dvovalentnih
ionov (Ca%) zelo razsirjeni na podrocju biomedi-
cine (Lee & Mooney, 2012). Uveljavljeni naravni
materiali, ki se uporabljajo za izdelavo hidrogelov,
so Se hialuronska kislina, kolagen, hitosan in fibrin
(Antoine et al., 2014; Highley et al., 2016; Lee &
Mooney, 2001; Xu et al., 2017).

Namen tega Clanka je pripraviti pregled najpo-
gosteje uporabljenih postopkov izdelave tako ime-
novanih bio-osnovanih in hibridnih hidrogelov, kjer
je osnovni gradnik nanoceluloza, ki izvira iz lesne
biomase, v sklepnem delu razprave pa se bomo
posvetili varnostnim vidikom in moznim uporabam
hidrogelov. Nanoceluloza predstavlja trajnostno al-
ternativo razlicnim sinteticnim materialom za proi-
zvodnjo hidrogelov.

2 NARAVNI HIDROGELI
2 NATURAL HYDROGELS

2.1 BAKTERIJSKA CELULOZA
2.1 BACTERIAL CELLULOSE

V kategorijo naravnih hidrogelov lahko uvrsti-
mo bakterijsko celulozo. Le-ta je kemijsko identi¢na
rastlinski celulozi, vendar ima druga¢no morfologi-
jo in je bistveno Cistejsa, saj ne vsebuje primesi v
obliki hemiceluloz ali lignina (Esa et al., 2014). Ne-
katere vrste bakterij iz rodov Gluconobacter (Aceto-
bacter), Rhizobium, Agrobacterium, Rhodobacter,
Sarcina, E. Coli in Salmonella spp. so sposobne
proizvodnje bakterijske celuloze ob prisotnosti
vira ogljika, najpogosteje v obliki ostankov Zivilsko
predelovalne industrije, ki vsebujejo visoke deleze
ogljikovih hidratov in beljakovin (Esa et al., 2014;
Lin et al., 2014). Bakterija, ki je industrijsko zanimi-
va, je Gluconobacter xylinus (ssp. Acetobacter ace-
ti). G. xylinus je gram negativna, striktno aerobna
bakterija, ki so jo prvic¢ odkrili med proizvodnjo kisa,
saj je na povrsini fermentacijske tekocine tvorila ge-
lasto membrano iz celuloznih fibril z visoko vseb-
nostjo vode. Mehanizem nastanka bakterijskih ce-
luloznih hidrogelov je dokaj enostaven, saj temelji
na fizicnem prepletu dolgih fibril in nastanku vodi-
kovih vezi med njimi. Bakterijska celuloza ima vedji
indeks kristalini¢nosti (73,19 %) in vsled tega boljse
mehanske lastnosti kot lesna celuloza (med 40 in
50 %) (Park et al., 2010), pri cemer je kristalini¢nost
slednje odvisna tudi od tehnologije pridobivanja in
lesne vrste (Andersson et al., 2003). Bakterijsko ce-
lulozo lahko po ¢is¢enju ostankov odmrlih bakterij
Ze uporabimo kot oblogo pri opeklinah in drugih
povrsinskih ranah, predvsem zaradi biokompatibil-
nosti in zagotavljanja ugodnih pogojev za celjenje
ran (Sulaeva et al., 2015).

3  FIZIKALNI HIDROGELI I1Z
NANOFIBRILIRANE CELULOZE

3 PHYSICALLY GELLED HYDROGELS FROM
NANOFIBRILLATED CELLULOSE

3.1 Z ALKALIJAMI INDUCIRANO ZELIRANJE
DISPERZIJE CELULOZNIH NANOFIBRIL
3.1 STRONG ALKALI INDUCED GELATION OF A
CELLULOSE NANOFIBRIL DISPERSION
Prve hidrogele na osnovi celuloznih nanofibril,
pridobljenih iz lesne celuloze, so razvili Abe in sod.
z obdelavo disperzije celuloznih nanofibril s 15 ut.%
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raztopino natrijevega hidroksida ter nevtralizacijo
hidroksida z razred¢eno ocetno kislino (Abe & Yano,
2011). Mehanizem nastanka tovrstnih hidrogelov je
kompleksen. V prvi fazi gre za individualno kréenje
celuloznih nanofibril pri koncentracijah NaOH pod
12 ut.%. S kré¢enjem fibril se hkrati povecuje preple-
tenost fibril in posledi¢no tvorba stabilnega hidro-
gela. Pri koncentracijah nad 12 % so longitudinal-
ni skrcki fibril Se bistveno vedji, zato hitreje pride
do priblizevanja (koalscence) fibril, povecajo pa se
tudi volumski skrcki hidrogela. To ima tudi pozitiven
vpliv na mehanske lastnosti hidrogelov. Hkrati se z
vecanjem koncentracije NaOH pri¢ne spreminjati
kristalna struktura celuloze, le-ta za¢ne prehajati iz
celuloze | v celulozo Il. Kriticna meja koncentracije
NaOH je med 12 — 15 ut.%. Ob pretvorbi celuloze |
v celulozo Il pride do nastanka prepletene in nepre-
kinjene fibrilarne strukture, kar dodatno prispeva
k dobrim mehanskim lastnostim hidrogelov iz ce-
luloze Il (Abe & Yano, 2012). Tako nastali hidrogel
je potrebno nevtralizirati s Sibkimi kislinami (npr.
ocetna kislina), kar Se dodatno izboljSa mehanske
lastnosti hidrogelov zaradi ireverzibilne koalescen-
ce celuloznih nanofibril oz. nastanka vodikovih vezi.
Nastanek tovrstnih hidrogelov je torej kombiniran
proces, v katerem imajo klju¢no vlogo priblizeva-
nje, prepletanje in kréenje nanofibril, nastanek vo-
dikovih vezi med njimi ter pretvorba kristalini¢nih
obmodij iz celuloze | v celulozo Il.

3.2 KOORDINACISKO PREMREZENJE Z

VECVALENTNIMI KOVINSKIMI KATIONI
3.2 MULTIVALENT METAL CATION

COORDINATED CROSSLINKING

Povrsinsko negativno nabita nanoceluloza
tvori z eno ali vecvalentnimi kationi stabilne hidro-
gele. Kovinski kationi tvorijo kompleks s prisotnimi
deprotoniranimi karboksilnimi skupinami na povr-
Sini celuloznih nanofibril. Ugotovili so, da lahko z
uporabo razli¢nih kationov vplivajo na mehanske
lastnosti hidrogelov (Dong et al., 2013a). Hidroge-
li, ki so jih kompleksirali s Ca?* kationom, so imeli
modul elasti¢nosti 3,39 kPa, hidrogeli kompleksi-
rani z Fe3* kationom, pa so imeli vi$ji modul ela-
sticnosti, kar 31,6 kPa (Dong et al., 2013a). Oba
hidrogela sta bila pripravljena iz osnovne disper-
zije TEMPO modificiranih celuloznih nanofibril, ki
ima bolj viskozen karakter, elasti¢ni modul pa zgolj
0,0021 kPa (Dong et al., 2013a). Podobne hidro-
gele so uspeli pripraviti tudi z uporabo povrsinsko
nabitih celuloznih nanokristalov (SO,* skupine)
(Chau et al., 2015). Mehanizem nastanka hidro-
gela iz celuloznih nanokristalov je podoben kot v
primeru celuloznih nanofibril, vendar so potrebne
visje koncentracije nanokristalov (> 4 ut.%). Zaradi
negativnega naboja na povrsini celuloznih nano-
kristalov se ob dodatku kovinskih kationov tvorijo
stabilni hidrogeli. Kot v primeru povrsinsko nabitih
celuloznih nanofibril so mehanske lastnosti nasta-

+ NaOH (aq)
+Q

DPrepletanje fibril

Slika 1. Nastanek hidrogela zaradi delovanja mocne raztopine natrijevega hidroksida, ki povzroci pribliZe-
vanje in prepletanje celuloznih nanofibril (Foto: J. Levanic).
Figure 1. Hydrogel formation due to the action of a concentrated sodium hydroxide solution, which indu-
ces coalescence and fibril interdigitation (Foto: J. Levanic).
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Slika 2. Zaradi interakcije vecvalentnega kationa (npr.AP*) s povrsinsko negativno nabito obliko nanofibri-
lirane celuloze nastane stabilen hidrogel (Foto: J. Levanic).

Figure 2. Interaction of a multivalent metal cation (AF* for example) with negatively surface charged na-
nofibrillated cellulose and the subsequent formation of a stable hydrogel (Foto: J. Levanic).

lih hidrogelov odvisne od uporabljenega kationa
(Chau et al., 2015). Trdnost vezi med karboksilnim
anionom in kovinskim kationom je mocno oduvi-
sna od elektronske strukture kovinskega kationa
ter njegove afinitete do karboksilatnega aniona
(Dong et al., 2013a). Kationsko premrezeni na-
nocelulozni hidrogeli so med bolj raziskanimi tipi
hidrogelov za aplikacije na podrocju biomedicine,
predvsem zaradi moznosti uporabe dolocenih ka-
tionov z biocidno aktivnostjo oz. zaradi njihove
inertnosti in primernosti za stik s ¢loveskimi tkivi
(Basu et al., 2018; Rashad et al., 2017; Zander et
al., 2014).

3.3 IZNICENJE POVRSINSKEGA NABOJA
3.3 SURFACE CHARGE NULLIFICATION

Eden najpreprostejsih nacdinov za tvorbo na-
noceluloznih hidrogelov, ki je uporaben pri razli¢-
nih vrstah nanofibrilirane celuloze z negativnim
povrsinskim nabojem, je niZanje pH vrednosti
disperznega medija. Povrsinski naboj (npr. pri kar-
boksilatnem anionu) je pomemben za elektrostat-
sko stabilizacijo koloidnega sistema zaradi odboja
med delci z istoimenskim nabojem. Ob dodatku
H,O"ionov izni¢imo povrSinski naboj in zmanjsamo
stabilnost koloida. V primeru, ko so dispergirani
delci z velikim nazivnim prese¢nim razmerjem, pri-
de v disperziji do kolizije delcev, med katerimi se
zaradi pomanjkanja istoimenskega naboja vzposta-
vi trajen kontakt na podlagi van der Waalsovih sil

in vodikovih vezi. Le-te prevladajo nad intenziteto
elektrostatskih odbojnih sil, posledi¢no pride do
tvorbe nereverzibilnega steklastega stanja in do
tako imenovanega koloidnega stekla oziroma »Vo-
lume spanning arrested state, VAS« (Nordenstrom
etal., 2017).

4 KEMISKO PREMREZENI
NANOCELULOZNI HIDROGELI

4 CHEMICALLY CROSSLINKED
NANOCELLULOSE HYDROGELS

4.1 KOVALENTNA VEZAVA CELULOZNIH
NANOFIBRIL V POLIMERNI MATRICI
4.1 COVALENTLY BOUND CELLULOSE
NANOFIBRILS IN A POLYMER MATRIX
Kovalentno premrezenje nanoceluloze je po-
memben vidik izdelave hidrogelov, Se posebej v
kombinaciji nanoceluloze z razlicnimi sinteti¢ni-
mi polimernimi matricami. Pri snovanju taksnih
hidrogelov se izkori$¢ajo najboljse lastnosti obeh
komponent. Reaktivnost in kontrolirana struktura
sinteti¢nih polimerov na eni strani ter velika afini-
teta do vode in velik ojacitveni potencial nanoce-
luloze na drugi strani (Nair et al., 2014). Tako so
Nair in sod. (2014) pripravili hibridni hidrogel iz
kopolimera metil-vinil-etra in maleinske kisline
ter poli(etilenglikola) (PMVEMA/PEG) z visokimi
uteznimi delezi nanofibrilirane celuloze (NFC).
Hidrogeli, ojacani s 75 % uteznim delezem NFC,
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pridobljene iz listavcev, so imeli natezno trdnost
20,41 MPa. Hidrogeli, ojacani z enakim uteZnim
delezem NFC, ki pa je bila pridobljena iz iglavcey,
so imeli bistveno visjo natezno trdnost in sicer
31,38 MPa.

4.2 ZAMREZENJE CELULOZNIH NANOFIBRIL

Z VECFUNCKIONALNIMI AMINI
4.2 MULTIFUNCTIONAL AMINE CROSSLINKING

OF CELLULOSE NANOFIBRILS

Med prvimi hidrogeli iz TEMPO modificirane
nanoceluloze so bili poleg kationsko stabilizar-
nih tudi hidrogeli, pripravljeni s tvorbo Schiffovih
baz. Te so tvorili z reakcijo med rezidualnimi al-
dehidnimi skupinami po TEMPO oksidaciji in vec-
funkcionalnimi amini, npr. z etilendiaminom in
heksametilendiaminom (Syverud et al., 2014). Z
izkoris¢anjem nastanka Schiffovih baz na dialdehid
celulozi (DAC) je moZno pripraviti specificne hidro-
gele z odzivom na dolocen dejavnik (temperaturo,
pH, redoks pogoje ali obsevanje z UV svetlobo).
Poleg tega je mozno pripraviti tudi reverzibilne
hidrogele, kjer izkoriscajo tvorbo in razpad Schi-
ffove baze med DAC in heksametilendiaminom
s spreminjanjem vrednosti pH. Nastanek hidro-
gela se sproZi s prepihovanjem disperzije DAC in
heksametilendiamina z amonijakom, konverzijo
hidrogela nazaj v tekoco disperzijo pa se sproZi s
prepihovanjem hidrogela s plinasto klorovodikovo
kislino (Liu et al., 2017).

4.3 Z EPOKSIDI PREMREZENI

NANOCELULOZNI HIDROGELI
4.3 EPOXIDE CROSSLINKED

NANOCELLULOSE HYDROGELS

Epoksidna funkcionalna skupina je izredno
reaktivna in z lahkoto tvori kovalentne vezi z mno-
gimi drugimi funkcionalnimi skupinami, tudi z al-
koholi ob prisotnosti baze. S tega vidika je mozno
uporabljati bifunkcionalne epokside za premre-
zenje celuloznih struktur. Eden od primerov je
heterogena reakcija med 1,4-butandiol diglicidil
etrom (BDDE) in nanofibrilirano celulozo. Pri tem
pride do premreZenja med tema dvema kompo-
nentama. Dodatek nanofibrilirane celuloze je iz-
boljsal mehanske lastnosti 3D strukture (Xu et al.,
2018). Reakcije z epoksidom je mozno voditi tako
v heterogeni kot homogeni fazi (oz. v celuloznih
raztopinah). Tako so uspeli pripraviti stabilne ce-

lulozne hidrogele z raztapljanjem celuloze v vodni
raztopini NaOH/urea z dodatkom BDDE. Kon¢ni
cilj raziskave je bil sicer aerogel s kontrolirano po-
roznostjo, kjer pa je bila vmesna faza stabilen hi-
drogel, kateremu so sublimacijsko odstranili vodo
(Liu et al., 2016c¢).

5 HIDROGELI S FIZIENO UJETIMI

CELULOZNIMI NANOFIBRILAMI

V POLIMERNI MATRICI
5 HYDROGELS WITH PHYSICALLY

ENTRAPPED CELLULOSE NANOFIBRILS

IN A POLYMER MATRIX

Veliko bolj pogosti kot kovalentno premrezZeni
NFC hidrogeli so hidrogeli, kjer je NFC fizicno ujeta v
premrezeno hidrofilno polimerno matrico. Za pro-
izvodnjo tovrstnih hidrogelov je v osnovi omejitev
le kompatibilnost polimerne matrice z nanofibrili-
rano celulozo. Raziskovalcem je uspelo pripraviti
hidrogele s premreZenjem kolagena z glutaralde-
hidom in dodatkom celuloznih nanofibril. Nanofi-
brilirana celuloza v tem primeru deluje kot dobra
ojacitev, saj je bila pri 75 % uteznem delezu do-
dane nanofibrilirane celuloze doseZena najvecja
natezna trdnost v mokrem stanju 77 MPa, raztezek
pa 0,8 % (Mathew et al., 2011). Ista skupina je v
drugi raziskavi nadomestila glutaraldehid z genipi-
nom zaradi bistveno manjse toksi¢nosti, rezultat
so bili hidrogeli s slabSimi mehanskimi lastnost-
mi. Pri 75 % uteznem delezu dodane NFC je bila
natezna trdnost 42 MPa in raztezek 19 %, vendar
brez zadrzkov glede njihove toksi¢nosti (Mathew
et al., 2013). Med sinteti¢nimi hidrogeli prednjaci-
jo hidrogeli iz poli(akrilamida), poli(akrilne kisline)
in poli(metilenbisakrilamida), ki so zaradi svoje hi-
drofilne narave primerni za pripravo kompozitnih
hidrogelov z nanofibrilirano celulozo. Tovrstni hi-
drogeli imajo lahko potencialno zelo visoke nate-
zne trdnosti. Kompozitni hidrogel poli(akrilamida)
in poli(akrilne kisline) sami po sebi ne dosegajo
visoke natezne trdnosti (0,25 — 0,30 MPa), z dodat-
kom 10 % uteZnega deleZa celuloznih nanofibril pa
se natezna trdnost poveca na 2,7 MPa, prav tako se
poveca raztezek pri pretrgu (32 % - 50 %) (Mah-
foudhi & Boufi, 2016). Pomembna lastnost hidro-
gelov je tudi kapaciteta za zadrzevanje vode, ki naj
bi bila ¢im vecja. Hidrogele z lastnostmi superab-
sorberjev je moc pripraviti z dodatkom celuloznih
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nanofibril v kopolimerno matrico iz hitosana in po-
li(akrilne kisline). Z dodatkom 10 % uteZnega dele-
Za celuloznih nanofibril se je povecala kapaciteta
zadrZevanja vode iz 381 na 486 gramov vode na
gram suhe snovi superabsorberja (Spagnol et al.,
2012). Atraktivnost tovrstnih hidrogelov je sicer
velika, vendar so problematicni z vidika toksi¢nosti
komponent v primeru, da so prisotni prosti mono-
meri. MozZno je pripraviti tudi hidrogele z upora-
bo razvejanih in z amini zakljucenih poli(etilengli-
kolov) (PEG-NH,) in TEMPO modificirane celuloze
(Yang et al., 2015). Do nastanka stabilnega hidro-
gela pride zaradi interakcije povrsinskih nabojev,
pozitivnega na aminski skupini poli(etilenglikola)
ter negativnega karboksilatnega aniona TEMPO
celuloze. Mehanske lastnosti hidrogela so odvisne
predvsem od deleza TEMPO oksidiranih celuloznih
nanofibril (TCNF). Hidrogel, ki so ga razvili iz 0,8
ut.% TCNF in 2 ut.% razvejanega PEG-NH,, je imel
vrednost elasticnega modula 300 Pa, s povecanjem
deleza TCNF na 2 ut.% se je tudi elasti¢éni modul
dvignil na 900 Pa (Yang et al., 2015).

6 POTENCIALNA UPORABA

NANOCELULOZNIH HIDROGELOV
6 POTENTIAL USES OF

NANOCELLULOSE HYDROGELS

Uporaba hidrogelov je zelo raznolika, od bolj
preprostih aplikacij kot zadrZevala vode v kmetij-
stvu do visoko zahtevnih opti¢nih pripomockov kot
so kontaktne lece (Calé & Khutoryanskiy, 2015).
Najbolj perspektivna uporaba nanoceluloznih hi-
drogelov pa so medicinske aplikacije. Medicinska
uporaba sinteticnih hidrogelov, kot so npr. poli(ak-
rilamid), poli(akrilna kislina) in drugi, ima Ze dolgo
tradicijo. Med naravnimi hidrogeli so se uveljavili
hidrogeli na osnovi Zelatine, alginske kisline in na
primer, hialuronske kisline. Razvoj nanoceluloznih
hidrogelov je trenutno Se v povojih, saj je potreb-
no dodobra raziskati njihove dolgorocne ucinke na
zdravje ljudi. Med zelo verjetne potencialne upora-
be nanoceluloznih hidrogelov stejemo strukture za
dostavo zdravilnih ucinkovin s kontroliranim spro-
$¢anjem (Paukkonen et al., 2017), strukture za pro-
liferacijo humanih celic z namenom nadomescanja

Liofilizacija ali

Hidrogeli s sposobnostjo
absorbiranja izcedkov
iz poskodovanih tkiv

Superkriti¢no suSenje

Aerogeli z visoko poroznostjo
m veliko specifiéno povrdmo za
filtracijo zraka in selektivno
absorpcijo okolijskih onesnazil

Nanocelulozni hidrogel

Fleksibilne obloge za rane katerim
lahko vklju¢imo poljubne (hidrofilne)
ucinkovine za prepre¢evanje primarnih
okuzb poskodovanega tkiva

Slika 3. Potencialne uporabe hidrogelov za izdelke z visoko dodano vrednostjo (obloge za rane, filtracijski

sistemi...) (Foto: J. Levanic).

Figure 3. Potential uses of hydrogels for high added value products (wound treatment, filtration systems...)
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poskodovanih tkiv (Liu et al., 2016b; Rashad et al.,
2017; Syverud et al., 2014; Xu et al., 2018; Zander
et al.,, 2014) ter zdravljenje povrsinskih poskodb
(Dong et al., 2013b; Liu et al., 2016b).

7 VARNOST NANOCELULOZNIH

HIDROGELOV
7 SAFETY OF NANOCELLULOSE

HYDROGELS

V biomedicini veljajo izjemno strogi pogoji za
uporabo materialov, predvsem z vidika kratkoroc¢ne
in dolgorocne varnosti ter potencialnih interakcij
s tkivom ciljnega organizma. Toksi¢nost celuloznih
nanodelcev je odvisna od mnogih, Se ne popolno-
ma razjasnjenih dejavnikov in njihovih interakcij s
celicami znotraj telesa. V primeru razlicnih veliko-
stnih frakcij celuloznih nanofibril je bilo ugotovlje-
no, da velikost celuloznih nanofibril sama po sebi
nima vpliva na rast in preZivetje humanih epitelnih
celic adenokarcinoma (Hela 229 ATCC). PrezZivetje
je odvisno od koncentracije celuloznih nanofibril v
disperziji. Slabse preZivetje celic se je pojavilo pri
disperzijah frakcije 20-40 nm s koncentracijo 0,24
mg/ml. Delez Zivih celic po 24 h je padel na 64 %,
oziroma 16 % pod mejo, ki pomeni, da material ni
toksi¢en za testirane organizme. Pri disperzijah s
koncentracijami pod 0,24 mg/ml je bil deleZ Zivih
celic po 24 h nad 80 % (Pitkdnen et al., 2014). V
eksperimentu s celicami hepato-holangiokarcino-
ma (HepG2 ATCC HB-8065) je bilo ugotovljeno, da
hidrogeli iz celuloznih nanofibril z uteznim delezem
suhe snovi 1,7 % niso bili citotoksi¢ni za preiskova-
ne celice. Mitohondrialna aktivnost celic je ostala
identi¢na aktivnosti kontrolnih celic. Razvoj celic
znotraj hidrogela je bil ugoden, kar nakazuje na
dobro biokompatibilnost nanofibrilirane celuloze s
Cloveskimi tkivi (Bhattacharya et al., 2012). S spre-
minjanjem povrsinske kemije celuloznih nanofibril,
na primer s TEMPO oksidacijo ali karboksimetili-
ranjem, vplivamo tudi na biokompatibilnost in to-
ksicnost materiala. Misje fibroblaste (L929 ATCC) so
vzgojili na podlagi iz karboksimetilirane in TEMPO
oksidirane celuloze, oboje z negativnim povrsin-
skim nabojem. Izkazalo se je, da karboksimetilirana
nanoceluloza ne predstavlja ugodnega medija za
celicno proliferacijo, rast celic je bila upocasnjena,
odrasle celice so bile deformirane. Na drugi strani
predstavlja TEMPO oksidirana celuloza ugoden me-

dij za proliferacijo fibroblastov, saj so odrasle celice
imele karakterisicno morfologijo, kar nakazuje na
dobro kompatibilnost okolja s celicami (Rashad et
al., 2017). Nekatere sStudije navajajo omejeno geno-
toksi¢nost nemodificirane nanofibrilirane celuloze.
Genotoksicnost je bila opaZzena tako na 3T3 misjih
fibroblastih kot tudi na humanih limfocitih, vendar
le s celuloznimi nanofibrilami premera med 200
in 100 nm, pri cemer se genotoksicnost zmanjsa,
Ce prihaja do agregacije nanofibril (de Lima et al.,
2012). Koncentracije z najbolj negativnim vplivom
na celice so bile 0,01 in 0,1 ut.%. TEMPO oksidirana
celuloza je izkazovala genotoksi¢ne karakteristike
na BEAS 2B misjih fibroblastih v koncentracijah 950
ug/ml, med drugim tudi z znaki oksidativhega stre-
sa na fibroblastih, vendar so bili znaki oksidativne-
ga stresa sporadicni in nezanesljivi (Hannukainen et
al., 2012).

Varnostne karakteristike celuloznih nanofibril
so odvisne tudi od stanja, v katerem se nahajajo.
Kadar so celulozne nanofibrile med proizvodnjo,
transportom in vecjim delom uporabe inkorpori-
rane v nek teko¢ medij (ve¢inoma vodo) oziroma
v materiale, iz katerih se ne sproscajo individualne
fibrile (npr. hidrogeli, kompoziti, filmi, filamenti), je
njihov vstop v telo mo¢no omejen oziroma onemo-
gocen. Aerosolizirane oblike celuloze lahko predsta-
vljajo tveganje za vstop v organizem preko dihalnih
poti. Problemati¢ne so lahko tudi razlicne povrsin-
ske modifikacije, s katerimi na povrsino celuloznih
nanofibril uvajamo nove funkcionalne skupine.

8 POVZETEK
8 SUMMARY

Nanofibrillated cellulose as a material has at-
tracted significant interest over the past few years,
especially in the biomedical field where it can be
used for the manufacture of highly hydrophilic ma-
terials that are capable of holding large amounts
of water. These materials are also known as hydro-
gels. There is a number of ways these materials can
be prepared from pure nanocellulose dispersions.
They can be either prepared in a biological way
with the use of microorganisms (bacterial cellulose)
or more frequently by first preparing a nanocellu-
lose dispersion and inducing gelation by physical
or chemical means. The procedure depends on the
surface chemistry of the cellulose nanofibrils. For
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neat fibrils, with no surface modification, gelation is
usually induced by strong alkali treatment. On the
other hand, surface charged nanocelluloses do not
respond well to strong alkali treatment but are reg-
ularly gelled with the use of multivalent metal cat-
ions or dilute mineral acids. Additionally, covalent
crosslinking of cellulose nanofibrils is possible with
the use of multifunctional amines or highly reactive
functional groups such as epoxides. Furthermore,
both kinds of cellulose, neat and surface modified,
are incorporated into hydrophilic polymer matrices
as a reinforcement material. The potential of nano-
cellulose hydrogels is great as they offer versatility
and are, for the most part, benign in contact with
human tissues. This makes them prime candidates
for use in the biomedical field.
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Abstract / Izvlecek

Abstract: Qualitative and quantitative analysis of wood plant extractives depend on the efficiency of the extraction
method used. The aim of this study was the application of the accelerated solvent extraction system ASE 350 to obtain
hydrophilic extracts form silver fir wood (Abies alba Mill.) and optimization of the extraction protocol. Silver fir trees
originated from KocCevska Reka. Dissected and milled samples of sapwood, heartwood and knots were extracted with
the ASE 350 with water, ethanol (95 % aq), acetone (95 % aq) and ethyl acetate. The number of extraction cycles was
determined. Analysis of extracts was done by UV/Vis spectrophotometry and HPLC. The most effective solvent for the
extraction of phenolic components from heartwood was ethanol (95 % aq), in the case of sapwood water and acetone
(95 % aq) in the case of knotwood. Only two 5-minute extraction cycles were required for sufficient extraction yield
when using ASE 350 at 100 °C and 103.42 bar.

Keywords: accelerated solvent extraction (ASE), silver fir (Abies alba), hydrophilic extractives, UV/Vis, chromatography

Izvlecek: Kvalitativna in kvantitativna analiza ekstraktivov iz lesa je v veliki meri odvisna od ucinkovitosti uporabljene
ekstrakcijske metode. Cilj te studije je bil uporabiti sistem za pospeseno ekstrakcijo ASE 350 za pridobivanje hidrofilnih
ekstraktivov iz lesa bele jelke (Abies alba Mill.) ter optimizirati protokol ekstrakcije. Drevesa bele jelke so bila posekana
v gozdovih Kocevske Reke. Izolirane in zmlete vzorce beljave, jedrovine in gré¢ smo ekstrahirali z ASE 350 z vodo,
etanolom (95 % aq), acetonom (95 % aq) in etil acetatom. Dolocili smo Stevilo ekstrakcijskih ciklov. Semi-kvantitativno
analizo ekstraktov smo izvedli z UV/Vis spektrofotometrijo, kvalitativno analizo pa s HPLC. Najucinkovitejse topilo
za ekstrakcijo fenolnih komponent iz jedrovine je bil etanol (95 % aq), v primeru beljave je bila to voda, pri gréah
pa aceton (95 % aq). Za ucinkovito ekstrakcijo z uporabo ASE 350 pri 100 °C in 103,42 bar sta bila potrebna le dva
5-minutna ekstrakcijska cikla.

Kljuéne besede: pospesena ekstrakcija s topili (ASE), bela jelka (Abies alba), hidrofilni ekstraktivi, UV/Vis, kromatografija

1 INTRODUCTION
1 UvOoD

Wood is defined as the secondary xylem of
woody plants, andin engineering terms asa polymer

spaces (Oven et al.,, 2011). Some extractives are
important from a physiological point of view as
they play an important role in plant metabolism,
like nonstructural carbohydrates, sterols and fatty

composite composed of structural components (95
% to 98 %) (Holmbom, 2011; Vek et al.,, 2019a).
These include cellulose, lignin and hemicelluloses
(Sjostrom, 1993; Fengel and Wegener, 1989). In
addition, wood tissues also contain smalleramounts
of non-structural compounds called extractives
(Sjostrom, 1993; Fengel and Wegener, 1989). These
are various low- or medium-molecular-weight
substances found in cell lumina and intercellular

1 University of Ljubljana, Biotechnical Faculty, Department of
Wood Science and Technology, Ljubljana, Slovenia
* e-mail: eli.kerzic@bf.uni-lj.si

acids (Taiz & Zeiger, 2002). The extractives that are
considered as secondary metabolites contribute to
the protection of plants against herbivorous animals
and microorganisms (fungi), attract pollinators, and
enable plant-to-plant competition and symbiosis
between organisms (Taiz & Zeiger, 2002).
Extractives can be extracted from wood with
water or organic solvents (Oven et al., 2011). Given
the solventin which theyare soluble, extractives can
be divided into lipophilic and hydrophilic (Vek et al.,
2016). Hydrophilic extracts are compounds soluble
in polar solvents. They include sugars, phenolic
acids, flavonoids, stilbene, quinones, lignans and

Les/Wood, Vol. 68, No. 2, December 2019 69



Kerzic, E., Vek, V., Poljansek, I., & Oven, P.: Optimizacija pospesene ekstrakcije s topili (ASE) na primeru lesa

bele jelke (Abies alba Mill.)

tannins (Willfor et al., 2003a; Willfér et al., 2004).
However, lipophilic extracts are compounds soluble
in non-polar organic solvents. The following groups
of lipophilic extracts are present in trees: fatty acids,
triacylglycerols, waxes, sterols and terpenoids (Vek
et al., 2019a).

Various procedures are used for extraction
from wood. The most frequently used methods
are conventional Soxhlet extraction (Vek et. al.,
2018), ultrasound-assisted extraction (Santos
et al, 2019), microwave-assisted extraction
(Quiles-Carrillo et al., 2019), accelerated solvent
extraction and supercritical fluid extraction (Feng
et al., 2016). Accelerated solvent extraction (ASE),
a technique patented by Dionex Corporation, has
received increased attention due to its suitability
for extracting various plant material. In this
technique, the liquid phase is used at high pressure
and temperature but below a critical point. High

pressure is required to keep the solvent in a liquid
state, and the pressure rarely affects the extraction
process. This approach is considered an effective
way to increase automation, but it can also shorten
the process time and reduce the amount of solvent
required for extraction (Priego-Capote & Delgado
de la Torre, 2013). ASE has a comparable extraction
yield to that at the Soxhlet extraction, with less
time and solvents being consumed (Vek et al.,
2018). Another advantage of the ASE system is its
connectivity to other steps of analytical processes,
such as filtration, preconcentration, derivatization,
chromatographic separation or detection. ASE
can also be used to extract compounds that have
low solubility in the selected solvent (e.g., water).
Prior to extraction with ASE, solid samples such
as wood must be ground and sieved to obtain a
homogeneous fraction. The sample thus prepared
is loaded into an extraction cell which is inserted
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Figure 1. The device for accelerated solvent extraction, an ASE 350 (Thermo Scientific Dionex), in the laboratory
of the Chair of the Chemistry of Wood and other Lignocellulosic Materials at the Department of Wood Science
and Technology, Biotechnical Faculty, and a schematic diagram of the system (Thermo Scientific, 2013)

Slika 1. Naprava za pospeseno ekstrakcijo ASE 350 (Thermo Scientific Dionex) v laboratoriju Katedre za
kemijo lesa in drugih lignoceluloznih materialov Oddelka za lesarstvo na Biotehniski fakulteti in shematski
prikaz sistema (Thermo Scientific, 2013)
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into the ASE system. The extraction cell is restored
to the selected temperature and then filled with
the solvent, thereby increasing the pressure in
the extraction cell. When the temperature and
pressure are balanced then a static extraction
cycle takes place and lasts for pre-set time. After
static extraction is completed, the valve opens and
the extract is poured into a collecting bottle. The
extraction cell is washed with solvent or blown with
inert gas (e.g. nitrogen) before and after extraction
(Priego-Capote & Delgado de la Torre, 2013).

The aim of the study was optimization of
extraction using an ASE 350 (Thermo Scientific
Dionex) (Figure 1), which included selection of the
best extraction solvent and examination of the
number of extraction cycles needed to maximize
extraction yield of different wood tissues of silver
fir (Abies alba Mill.).

2 MATERIALS AND METHODS
2 MATERIALIIN METODE

2.1 CHEMICALS AND STANDARDS
2.1 KEMIKALIJE IN STANDARDI

All the solvents and reagents were of analytical
grade. The extraction solvents (water, acetone,
ethanol, and ethyl acetate) and solvents for
chromatographic analysis were purchased from
Sigma Aldrich (Steinheim, Germany). The Folin-
Ciocalteu phenol reagent (2 N), sodium carbonate
(anhydrous) and gallic acid monohydrate (HPLC
assay, = 99 %) were provided by Merck (Sigma
Aldrich Chemie).

2.2 PLANT MATERIAL AND PREPARATION

OF SAMPLES
2.2 RASTLINSKI MATERIAL IN PRIPRAVA

VZORCEV

Three silver fir trees (Abies alba Mill.)
originating from the forest of Kocevska Reka were
included in the study. Tree felling was carried out in
mid-December 2018. The sample discs were taken
from the upper trunks.

The discs were planed, thereafter we
marked the boundary between the sapwood and
heartwood, counted the growth rings, measured
their diameters, and marked the sampling points.
Wood tissues from the trunk, knots and branches
were sampled. Individual samples were dried at

40 °C for 24 hours and then disintegrated on a
Retsch SM 2000 cutting mill using a sieve with 1
mm openings. The ground samples were stored
in a dark and cool place until the beginning of the
chemical analyzes. Before extraction, all samples
were freeze-dried to an absolutely dry state for 24
h at - 85° C and 0.045 mbar.

2.3 EXTRACTION
2.3 EKSTRAKCIJA

Homogenized heartwood (HW), sapwood
(SW), and knotwood (KW) samples from all sample
discs were extracted at elevated temperature and
pressure (100 °C and 103.42 bar) on an accelerated
solvent extraction system, an ASE 350. We used
different solvents: water, EtOH / H,0 (95/5, v/v),
EtOAc, and Me,CO / H,0 (95/5, v/v). After selecting
the appropriate solvent, the samples were extracted
with five extraction cycles (5 min per cycle). We
captured the extracts from each cycle separately.
The extracts were evaluated colorimetrically by
using UV/Vis spectrophotometry.

2.4 SPECTROPHOTOMETRIC ANALYSIS
2.4 SPEKTROFOTOMETRICNA ANALIZA

Total phenols were measured according to the
protocol already described in Vek et al. (2013, 2014),
Scalbert et al. (1989) and Singleton and Rossi (1965).
Diluted Folin-Ciocalteu phenol reagent (ag) and an
aqueous solution of sodium carbonate (75 g/I) were
added to each wood extract. After incubation of the
reaction mixtures, the absorbance was measured at
765 nm with a UV/Vis spectrophotometer Lambada
(Perkin-Elmer). The results were determined by
the standard curve of gallic acid and expressed in
milligrams of gallic acid equivalents per gram of
dried wood sample (mg GAE/g).

2.5 HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY (HPLC)
2.5 TEKOCINSKA KROMATOGRAFIJA VISOKE
LOCLJIVOSTI (HPLC)
Chromatographic analysis was performed on
a Thermo Scientific system for high performance
liquid chromatography (Accela HPLC) equipped
with a photodiode array detector (PDA). Separation
of samples was done on a Thermo Accucore ODS
column (4.6 id x 150 mm, 2.6 um). Water (A) and
methanol (B), both containing 0.1 % of formic
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acid, served as a mobile phase. The flow rate of
the mobile phase was set at 1000 pl/min. The
gradient used was 5-95 % of the solvent (B). Both
the autosampler containing sample trays and the
column oven were thermostated at 5 °C and 30
°C, respectively. Absorbance was measured at
275 nm and UV spectra were recorded from 200
nm to 400 nm. Peak identities were investigated
by comparison of retention times and UV spectra
of separated compounds with those of analytical
standards. The chromatographic method was
linear in the selected concentration range (R2 2
0.99). The samples were measured in triplicate.
The identification of phenolic compounds was
done with the aid of external standards.

3 RESULTS AND DISCUSSION
3 REZULTATI IN DISKUSLJA

Chemical analysis included determination of
total phenol content and identification of individual
phenolic compounds (lignans, flavonoids and
phenolic acids).

The aim of this study was to maximize the yields
of the target compounds. Figure 2 shows the contents
of total phenols in the aqueous (H,0), ethanol (EtOH/
H,0), ethyl acetate (EtOAc) and acetone (Me,CO/
H,0) extracts of heartwood (HW), sapwood (SW),
and knotwood (KW) of silver fir (A. alba).

The extraction yields were different with the
various solvents used for the different categories of
wood. The most effective solvent for the extraction of
phenolic components from heartwood was ethanol/
water (95/5, v/v), while in the case of sapwood it was
water and in that of knotwood it was acetone/water
(95/5, v/v) (Figure 2). Ethyl acetate gave the lowest
extraction yield in the case of all tissues. Acetone/
water (95/5) was chosen as the most promising
solvent for further sequential extractions, because
the extraction yield of knotwood is the focus of the
industrial partner who supported this investigation.

Further experimental work focused on
examination of the number of extraction cycles
needed to maximize the extraction yield. Figure 3
shows the contents of total phenols in the extracts
obtained at five successive extraction cycles.
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Figure 2. Content of total phenols in the aqueous (H,0), ethanol (EtOH/H,0), ethyl acetate (EtOAc), and
acetone (Me,CO/H,0) extracts of heartwood (HW), sapwood (SW), and knotwood (KW) of silver fir (A.

alba) (the frame indicates the most suitable solvent)

Slika 2. Vsebnost celokupnih fenolov v vodnih (H,0), etanolnih (EtOH/H,0), etil acetatnih (EtOAc) in
acetonskih (Me,CO/H,0) ekstraktih jedrovine (HW), beljave (SW) in lesa gr¢ (KW) bele jelke (A. alba) (z

okvirjem je oznaceno najbolj primerno topilo)
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Figure 3. Content of total phenols in the acetone extracts of heartwood (HW), sapwood (SW) and
knotwood (KW) of silver fir (A.alba) obtained in different successive extraction cycles (the frame indicates

the appropriate number of cycles).

Slika 3. Vsebnost celokupnih fenolov v acetonskih ekstraktih jedrovine (HW), beljave (SW) in lesa grc¢ (KW)
bele jelke (A. alba), pridobljenih v razlicnih zaporednih ekstrakcijskih ciklih (z okvirjem je oznaceno primerno

stevilo ciklov).

Figure 3 reveals that the extraction yield
decreased with each consecutive cycle. Most
extracts were obtained from wood with the first
extraction cycle (Vek et al., 2019b). The amount
of total phenols in the extracts of knotwood was
407.5 mg/L after the first extraction cycle, 34.1
mg/L after the second, and less than 10 mg/L were
obtained from the following cycles. In the extracts
of heartwood and sapwood, the content of total
phenols was already 10 mg/L or lower in the
second extraction cycle. The results of this analysis
show that only two extraction cycles are required
for sufficient extraction yield, which corresponds
to the protocol described by Willfor et al. (2003b).

The chromatograms in Figure 4 show the
compounds contained in the acetone extracts of
living knots of silver fir (A. alba) after the first,
second, third and fourth static extraction cycles in
the ASE system.

The highest peaks represent the lignans,
which are the dominant group of compounds in

the extracts of silver fir. They are also present
in the extract of the second extraction cycle.
In addition to lignans, live knots also contain
phenolic acids and flavonoids, which are
represented by lower peaks in the chromatogram,
and are no longer extracted with the second cycle,
with the exception of taxifolin. As the most polar
compound, the flavonoid epicatechin (t = 8.0
min) was the first to elute, followed by phenolic
acids homovanilic acid (t_ = 8.1 min) and coumaric
acid (t_=9.5 min), flavonoid taxifolin (t = 9.7 min),
ferulic acid (t, = 10.0), lignans isolariciresinol (Iso-
Lari, t = 10.2 min), lariciresinol (t = 11.5 min),
secoisolariciresinol (t = 11.7 min), pinoresinol
(t. = 12.6 min), and matairesinol (t = 12.9 min),
and finally the less polar flavonoid quercetin
was eluted from the column (t = 13.6 min). Our
results on composition of phenolic extractives of
silver fir wood are in accordance with the data
from the literature (Willfor et al., 2004; Benkovic
et al., 2017).

Les/Wood, Vol. 68, No. 2, December 2019 73



Kerzic, E., Vek, V., Poljansek, I., & Oven, P.: Optimizacija pospesene ekstrakcije s topili (ASE) na primeru lesa
bele jelke (Abies alba Mill.)

1000
Accela PDA-280nm 78

900 { T K1-ase-95me2co a
1st extraction cycle,
living knot (A. alba)
1. ekstrakcijski cikel,

3
K

@
2
e

Response of PDA detector at 280 nm (mAU)
Odziv PDA detektorja pri 280 nm (mAU)

s { Ziva gréa (A. alba) 6
400
300
200 10
4 v
100 1 2 3 y 9| 11
Ny \’ R

0 A A

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1000

Accela PDA-280nm

900 § T LK2-ase-95me2co b

¥ 1 2nd extraction cycle, living knot (A. alba)

™ 1 2. ekstrakcijski cikel, Ziva grca (A. alba)
600

500

400

200

Response of PDA detector at 280 nm (mAU)
Odziv PDA detektorja pri 280 nm (mAU)

45 78910
0 VT N4 —
0 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1000
Accela PDA-280nm
900 1 7 LK3-ase-95me2co c

800

3rd extraction cycle, living knot (A. alba)
3. ekstrakcijski cikel, Ziva grca (A. alba)

70

H

600

500

400

300

200

100

Response of PDA detector at 280 nm (mAU)
Odziv PDA detektorja pri 280 nm (mAU)

1000
Accela PDA-280nm

900 { T LK4-ase-95me2co d

800

4th extraction cycle, living knot (A. alba)
4. ekstrakcijski cikel, Ziva grca (A. alba)

k(

3
8

600
500
400
300
200
100
0

1

0 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Response of PDA detector at 280 nm (mAU)
Odziv PDA detektorja pri 280 nm (mAU)

Retention time (min)
Retencijski ¢as (min)

Figure 4. HPLC-PDA chromatograms of silver fir extracts (A. alba) taken at 280 nm. Acetone extracts of
living knots after a) the first, b) second, c) third and d) fourth static extraction cycles in the ASE system (the
numbers of marked compounds given in Table 1).

Slika 4. Kromatogrami HPLC-PDA ekstraktov bele jelke (A. alba), posneti pri 280 nm. Acetonski ekstrakt lesa
Zive grée po a) prvem, b) drugem c) tretjem in d) Cetrtem staticnem ekstrakcijskem ciklu v sistemu ASE (s
stevilkami oznacene spojine so podane v preglednici 1).
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Table 1. Identification of the marked peaks on the chromatogram
Preglednica 1. Identifikacija oznacenih vrhov na kromatogramu

R, of HPLC analysis /

Peak number / Identified phenolic compound / Compound type / .
St. vrha Identificirana fenolna spojina Tip spojine R, HP[I.;-iz?allze
1. Epicatechin / Epikatehin Flavonoid / Flavonoid 7.96
2. Homovanillic acid / Homovanilinska kislina Phenolic acid / Fenolna kislina 8.14
3. Coumaric acid / Kumarilna kislina Phenolic acid / Fenolna kislina 9.46
4. Taxifolin / Taksifolin Flavonoid / Flavonoid 9.69
5. Ferulic acid / Ferulna kislina Phenolic acid / Fenolna kislina 9.99
6. Isolariciresinol / Izolaricirezinol Lignan / Lignan 10.20
7. Lariciresinol / Laricirezinol Lignan / Lignan 11.50
8. Secoisolariciresinol / Sekoizolaricirezinol Lignan / Lignan 11.74
9. Pinoresinol / Pinorezinol Lignan / Lignan 12.60
10. Matairesinol / Matairezinol Lignan / Lignan 12.91
11. Quercetin / Kvercetin Flavonoid / Flavonoid 13.60

4 CONCLUSION
4 ZAKLJUCEK

The results of the analysis show that only two
extraction cycles, each 5 min long, are required
for sufficient extraction yield when using an
accelerated solvent extraction system ASE 350
at T = 100 °C and P = 103.42 bar, to remove the
majority of phenolic components present in a
different wood tissues of silver fir tree (A. alba).
Accelerated solvent extraction is considered an
effective extraction method, one which essentially
reduces the extraction time and consumption of
solvents, while maximizing the extraction efficiency
in comparison to traditional extraction methods.
The extraction protocol established in this study
will be further employed in extensive investigation
of the hydrophilic extractives content in the wood
and bark of silver fir from different growth sites, to
meet the needs of our industrial partner.

5 SUMMARY
5 POVZETEK

Ucinkovitost uporabljene ekstrakcijske metode
v veliki meri vpliva na kvalitativno in kvantitativno
analizo lesnih ekstraktivov. Pri ekstrakciji iz lesa
se posluZzujemo razlicnih ekstrakcijskih postopkov.
Med najpogosteje uporabljene tehnike Stejemo
ekstrakcijo v Soxhletovem aparatu, ultrazvocno
ekstrakcijo, ekstrakcijo z mikrovalovi, pospeseno

Les/Wood, Vol. 68, No. 2, December 2019

ekstrakcijo in superkriticno ekstrakcijo. V pricujoci
Studiji smo uporabili eno od sodobnejsih tehnik,
s komercialnim poimenovanjem ASE (akronim
za accelerated solvent extraction). Pospesena
ekstrakcija ASE je (Singleton & Rossi 1965) metoda,
pri kateri se uporablja tekoca faza pri visokem tlaku
in temperaturi, vendar pod kriti¢no toc¢ko. Visok tlak
je potreben za ohranjanje topila v tekoem staniju,
vendar ta le redko vpliva na postopek ekstrakcije.
S tem pristopom lahko pove¢amo avtomatizacijo,
skrajSamo c¢as postopka in zmanjSamo koli¢ino
topila, potrebnega za ekstrakcijo.

Cilj Studije je bil uporabiti sistem za pospeseno
ekstrakcijo ASE 350 za pridobivanje hidrofilnih
ekstraktivov iz razlicnih kategorij lesa bele
jelke (Abies alba Mill.) ter optimizirati protokol
ekstrakcije. V ta namen smo s sistemom za
pospeseno ekstrakcijo ASE 350 izvedli ekstrakcije
z razlicnimi topili in v vec statiénih ekstrakcijskih
ciklih ter izvedli analize posameznih ekstraktov.

V Studijo so bila vkljuéena drevesa bele jelke,
ki so bila posekana v gozdovih Kocevske Reke.
Vzorcne kolute smo odvzeliiz zgornjega dela dreves.
V mizarski delavnici smo izolirali vzorce beljave,
jedrovineingrcterjih zmlelina delce, velike 1 mm ali
manj. Z namenom identifikacije najucinkovitejSega
ekstrakcijskega topila smo zmlete vzorce ekstrahirali
z ASE 350 pri 100 °C in 103,42 bar z vodo,
etanolom / vodo (95/5), acetonom / vodo (95/5)
in etil acetatom. Z zajemanjem ekstrakta vsakega
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ekstrakcijskega cikla posebej in analizo le-teh smo
nato dolocili Stevilo ekstrakcijskih ciklov. S tem smo
optimizirali ¢as ekstrakcije in porabo topila. Semi-
kvantitativno analizo ekstraktov smo izvedli z UV/
Vis spektrofotometrijo, kvalitativno analizo pa s
HPLC z uporabo zunanjih standardov.

Najucinkovitejse topilo za ekstrakcijo fenolnih
komponent iz jedrovine je bil etanol / voda (95/5,
v/v), v primeru beljave je bila to voda, pri gréah pa
aceton / voda (95/5, v/v). Rezultati te analize so
pokazali, da sta za uCinkovito ekstrakcijo fenolnih
spojin s pospeSenim sistemom za ekstrakcijo ASE
350 pri T = 100 °C in P = 103,42 bar, potrebna
le dva ekstrakcijska cikla, trajajoéa po 5 minut.
Spojine, ki smo jih identificirali v lesu bele jelke, so
bile epikatehin, homovanilinska kislina, kumarilna
kislina, taksifolin, ferulna kislina, izolaricirezinol,
laricirezinol, sekoizolaricirezinol, pinorezinol,
matairezinol in kvercetin. Prevladujo¢a skupina
spojin so bili lignani izolaricirezinol, laricirezinol in
sekoizolaricirezinol.
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12. srecanje ALUMNI kluba Oddelka za lesarstvo

Katarina Cufar

Tudi letos so se alumni in alumne Oddelka za
lesarstvo zbrali na rednem letnem srecanju. Na 12.
srecanju ALUMNI kluba, ki je potekalo 21. 11. 2019,
se je zbralo nad 130 alumnov. Kot vsa leta doslej so
tudi letos poskrbeli za prijetno, prijateljsko vzdusje.

UdeleZenke in udelezenci srecanja so se zaceli
zbirati v popoldanskih urah. Sodelavke in sodelavci
so jih popeljali po oddelku in jim v neformalnem po-
govoru predstavili zanimivosti in novosti iz Zivljenja
in dela nasega oddelka, ki so ga nekateri med njimi
obiskali prvic po diplomi.

Sledil je uradni program, s kratkimi predstavitva-
mi organizatorjev ter sponzorjev RENNER iz Italije in

Priprave na uradni del programa, ekipa sponzorjev
iz podjetij RENNER iz Italije in AICO TRADE d.o.o. iz
Slovenije (v prvi vrsti) je pripravljena

Po 40 letih spet na fakulteti

AICO TRADE d.o.0. iz Slovenije. Z nami so bili zastop-
niki obeh podijetij, ki sta skupaj sponzorirali dogodek.
Prof. dr. Giovanni Ciafre (RENNER) in Ivan Avbar (AICO
TRADE) sta predstavila dejavnost obeh podjetij.

Tudi letos so se zbrale in predstavile generacije,
ki praznujejo okrogle obletnice diplomiranja. Spomi-
ne na Studentske dni smo obujali z generacijami, ki
so diplomirale pred 40, 30 in 10 leti. Zvone, Polona in
Ales so poskrbeli, da so se predstavniki njihovih ge-
neracij srecanja udelefZili v posebno velikem stevilu.

Srecanja so se udeleZili tudi tisti, ki so pred krat-
kim zakljucili Studij in Studenti, veliko pa je bilo alum-
nov vseh drugih generacij. Po tradiciji so se srecanja
udelezili tudi predstavniki najstarejSe generacije di-
plomantov lesarstva, ki so nasa najbolj zvesta skupina.

Zadnji del srecanja je bil namenjen neformal-
nemu druZenju in mreZenju.
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AICO TRADE d.o.0. - podjetje s tradicijo in znanjem

Ivan Avbar

vev v

AICO TRADE d.o.0. je na slovenskem trzis¢u od
leta 2008 in je ekskluzivni dobavitelj barv in lakov
proizvajalca RENNER iz Italije. Druzinsko podjetje
deluje Ze 26 let, v njem je 6 zaposlenih, glavna de-
javnost je servisiranje, prodaja ter dostava povrsin-
skih materialov za les.

RENNER se nahaja v obrtni coni Minerbio bli-
zu Bologne in se razprostira na 98 000 m? povrsin.
Skupina RENNER je prisotna na 5 kontinentih, v 63
drzavah. Za prodajo in servisiranje skrbi 94 distri-
buterjev. Vecja skladis¢a z laboratoriji ima v Italiji,
Franciji, Rusiji, Poljski, Indiji, Spaniji, Veliki Britaniji
in Bahrainu. Letna prodaja dosega 120 mio €, tre-
nutno je zaposlenih 320 oseb. 70 % proizvodnje je
namenjene izvozu, 30 % pa domacemu trgu.

Proizvodnja povrsinskih materialov za les na
osnovi topil znasa 70 % celotne proizvodnje, na
vodni osnovi pa 30 %. Vsakodnevno v laboratorijih
razvijejo do 5 novih produktov, celotno stevilo proi-
zvodov na osnovi topil in vode pa znasa ze 7200. Cilj
razvoja je proizvodnja vodnih lakov zaradi zmanjsa-
nja HOS-a, boljsih pogojev za uporabnike, enostav-
nejSa uporaba, razlicni novi efekti, luZila, barve in
nova marketinska priloznost. Cilj podjetja je biti
najvecji posamezni proizvajalec barv in lakov za les
v ltaliji in SirSe v Evropi.

AICO razpolaga na lokaciji obrtniske cone Cika-
va v Novem mestu z 2000 m? pokritih povrsin. Skla-
disce se dopolnjuje vsakih 14 dni z novimi in svezi-

RENNER

W: OROED S CE OFANTA I NYG5S

AIGO TRADE

mi produkti. Od lakov ponujamo nitro lake, PU lake
vseh vrst in kvalitet, akrilne lake, poliesterske lake,
UV lake, epoksi, vodne lake za notranjost in zuna-
njost, vse vrste razredcil. Srce podjetja je mesalni-
ca, kjer izdelujemo pokrivne barve po RAL, NCS, CS
in ostalih kartah.

Za to uporabljamo spektrofotometer in Corob
napravo. lzdelujemo vse vrste luzil za razlicne upo-
rabe na topilih in vodi. Imamo svoj lasten katalog,
izdelek pa lahko prilagodimo tudi pri¢akovanjem in
povprasevanju kupcev. Znamo izdelati tudi poseb-
ne specialne finise za visoko kvalitetno pohistvo.

Poleg glavne dejavnosti imamo v programu
tudi lepila za les, montazni material za RAL monta-
Zo, brusni in polirni material, tekoce in prasne barve
za kovino, ponujamo prodajo sistemov za sublima-
cijo in linije za povrsinsko obdelavo lesa.

Po narocilu svoje proizvode dostavljamo z nasi-
mi vozili do konénih kupcev. °

Druga skupna poletna Sola Univerze v Ljubljani in TehniSke Univerze v Clausthalu

Sebastian Dahle, Marko Petric¢

Septembra 2019 smo izvedli drugo skupno po-
letno Solo Univerze v Ljubljani (Biotehniska fakul-
teta, Oddelek za lesarstvo) in Tehniske Univerze v
Clausthalu v Nem(ciji, na Univerzi v Clausthalu. Slo-
venski in nemski Studentje so v okviru teme ,Vmes-
ne faze na bioloskih - lignoceluloznih materialih“
dobili prakticno nalogo, da samo v stirih dneh za-

snujejo in izdelajo funkcionalno vrtno pohistvo.
Klop, ki so jo morali izdelati, je morala biti primerna
za zunanjo uporabo ter trajnostna in taka, da bi bilo
vecino njenih sestavnih delov mozno reciklirati. Z
izzivom se je soocCilo dvanajst ljubljanskih doktor-
skih in magistrskih Studentov ter dva Studenta z
Univerze v Clausthalu.
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Pri dogodku, ki smo ga organizirali sodelavci
skupine za obdelavo povrsin na Katedri za lepljenje,
lesne kompozite, obdelavo povrsin in konstruiranje,
ter pri katerem je sodeloval tudi ¢lan Katedre za les-
ne Skodljivce, zascito in modifikacijo lesa, je bila Se
posebej pomembna vloga Dr. Sebastiana Dahleja.
Dr. Dahle je nekdanji sodelavec Centra za gradnjo
materialov Clausthal in trenutno Stipendist evro-
pskega programa Marie Sklodowska Curie na Bio-
tehniski fakulteti (Oddelek za lesarstvo) Univerze v
Ljubljani.

V tednu pred poletno Solo smo najprej izvedli
video konferenco, ki je bila namenjena spoznavan-
ju slovenskih in nemskih Studentov, teoreti¢nim
predavanjem predavateljev iz Slovenije in Nemcije
ter oblikovanju prvih zamisli in izmenjavi idej, tako
bi Studentje v kratkem casu uspeli realizirati svoje
projekte. To jim je tudi uspelo: ,V samo dveh dneh
gradnje so ustvarili odlicne sedeze,” je dejal dr. Leif
Steuernagel z Instituta za polimere in tehnologijo

Novice/News

polimerov na zaklju¢ni predstavitvi poletne Sole v
Cetrtek, 19.9.2019.

Na zaklju¢ni predstavitvi so projekte ocenili dr.
Leif Steuernagel, prof. dr. Marko Petri¢ z Bioteh-
niske fakultete v Ljubljani ter Michael Weinmann iz
Centra za univerzitetno didaktiko TU Clausthal.

Stiri mesane skupine s Studenti iz Clausthala in Ljubljane predstavljajo rezultate svojega projektnega dela
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Prvi slovenski dan plazme
First Slovene Plasma Day

Sebastian Dahle, Marko Petri¢

V ponedeljek, 30. septembra 2019, je Biotehniska
fakulteta organizirala Prvi slovenski dan plazme,
skupaj s kolegi iz Centra odli¢nosti InnoRenew, In-
Stituta Jozef Stefan in Gospodarske zbornice Slove-
nije. Dogodek je potekal v prostorih novoustanov-
ljenega centra za plazmo in Oddelka za lesarstvo.
Za Dan plazme je bilo izkazano veliko zanimanje s
strani akademskih krogov in industrije, saj je priva-
bil 88 udelezencev iz 10 razli¢nih drzav. Po uvodnih
predavanjih so imeli udelezenci priloZznost obiskati
laboratorije in plazemske naprave pri gostitelju, pa
tudi razstavo industrijskih dobaviteljev plazemske
tehnologije.

Zbirka vtisov je na voljo v kratkem videoposnetku,
ki ga je pripravil GZS: https://www.youtube.com/
watch?v=4a9kUy-WbGO0

Predstavitve uvodnih predavanj so na voljo na:
http://dx.doi.org/10.5281/zenodo.3483884

Za nadaljnje pobude prosimo, da kontaktirate nas,
nase razstavljavce in podpornike:
doc. dr. Sebastian Dahle
sebastian.dahle@bf.uni-lj.si
prof. dr. Marko Petric¢
marko.petric@bf.uni-lj.si
Oddelek za lesarstvo
Biotehniska fakulteta
Univerza v Ljubljani

Rogac Plus d.o.o.

V podjetju Rogac Plus pri Mariboru so na voljo 3
enote plazmatreat in celotna ponudba naprav SITA
in BTG za oceno povrsin in tekocin. Osebje podjetja
Rogac je pripravljeno pomagati pri preizkusih vasih
materialov ali najemu opreme. Imajo 22 let izku-
Senj s tehnologijo Plasmatreat, 78 enot Plasmatre-
at, ki delujejo v razliénih industrijskih podjetjih na
trgu, in veliko zadovoljnih industrijskih kupcev.
www.rogacplus.si

Ulbrich Group

Skupina Ulbrich je mednarodna specialistka za dis-
tribucijo in sistemsko integracijo za avtomatizacijo
tehnologije predhodne obdelave plazemskih povr-
Sin.

www.ulbrich-group.com

PlasmaDis d.o.o.

Plasmadis je specializiran za plazemsko tehnologijo,
s poudarkom na obdelavi materialov in plazemski
diagnostiki. Ponujajo vec plazemskih reaktorjev, od
laboratorijskih do industrijskih, za preskuse mate-
riala. V podjetju dela vec visoko izobraZzenih ljudi z
vec kot 30-letnimi izkuSnjami plazemskih tehnologij
in inovativnih materialov.
http://www.plasmadis.com/
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Nadir S.r.l.

Kot MSP, ki ga je leta 2008 ustanovila skupina razi-
skovalcev, ponujamo resitve za uporabo plazme in
polimerov. Njihova ponudba vkljucuje inovativne
tehnologije atmosferske plazme za hladno, ucin-
kovito in Cisto obdelavo povrsin v plazmi, pa tudi
prilagojene aktivne polimerne spojine ter hitro pro-
totipiranje.

www.nadir-tech.it

Novice/News

CEPLANT

Center za raziskave in razvoj CEPLANT za povrsin-
ske modifikacije plazme in nanotehnologije v Brnu
je mednarodno priznana raziskovalna infrastruktu-
ra in uveljavljen tehnoloski center v okviru klju¢nih
nastajajocih tehnologij EU.

https://ceplant.cz/

On Monday, September 30" 2019, the Biotechni-
cal Faculty organized the First Slovene Plasma Day
together with colleagues from the InnoRenew Cen-
ter of Excellence, the JozZef Stefan Institute, and the
Chamber of Commerce and Industry of Slovenia.
The event was held on the premises of the newly
established Plasma Center and the Department of
Wood Science and Technology.

The Plasma Day was met with great interest from
academia and industry, attracting 88 participants
from 10 different countries. After introductory lec-
tures on the topic, the participants had the chance
to visit the laboratories and plasma devices at the
host, as well as an exhibition of industrial suppliers
of plasma technology.

A recollection of impressions is provided in a short
video prepared by GZS: https://www.youtube.com/
watch?v=4a9kUy-WbGO0

The presentations of the lectures are available at:
http://dx.doi.org/10.5281/zenodo.3483884

For further details, please don’t hesitate to contact
us or our exhibitors and supporters:
Assist. Prof. Sebastian Dahle
sebastian.dahle@bf.uni-lj.si
Prof. Marko Petric¢
marko.petric@bf.uni-lj.si
Department of Wood Science and Technology
Biotechnical faculty
University of Ljubljana

Rogac Plus d.o.o.

At Rogac Plus, near Maribor, three Plasmatreat units
and a complete range of SITA and BTG devices for
the evaluation of surfaces and liquids are available.
Rogac gladly helps with tests on your materials or
can lease equipment. They have 22 years of experi-
ence with Plasmatreat technology, 78 Plasmatreat

units working in various industrial companies in the
market, and many satisfied industrial customers.
www.rogacplus.si

Ulbrich Group

The Ulbrich Group is an international specialist on
distribution and system integration for the automa-
tion of plasma surface pretreatment technology.
www.ulbrich-group.com

PlasmabDis d.o.o.

Plasmadis specializes in plasma technology with
an emphasis on material treatment and plasma
diagnostics. They offer several types of plasma re-
actors, from laboratory to industrial, for material
treatment tests. The company employs a number
of highly educated individuals with more than 30
years of experience in the field of plasma technolo-
gies and innovative materials.
http://www.plasmadis.com/

Nadir S.r.l.

As an SME established in 2008 by a group of re-
searchers, we provide solutions for plasma and
polymer applications. Our products include inno-
vative atmospheric plasma technologies for cold,
efficient and clean plasma surface treatments, and
customized active polymers compounds for R&D
and rapid prototyping.

www.nadir-tech.it

CEPLANT

The CEPLANT R&D Centre for Low-Cost Plasma and
Nanotechnology Surface Modifications in Brno is
an internationally renowned research infrastructu-
re and an established technology centre within the
EU’s Key Emerging Technologies framework.
https://ceplant.cz/
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Dr. Angela Balzano prejemnica Baileyeve nagrade za leto 2019

Katarina Cufar

Dr. Angela Balzano je prejela prestizno Bai-
leyevo nagrado za leto 2019. Nagrado podelju-
je mednarodno drusStvo lesnih anatomov IAWA
(International Association of Wood Anatomists)
in nosi ime po Irvingu Widmoru Baileyju (1884 —
1967), ki ga Stejemo za enega najpomembnejsih
lesnih anatomov. Nagrado IAWA podeljuje od leta
2014. Vsako leto podelijo eno nagrado in to za naj-
boljSi znanstveni ali pregledni ¢lanek mlade raz-
iskovalke ali raziskovalca, objavljen v reviji IAWA
Journal.

Priznanje so ji podelili za ¢lanek

BALZANO, Angela, DE MICCO, Veronica, BA-
TTIPAGLIA, Giovanna. 2019. Wood-trait analysis to
understand climatic factors triggering intra-annu-
al density-fluctuations in co-occurring Mediter-
ranean trees. IAWA journal 40(2): 241-258, DOI:
10.1163/22941932-40190220.

ki pojasnjuje, kako lahko anatomske znake v
lesu uporabimo za razumevanje ucinka podnebnih
dejavnikov. Studija prouduje les dveh sredozem-
skih drevesnih vrst, navadne jagodicnice (Arbutus

winternationa

Winnerof the I. W. Bai ey aﬂar‘cl 2019:

e ".}l‘)i'. \.H;:m;,\m

unedo) in pinije (Pinus pinea) ter pojasni ucinke
padavin in temperature na nastanek gostotnih va-
riacij v lesu. Pri dveh vrstah so prikazani razli¢ni
plasti¢ni odzivi, pri cemer se Arbutus unedo bolj
odziva na padavine, Pinus pinea pa predvsem na
temperature.

Sestélanski odbor urednikov ¢asopisa IAWA
Journal v sestavi Pieter Baas, Lloyd Donaldson, Eli-
sabeth Robert, Uwe Schmitt, Elisabeth Wheeler in
Michael C. Wiemann, je delo izbral za podelitev
nagrade, v obrazlozitvi pa poudaril, da bo ta studi-
jaizboljsala nasSe razumevanje nastajanja lesa pod
vplivom razli¢nih okoljskih dejavnikov. Ocenjevalci
so posebej pohvalili strokovno pot in bibliografi-
jo dr. Angele Balzano, ki je doktorirala leta 2017.
Doktorat je zagovarjala na Universita degli Studi
di Napoli Federico Il v Neaplju v Italiji, pripravila
pa ga je v sodelovanju z Oddelkom za lesarstvo Bi-
otehniske fakultete, kjer od leta 2016 deluje kot
raziskovalka.
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Prof. dr. Katarina Cufar prejela éastno priznanje Fakultete za gozdarstvo in
tehnologijo lesa Univerze Mendel v Brnu

Tina Drolc

V oktobru 2019 je Fakulteta za gozdarstvo in
tehnologijo lesa Univerze Mendel v Brnu, Cegkoslo-
vaska, s sveCano akademijo praznovala 100. oblet-
nico ustanovitve. Na akademiji se je prof. dr. Libor
Jankovsky, dekan fakultete, zahvalil raziskovalcem
in pedagoskim sodelavcem za razvoj discipline
(gozdarstva in lesarstva). Med prejemniki ¢astne-
ga priznanja je bila tudi prof. dr. Katarina Cufar, ki
sodeluje z univerzo na podrocju lesarstva, v okviru
Oddelka za znanost in tehnologijo lesa.

Fakulteta za gozdarstvo in lesarstvo Univerze
Mendel v Brnu (FFWT MENDELU) je med vedjimi
univerzami na Ceskem. Fakulteta je akademsko ra-
ziskovalna ustanova, katere osrednja podrocja de-
lovanja sta gozd in les, vse od nacdrtovanja gozda do
oblikovanja pohistva. Njihov cilj je izobraZevati na
vseh treh stopnjah Studija in vzgojiti kadre, ki bodo
spodbujali varovanje narave in jim hkrati omogoci-
ti razvoj novega znanja z raziskavami, povezanimi z
zemljo, gozdovi, lesom in interierjem. Fakulteta je
del univerzitetnega kampusa v Brnu - Cerna Pole.
Pedagosko in raziskovalno delo, ki je organizirano
v 13-ih oddelkih, izvaja 18 profesorjev, 42 izrednih
profesorjev, 80 asistentov in 44 raziskovalnih sode-
lavcev. Stevilo $tudentov na dodiplomskem, magis-
trskem in doktorskem Studijskem programu je pri-
blizno 1800, stevilo doktorskih Studentov na vseh
doktorskih programih pa dosega 200.

©® Mendel
® University
® inBrno

years of MENDELU
years of STORIES

L

© MENDELU © MENDELU @® MENDELU
@ Faculty @ Faculty of Forostry @ Faculty
@ of AgriScioncos @ and Wood @ of Business
) @ Tochnology @ and Economics

@ MENDELU @ MENDELU © MENDELU

@ Faculty @ Faculty of Regional @ Instituto
@ of Horticulture @ Dovolopment and @ of Lifolong
° @ Intornational Studies @ Loarning
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Prof. dr. Miha Humar - prejemnik Zlate plakete Univerze v Ljubljani

Milan Sernek, Marko Petri¢, Botjan Lesar

Prejemniki Zlate plakete Univerze v Ljubljani v
letu 2019 (foto: studio NORA, arhiv Univerze v Lju-
bljani)

Na Slavnostni seji senata Univerze v Ljubljani,
ki je potekala v Zborni¢ni dvorani natanko na stoti
rojstni dan Univerze v Ljubljani, 3. 12. 2019, je njen
rektor prof. dr. Igor Papic¢ podelil najvisja priznanja
Univerze v Ljubljani. Med prejemniki je bil tudi prof.
dr. Miha Humar z Oddelka za lesarstvo Biotehniske
fakultete, ki je prejel Zlato plaketo Univerze v Lju-
bljani za izjemne znanstveno-raziskovalne dosezke,
za zgledno pedagosko delo ter za zasluge pri krepit-
vi ugleda Univerze v Ljubljani.

Redni profesor dr. Miha Humar poucuje in ra-
ziskuje na podrocju lesnih Skodljivcev in zascite lesa
ter proucuje vplive biotskih in abiotskih dejavnikov
na Zivljenjsko dobo lesa na prostem. Je vrhunski
znanstvenik na podrocju lesarstva. Na podrocju

Biotehnika / gozdarstvo, lesarstvo in papirnistvo je
na prvem mestu med raziskovalci glede na uposte-
vano Stevilo tock po metodologiji ARRS / SICRIS. S
svojimi raziskovalnimi dosezki in delom je popol-
noma integriran v mednarodno skupnost in je kot
vrhunski znanstvenik in strokovnjak priznan v sve-
tovnem merilu. Je vodja ve¢ domacih in mednarod-
nih projektov ter vodja programske skupine Les in
lignocelulozni kompoziti. Je urednik in ¢lan ured-
niskih odborov razlicnih uglednih domacih in med-
narodnih znanstvenih revij ter ¢lan organizacijskih
odborov Stevilnih mednarodnih konferenc. Odli¢no
sodeluje z industrijo in podjetji ter je prejemnik
Puhovega priznanja za posebne dosezke v lesars-
tvu. Dr. Humar je tudi mocno vpet v vodstvene ak-
tivnosti — trenutno opravlja funkcijo prodekana za
kakovost in gospodarske zadeve, pred tem pa je bil
dekan Biotehniske fakultete.
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Prof. dr. Romanu Kunicu v slovo

Franc Pohleven

Sredi julija nas je globoko presunila vest, da je nenadoma
preminil dr. Roman Kunic, izredni profesor na Fakulteti za grad-
benistvo in geodezijo (FGG), Univerze v Ljubljani, ki je veliko
sodeloval z Oddelkom za lesarstvo BiotehniSke fakultete.

Z Romanom sva se srecala v zacCetku leta 2015, ko smo v
okviru razstave Car lesa Zeleli v sodelovanju s FGG organizirati
posvet na temo gradnje z lesom. Na FGG smo nekaj ¢asa bre-
zuspesno iskali ¢loveka, ki bi bil pripravljen soorganizirati posvet
in ko smo Ze skoraj obupali, sem v februarju 2015 srecal prof.
Kunica, ki je bil takoj pripravljen prevzeti organizacijo posveta v
Cankarjevem domu (CD).

Z velikim navdusenjem je sodeloval pri pripravi posveta
Les - gradivo v harmoniji z naravo, v sklopu katerega je imel
zanimivo predavanje Okoljski vpliv toplotno izolacijskih mate-
rialov. Od takrat naprej pa vse do njegove prezgodnje smrti je
s svojimi sodelavci ter Studenti zelo aktivno in vneto sodeloval
na pripravah in izvedbah razstav in posvetov Car lesa. Z njegovo pomodjo smo tudi na FGG organizirali raz-
stave Car lesa. Se nekaj tednov pred smrtjo je letos v CD v okviru prireditev Car lesa organiziral strokovni
posvet Les v stavbarstvu ter imel zelo aktualno predavanje Okoljski vpliv naravnih materialov v gradbenist-
vu. Zelo rad je prihajal na Oddelek za lesarstvo Biotehniske fakultete UL in je z veseljem sodeloval z nekat-
erimi nasimi profesorji, pa tudi Studente gradbenisStva je usmerjal k nam ter organiziral medfakultetno
sodelovanje Studentov gradbenistva, arhitekture in lesarstva, s ciljem mladim pribliZzati in uveljaviti les kot
gradbeni material sedanjosti in prihodnosti.

Naj na kratko predstavim njegovo Zivljenjsko pot, povzeto po nagovoru ob njegovem slovesu. Rodil se
je v Beli krajini, kjer je obiskoval osnovno Solo. Kot prizadeven osnovnosolec je bil navdusen za matematiko
in je prejel zlato Vegovo priznanje. Ze kot fanti¢a ga je privlacilo gradbenistvo, saj je najbolj uZival prav pri
igri v peskovniku in pri gradnji domace hie. Po kon¢ani OS se je vpisal na Srednjo gradbeno $olo v Ljubljani,
nato pa na FGG, Univerze v Ljubljani. Po diplomi se je zaposlil v industriji, vendar je ohranil stik z mati¢no
fakulteto in je kot mladi raziskovalec na FGG vpisal magistrski znanstveni Studij, nato pa je na FGG tudi
doktoriral oz. opravil doktorat znanosti. Vzporedno s podiplomskim Studijem na mati¢ni fakulteti je vpisal
podiplomski Studij menedzmenta, ki ga je zakljucil na Clemson University v zvezni drzavi Juzna Karolina,
ZDA. 1z gospodarstva ga je pot pripeljala nazaj na FGG, kjer je postal izredni profesor in visji znanstveni
sodelavec za podrocje Gradbenistvo in okoljsko inZenirstvo ter predstojnik Katedre za stavbe in konstruk-
cijske elemente.

S svojim entuziazmom in vedrino je navduseval sogovornike. Bil je neumoren borec za zasc¢ito okol-
ja in ¢loveka ter velik zagovornik in podpornik vseh aktivnosti, povezanih z vecjo rabo lesa. Verjel je v
les in pogosto nam je razlagal, da se bo ¢lovek moral vrniti nazaj k naravi. S svojim delovanjem in zavze-
tostjo tako na pedagoskem kot strokovnem in znanstvenem podrocju je bil velik ljubitelj ter promotor
uporabe lesa, kar je Se zlasti pomembno pri gradbenikih, ki so neposredni uporabniki lesa oziroma
gradnje z lesom.

Ob njegovi prezgodnji smrti smo zgubili velikega podpornika na pomembnem podrocju gradnje z le-
som. Dragi Roman, hvala ti za tvoj trud in poZrtvovalnost ter veliko oporo, ki si nam jo nudil pri promociji
rabe lesa. Upamo, da tvoje delo ni bilo zaman in verjamemo, da si med svojimi sodelavci ter Studenti pustil
globoko sled, da bodo nadaljevali tvoje plemenito poslanstvo ter $li po tvoji poti.

Prof. dr. Roman Kuni¢ 1961-2019
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Eli KerZi¢ dobitnica fakultetne PreSernove nagrade za leto 2019
Viljem Vek

V torek, 10. 12. 2019, je v Zborni¢ni dvorani
Univerze v Ljubljani potekala slavnostna podelitev
PreSernovih nagrad Biotehniske fakultete. Na tem
dogodku je Eli Kerzi¢, magistrica inZenirka lesarst-
va, za svoje magistrsko delo prejela fakultetno Pre-
Sernovo nagrado. Eli je magistrsko delo z naslovom
»Ekstraktivi v lesu debel, gré in vej bele jelke ter nji-
hov fungicidni potencial« izdelala pod mentorskim
vodstvom doc. dr. Viliema Veka, recenzijo naloge
pa je opravil prof. dr. Primoz Oven.

Magistrsko delo je bilo zasnovano in opravljeno
na Katedri za kemijo lesa in drugih lignoceluloznih
materialov Oddelka za lesarstvo BiotehniSke fakul-
tete. Glivne teste je Eli KerZi¢ izvedla v laboratorijih
Katedre za lesne Skodljivce, zaséito in modifikacijo
lesa. Material, ki je bil vklju¢en v raziskavo, je bil
posekan v kocevskih gozdovih, priskrbeli so ga za-
posleni podjetja Ars Pharmae d.o.o. Pri vzoréenju
debelnih kolutov in izolaciji lesnih tkiv je s svojim
tehni¢nim oziroma strokovnim znanjem pomagal
Drago Vidic s Katedre za mehanske obdelovalne te-
hnologije lesa.

Literaturni podatki o kvalitativni in kvantitativ-
ni sestavi ekstraktivov ter podatki o variabilnosti v
vsebnosti ekstraktivov v lesnih tkivih debla in vej
bele jelke (Abies alba Mill.) so izredno skopi. Eli je
zato svojo raziskavo zasnovala na odraslih jelkah,
iz katerih je izolirala vzorce lesa debla, gr¢ in vej.
Dezintegrirane vzorce lesa je nato ekstrahirala v so-
dobnem sistemu za pospeseno ekstrakcijo pri povi-
Sani temperaturi in tlaku. Ekstrakte je preiskala gra-
vimetri¢no, spektrofotometri¢no in kromatografsko
ter dolocila njihov fungicidni in antioksidativni po-
tencial. Magistrska naloga vsebuje izvirne rezultate
tako v metodoloskem kot vsebinskem smislu. Eli je
v prvem koraku dolocila optimalne ekstrakcijske
pogoje, nato pa je natancno preiskala kemijsko ses-
tavo ekstraktivov in njihovo koli¢ino v posameznih
delih lesa debla in vej. Ugotovila je, da grce in veje
vsebujejo najvec hidrofilnih ekstraktivov, manj jed-
rovina, najmanj pa beljava. Najve¢ fenolnih spojin
je ekstrahirala iz delov gr¢, ki so bile vkljuéene v
beljavo, ter iz delov vej tik ob deblu. S tekocinsko
kromatografijo visoke locljivosti je dokazala, da so

prevladujoce fenolne spojine v grcéah jelke lignani.
Rezultati bioloskih testov so pokazali, da izvlecki iz
jelovine zmanjsajo glivni razkroj lesa in izkazujejo
velik antioksidativen potencial. Zascitno funkcijo
fenolnih ekstraktivov v lesu je Eli pripisala njihovim
bioaktivnim lastnostim, ob tem pa izpostavila, da je
lahko tudi manj kakovosten les pomemben suro-
vinski vir dragocenih naravnih ucinkovin. Na koncu
velja opozoriti, da je delo rezultat sodelovanja Bio-
tehniske fakultete in gospodarskega subjekta.

Rezultati magistrske naloge so delno
predstavljenitudivclankuznaslovom OPTIMIZATION
OF ACCELERATED SOLVENT EXTRACTION (ASE) OF
SILVER FIR WOOD (ABIES ALBA MILL.), objavljenem
v tej stevilki revije Les/Wood. Clanek je Elijina prva
objava v znanstveni reviji, za kar ji tudi ¢estitamo.

Verjamemo, da bomo o raziskovalnem delu Eli
Kerzi¢ Se slisali, saj se je pred kratkim zaposlila kot
mlada raziskovalka na Oddelku za lesarstvo Bioteh-
niske fakultete.
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ABES — nova naprava za spremljanje dinamike graditve trdnosti
lepilnega spoja na Oddelku za lesarstvo BiotehniSke fakultete

Milan Sernek, Jaga Sarazin

Temperatura, ¢as in tlak stiskanja so tisti para-
metri lepljenja, ki neposredno vplivajo na nastanek
trdnega lepilnega spoja in s tem na mehanske last-
nosti lepljencev in lesnih kompozitov, na njihovo
kapaciteto proizvodnje ter posredno tudi na stroske
proizvodnje. Poznavanje teh parametrov omogo-
¢a optimizacijo lastnosti proizvodov, minimiziranje
stroskov in maksimiranje rezultatov proizvodnje.

V zaCetku meseca novembra 2019 smo na Od-
delku za lesarstvo Biotehniske fakultete kupili novo
napravo ABES, ki je visoko specializirana prav za
proucevanje teh parametrov lepljenja lesa ali dru-
gih materialov. Kratica ABES je okrajsava za Auto-
mated Bonding Evaluation System ali v slovenskem
prevodu Sistem za avtomatizirano vrednotenje
zlepljenosti. Osnovna razli¢ica te naprave je bila
razvita in patentirana Ze pred tremi desetletji (Hu-
mphrey, 1990).

ABES je namizna naprava, krmiljena preko
racunalnika, ki je v osnovi namenjena raziskova-

nju kinetike utrjevanja lepil (slika 1). Omogoca
vpogled v rast strizne trdnosti lepilnega spoja v
¢asu in pod natancno kontroliranimi pogoji. Po-
leg proucevanja vplivov natanéno nastavljenega
tlaka, temperature in ¢asa stiskanja, lahko s pnev-
matskim aplikatorjem natan¢no dolo¢amo tudi
koli¢ino nanosa lepila. Seveda pa je mozno ABES
uporabiti tudi samostojno kot miniaturno progra-
mirano vroco stiskalnico, ki omogoca dvostopenj-
sko stiskanje, ali kot napravo za natezno testiranje
preizkusancev. Poleg tega je na platformo ABES
mogoce vkljuciti tudi druge dodatke, ki omogocajo
nove aplikacije. Osnovne specifikacije dobavljene
naprave so razvidne v preglednici 1.

Z izbiro standardnih preizkusancev (velikost
preklopov 20 mm x 5 mm in debelina lepljencev
od 0,6 mm do 0,8 mm), lahko dosezemo zelo hitro
rast temperature samega lepilnega spoja in tako
lahko spremljamo proces utrjevanja lepila prakti¢-
no v izotermnih pogojih. Testiranje lepilnih spojev

a) Naprava ABES je v horizontalni smeri trgalni stroj, v vertikalni pa vroca stiskalnica. b) Rezalnik furnirja
zagotavlja natancno izdelavo standardnih preizkusancev. c) Pnevmatski aplikator lepila skrbi za natancno
koli¢ino nanosa lepila.
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se odvija po predvidenem razporedu s striznim
lomljenjem preizkusancev ter belezenjem sile, ki
je bila potrebna za lom. Pred samim testom loma
je moZno lepilni spoj tudi hipno ohladiti z zracnim
hlajenjem. Testiranje lepilnih spojev ob enakih po-
gojih utrjevanja, po razli¢nih ¢asih lepljenja, omo-

Specifikacije dobavljene naprave ABES

Novice/News

goca vpogled v proces graditve strizne trdnosti
spoja. Vpliv temperature na proces utrjevanja je
jasno izrazen, ko serijo poizkusov ponovimo pri
razliénih temperaturah. V nadaljevanju lahko se-
rijo poizkusov ponovimo Se ob razli¢nih postopkih
lepljenja.

Vroca stiskalnica Povrsina stiskalnice 25x25 mm = 625 mm?
Maksimalna sila 900 N
Maksimalna temperatura 265°C
Dvostopenjsko stiskanje Omogoceno
Trgalni stroj Maksimalna sila 1200 N
Razdalja med sredinami Celjusti Cca 140-290 mm
Dolzina / Sirina / odprtje Celjusti 25mm/25mm/9 mm
Delovni hod 6 mm
Dve merilni celici: Maksimalna sila 2500 N (125 N)
Standardna in (precizna) Resolucija £1,5N (£0,2N)
Hlajenje preizkusanca Po vrocem lepljenju Zracno - do sobne temperature

Nakup ABES je delno sofinanciran iz sredstev ARRS (Paket 17) in sredstev MIZ$

v okviru projekta WooBAdh.

Udelezba sodelavk in sodelavcev Oddelka za lesarstvo na
mednarodni konferenci ICWST 2019 v Zagrebu

Maks Merela, Dasa Krapez Tomec

Sumarski fakultet Sveucilista u Zagrebu je 12. in 13.
decembra 2019 organiziral 30. mednarodno konfe-
renco ICWST 2019 “IMPLEMENTATION OF WOOD
SCIENCE IN WOODWORKING SECTOR” in svecanost
ob 70. obletnici znanstvene revije Drvna industrija.
Konference se je udeleZilo 20 sodelavcev Oddelka za
lesarstvo Biotehniske fakultete, ki so predstavili svoje
raziskovalne dosezke s predavanji in posterji. Pred-

stavljeni so bili dosezki s podrodij: povrsinske obde-
lave, obdelave povrsin s plazmo, lastnosti peletoy,
izrabe skorje, primerjalne mikroskopije in priprave
vzorcev za mikroskopiranje, analize trga pohistva,
zascite lesa, termi¢ne modifikacije in akusti¢nih last-
nosti lesa, susenja lesa, razvoja lesenih talnih oblog,
digitalnega razvoja v slovenski lesarski industriji ter
raziskav na podrocju nanoceluloze.

Naslovi predavanj:

Comparison of visual and instrumental assessment of colour differences on finished wooden surfaces.

Pavli¢ Matjaz, Petri¢ Marko

Invasive species as raw material for pellets production. Gornik Bu¢ar Dominika, Gospodari¢ Bojan, Smol-

nikar Pavel, Stare Darja, Krajnc Nike, Prislan Peter
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Bark, what can we do with it, what is it good for. Medved Sergej, Jambrekovi¢ Vladimir, Spani¢ Nikola,
S¢ernjavi¢ Roman, Barbu Marius, Tudor Eugenia Mariana, Antonovié Alan

Confocal laser scanning microscopy to study variations in wood quality. Balzano Angela, Novak Klemen,
Humar Miha, Cufar Katarina

Changes in customer preferences for wooden furniture in Slovenia from 2010 to 2019. Jost Matej, Kaputa
Vladislav, Nosalovd Martina, Pirc Barci¢ Andreja, Peri¢ Ivana, Oblak Leon

Performance of model glulam beams after two years of outdoor exposure. Krzisnik Davor, Grbec Samo,
Lesar Bostjan, Plavéak Denis, Sega Bogdan, Sernek Milan, Straze Ale$, Humar Miha

Development of optimal surface preparation for anatomy research of invasive wood species by scanning
electron microscopy. Merela Maks, Thaler Nejc, Balzano Angela, Plavcak Denis

The influence of wood modification on the transfer function of the violin bridge. Merhar Miran, Humar Miha
Wood surface finishing of selected invasive tree species. Pavli¢ Matja?, Zigon Jure, Petri¢ Marko
Characterisation and modelling of drying kinetics of thin ash and oak wood lamellas dried with infrared
radiation and hot air. Straze Ales, Klari¢ Miljenko, Budrovi¢ Zlatko, Pervan Stjepan

Enhanced abrasion resistance of coated particleboard treated with atmospheric plasma. Zigon Jure, Dahle
Sebastian, Petri¢ Marko, Pavli¢ Matjaz

Posterji:

Impact of the European Union (26) imports on development of wood flooring production in the Western
Balkans. Glavoniji¢ Branko, Lazarevi¢ Aleksandra, Oblak Leon, Kalem Miljan, Sretenovi¢ Predrag

Digital development of the Slovenian wood industry. Kropivsek JoZe, GrosSelj Petra

Determining of the drying characteristics of invasive wood species growing in specific environments.
Plavéak Denis, Gorisek Zeljko, Straze Ale§, Maks Merela

Production and applications of nanofibrillated cellulose. Poljansek Ida, Zepi¢ Vesna, Levani¢ Jaka, Vek Vil-
jem, Oven Primoz

Skupinska fotografija udeleZencev konference z Oddelka za lesarstvo
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