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ABSTRACT: Wood is a naturally occurring composite, comprising cellulose,
hemicellulose, and lignin. The tightly arranged cell wall components make the fibers
resistant against chemical and microbial degradation. This natural resisting power of
fibers is a technical obstacle during the degradation of cellulose into sugars.
Therefore, removal of cell wall lignin is necessary in order to make the cellulose
accessible. In this study, ultrathin sections of Norway spruce (Picea abies) branch
wood were examined using Raman and transmission electron microscopy (TEM)
before and after extracting the sections with 1,4-dioxane without resin embedding in
order to study the accessibility of native lignin. The progress of extraction of lignin
was followed by measuring its Raman scattering intensity at the ∼1600 cm−1 band.
It was found that lignin was extracted not only from the compound middle lamellae
but also from other layers of the cell wall. Changes in the contrast of TEM images
confirmed a decrease in lignin concentration after solvent extraction. Observed
ruptures in the S1 layer indicated that extraction weakened this layer in particular.
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■ INTRODUCTION

Wood is a composite material with high mechanical strength.
While cellulose forms the semicrystalline skeletal structure of
wood fibers, it is surrounded by an amorphous matrix of
hemicelluloses and lignin.1 In addition to the supramolecular
arrangement, lignin is covalently linked to many of the cell wall
polysaccharides,2 thus strengthening the fiber structure. Among
their other functions, fibers are able to bear strong mechanical
stress while resisting chemical and microbial degradation by the
environment. However, this natural resistance and inertness
poses a serious technical challenge to the attempts to degrade
cellulose into glucose for the subsequent fermentation to
ethanol, which is hoped to replace oil-based substances as
transportation fuels in the future. In other words, the tight
arrangement of the components in the cell wall hinders
extraction of sugars and other useful compounds in the so-
called biorefinery scenario.3 The presence of lignin, for
example, restricts the accessibility of cellulose during various
degradation efforts. Explicitly, many studies have shown a
correlation between delignification and sugar release during
hydrolytic lignocellulose fractionation process.4−6

In most schemes for biorefinery systems, the delignification
of the wood cell wall is performed by a means of severe
chemical treatments, such as kraft pulping under strong alkaline
conditions and high temperature.7 By contrast to this harsh
chemical approach, it is possible to actually dissolve lignin with
some specific solvents, and we feel that this approach has
remained underutilized by the biorefinery community. As a first
step, we have undertaken the present study where the

accessibility of lignin upon extraction by 1,4-dioxane has been
investigated. In this fundamental effort, we utilized ultrathin
cross sections from branches of Norway spruce. Raman
microspectroscopy (RM) and transmission electron micros-
copy (TEM) were the chosen methods to unravel the cell wall
behavior during extraction and the topochemistry of lignin after
extraction. RM in particular is a valuable asset because of its
ability to yield simultaneous chemical and morphological
information. Moreover, in addition to the area scan, RM allows
depth scans by using the motorized scan stage, although the
resolution is determined by the laser wavelength, numerical
aperture of the microscope objective, and refractive index of the
medium. Depth profiling was not attempted in this work, and
because RM has exhibited depth of detection between 8 and 20
μm,8 we assumed that information over the whole thickness of
our ultrathin (200 nm) wood sections would be retrieved.
Furthermore, the contrast between different cell wall layers has
been improved by KMnO4 staining for TEM. Although solvent
extracted lignin has been isolated and characterized,9−11 very
few studies exist on the morphological location of the residual
lignin in the cell wall after extraction.12

■ MATERIALS AND METHODS
Sample Preparation. Cubes of normal air-dried Norway spruce

(Picea abies) branch wood were prepared without embedding and
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without any pretreatment that could influence the extraction process.
Ultrathin sections (∼200 nm) were cut at cryogenic temperature (−40
°C) using an ultramicrotome (Leica EM FC7) equipped with a
diamond knife. The sections were collected on copper grids.
Lignin Extraction. For extraction, grids with wood sections were

placed in Petri dishes filled with 1,4-dioxane (Sigma-Aldrich). After 1
h, the grids with the sections were removed and gently washed with
pure 1,4-dioxane. The short extraction time was considered to be
sufficient because the sections were only ∼200 nm thick.
Raman Microspectroscopy. The samples were examined with an

alpha300 R confocal Raman microscope (Witec GmbH, Germany)
equipped with a piezoelectric scanner at ambient conditions. A
frequency doubled Nd:YAG laser (532 nm, 10 mW) was focused onto
the sample using a 100× (Nikon, NA = 0.95) air objective. The
excitation laser was polarized horizontally. The spectra were acquired
using a CCD (DU970N-BV) behind a grating (600 grooves/mm)
spectrograph (Acton, Princeton Instruments, Inc., Trenton, NJ). An
integration time of 0.3 s was used for collecting each spectrum. The
baseline correction was performed with WiTec project 2.10 (Witec
GmbH, Germany) using a fifth order polynomial. Further smoothing
to the spectra was performed using OriginPro 9.0.0 (OriginLab
Corporation, Northampton, MA). Raman images were constructed by
integrating characteristic bands (Table 1).

In this investigation, 14 ROIs (7 unextracted + 7 extracted)
randomly selected from several sections were scanned. Images of the
intensity ratio between lignin and cellulose bands in the ROI were
produced. The ratio images provide reliable chemical information
because the artifacts caused by the surface unevenness and changes in
the laser intensity are greatly reduced.14 To follow lignin extraction,
average Raman spectra were produced by drawing ROIs in the S2 layer
and compound middle lamella (CML) ( including cell corner middle
lamellae) of the cell wall using WiTec project 2.10. Because we
experienced severe section removal during the extraction process, we
could not perform mapping in the same ROI before and after
extraction. Original ROIs of Raman images presented in this article are
available in Figure S1 of the Supporting Information.
Transmission Electron Microscopy (TEM). Wood sections were

stained with 1% KMnO4 for 30 min in citric acid buffer. The wood
sections (both unextracted and extracted) for TEM were prepared
under similar conditions. Therefore, it was assumed that the effect of
staining with KMnO4 will be similar on both the unextracted and the
extracted sections. This staining method is specific for lignin and
improves contrast between regions of variable lignin content within
wood cell wall.15 The ultrathin sections were studied in a TEM (FEI
Tecnai 12) at an accelerating voltage of 80 kV.

■ RESULTS AND DISCUSSION
Raman Microspectroscopy. RM is a vibrational spectro-

scopic technique that provides information about chemical
composition of materials based on the analysis of the inelastic
scattering of the light interacting with chemical bonds. The
frequency shift observed between the incident and scattered
light is assigned to a particular vibration mode of a chemical
bond. Moreover, RM allows high resolution mapping (0.6−1
μm) in a nondestructive manner. RM analysis has allowed the
evaluation of polymers’ distribution14,16−18 and orienta-
tion19−21 in the plant cell wall. Raman spectra of model
compounds have been measured to detect their applicability in
studying lignocellulosic materials.13,22−25

Average Raman spectra from the S2 layer of the secondary
wall and CML from unextracted and extracted sections are
shown in Figure 1; lignin and cellulose have the most
prominent bands and can be easily detected. Spectral features
of extracted lignin from the CML and S2 layer were also
obtained by subtracting extracted spectra from unextracted one
(Figure 1c,d). For the S2 layer, subtraction was performed after
normalizing unextracted and extracted spectra at the 1122 cm−1

cellulose band,21 assuming that no cellulose was removed
during extraction. In this way, we estimated that ∼39% of the
lignin in the S2 layer was removed by extraction. Because no
carbohydrate peaks were detected in the CML spectra, similar
normalization could not be applied to them. Instead, we
determined the intensity ratio of the aromatic lignin band in the
CML and S2 layer (ICML:IS2) before and after extraction.
Because the conditions during imaging of each sample were
unchanged and we knew that IS2,extracted = 0.61IS2,unextracted, we
estimated that ∼46% of the lignin in the CML was extracted.
These results indicate that the extent of extraction was roughly
similar for both the CML and S2 layers. Because the relative
amount of condensed lignin structures is higher in the CML, it
would intuitively make sense that the relative amount of
extracted lignin would be lower from the CML. The condensed
C−C structures, such as 5−5 and β−5 are more difficult to
degrade, for example, during pulping, than the noncondensed
C−O structure like β−O−4.27,28 There are, however, many
factors that govern the extent of extraction with 1,4-dioxane,
such as the amount of possible lignin−hemicellulose bonds. In
this study, we concentrated mainly on the accessibility of lignin
by 1,4-dioxane in ultrathin sections, and thus, the consequences
could be different in case of thicker samples.
Figure 2a shows the intensity ratio I1600/I1122 (lignin:cellulose

ratio in secondary wall) of the unextracted section (Figure S2,
Supporting Information); a higher intensity ratio was observed
in the CML, indicating a highly lignified region previously
described in the literature.18,29,30 This is also visible in Raman
spectra presented in Figure 1a. An almost homogeneous
lignin:cellulose ratio can be seen within the secondary wall,
which is in agreement with the results of Han̈ninen et al.14 for
Norway spruce wood cell wall.
A Raman image constructed according to the intensity ratio

I1600/I1122 after 1 h of extraction is depicted in Figure 2b (Figure
S3, Supporting Information); significant changes in the
chemical composition of the CML and secondary wall can be
observed in association with a reduction in Raman scattering
intensity in the lignin derived band at 1600 cm−1 (Figure 1).
These changes have occurred both in the secondary wall and
CML. Also, Raman images showed high lignin content only in
the cell corners after extraction. The changes in the Raman
intensity in the spectra and color scale in the Raman images
could be affected by the presence of lignans (an aromatic
extractive); however, in Norway spruce, lignans are mainly
present in knots (i.e., inside the stem) and decrease to a level
below 1% 10−20 cm outward in the branch.31,32 Samples
investigated in this study were collected from the straight part
of branch away from the knots and contain normal sapwood.
From this study, it is apparent that lignin is extracted from all

the cell wall layers but in an incomplete fashion. As the
secondary wall of softwood tracheids contains most of the total
cell wall lignin,33 we assume that the extracts obtained after the
treatment contain mostly secondary wall lignin. After 1 h of
lignin extraction, there is a clear sign of reduction in the I1600/
I1122 intensity ratio in the CML (Figure 2). The extraction time

Table 1. Raman Bands of Cell Wall Polymers Used for
Constructing Images13

polymer Raman band (cm−1) Raman mode

lignin 1583−1620 aromatic ring
cellulose 1120−1130 C−O stretch
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chosen for this study was enough because we observed the
progress of lignin extraction and the morphological location of
residual lignin by examining ultrathin wood sections (∼200
nm). Although we could not image the same ROI before and
after extraction, the information generated from this study can
still enhance our understanding of the cell wall behavior during
the lignin extraction process.
Transmission Electron Microscopy (TEM). TEM and

KMnO4 staining have been frequently used for studying lignin
distribution in the wood cell wall. According to the degree of

lignification, the different cell wall layers show notable
differences in their contrast after staining with KMnO4 and
can be visualized with TEM.15,34,35 TEM images of the
unextracted (Figure 3) and extracted (Figure 4) Norway
spruce wood cell wall were obtained after KMnO4 staining to
evaluate changes in the cell wall. Visual observation of the wood
sections did not show significant differences after lignin

Figure 1. Average Raman spectra obtained from CML and S2 layer of unextracted and extracted wood sections and their difference spectra: (a)
average Raman spectra from CML (absolute), (b) normalized average Raman spectra from S2 layer (relative to cellulose band at ∼1122 cm−1), (c)
difference spectrum of unextracted and extracted CML in (a), and (d) difference spectrum of unextracted and extracted S2 layer in (b).

Figure 2. Raman images of transversely sectioned unextracted (a) and
extracted (b) wood illustrating intensity ratio I1600/I1122 (in secondary
wall this corresponds to lignin/cellulose ratio). CML = Compound
middle lamella.

Figure 3. Transmission electron micrograph of unextracted wood
section. Compound middle lamella (CML) region shows darker
contrast after staining with KMnO4.
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extraction when compared with unextracted wood. However,
TEM images of the unextracted sample showed a darkly stained
CML with almost even staining of the other areas of the cell
wall (Figure 3) corresponding to the results for softwood
tracheids.33 On the other hand, an intense staining was
observed in the CML, cell corners, and S3 layer of the extracted
sample (Figure 4); in this case, the S2 layer was also clearly less
stained with KMnO4. The CML with dark contrast also became
narrower after extraction. Our results correspond to an earlier
study made by Maurer and Fengel12 who studied the sources of
milled wood lignin using TEM. After extraction, the presence of
cracks in the S1 layer across the cell wall and missing parts of
secondary wall were observed (Figure 4). Because lignin acts as
a binding polymer, which together with cellulose and
hemicellulose makes the fibers stiff and rigid,36 partial removal
of cell wall lignin from ultrathin sections makes bonding
weaker. Electron lucent and electron dense regions were found
both in the fresh sections of Norway spruce37 and in the S2
layer post-extraction (Figure 4a), which illustrates a heteroge-
neous lignin distribution in the analyzed samples.
Our results clearly show that 1,4-dioxane can partly extract

lignin not only from the middle lamella but also from the
secondary wall, although the wood section is much thicker
(∼200 nm) than the dimensions of cellulose microfibrils (∼3.5
nm). This is an unexpected observation as the cell wall is
generally considered as a tightly packed composite from which
the matrix of lignin and hemicellulose is physically difficult to
remove. Additionally, lignin and hemicelluloses are partly
associated with each other through covalent linkages forming
lignin−carbohydrate complexes. For comparison, it is known
that a fraction of the cell wall polysaccharides is solubilized
during mechanical pulping of wood.38 However, it is not likely
that large amounts of lignin−hemicellulose complexes were
extracted in our case because 1,4-dioxane is not a solvent for
hemicellulose and also our samples were not mechanically
preprocessed. The situation is presumably analogous to diblock
copolymers where even a relatively small block of nondissolving
component prevents dissolution in a solvent that would be a
good solvent for the other block.
To summarize this work, study of the lignin-extracted

ultrathin sections provides valuable information regarding cell
wall behavior during extraction when all the layers are exposed
to the extraction chemical. The concentration of lignin in all
cell wall layers changed during the extraction process. However,
lignin obtained after extraction consists mainly of secondary
wall lignin as this area contains most of the total cell wall lignin
in conifer tracheids. The presence of crack-like damage in the

S1 layer of the secondary wall was observed after extraction.
Both RM and TEM produced similar results. Further studies on
the extracted material could provide us with more valuable
information on the extraction process.
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UV resonance Raman (UVRR) spectroscopic study on the extractable
compounds in Scots pine wood (Pinus sylvestris). Part II: hydrophilic
compounds. Spectrochim. Acta, Part A 2004, 60, 2963−2968.
(25) Saariaho, A.-M.; Hortling, B.; Jaäs̈kelaïnen, A.-S.; Tamminen, T.;
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