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Abstract Infrared photo-induced force microscopy
(IR PiFM) was applied for imaging ultrathin sections
of Norway spruce (Picea abies) at 800—1885 cm ™'
with varying scanning steps from 0.6 to 30 nm. Cell
wall sublayers were visualized in the low-resolution
mode based on differences in their chemical compo-
sition. The spectra from the individual sublayers
demonstrated differences in the orientation of cellu-
lose elementary fibrils (EFs) and in the content and
structure of lignin. The high-resolution images
revealed 5-20 nm wide lignin-free areas in the S,
layer. Full spectra collected from a non-lignified spot
and at a short distance apart from it verified an abrupt
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change in the lignin content and the presence of
tangentially oriented EFs. Line scans across the lignin-
free areas corresponded to a spatial resolution of < 5
nm. The ability of IR PiFM to resolve structures based
on their chemical composition differentiates it from
transmission electron microscopy that can reach a
similar spatial resolution in imaging ultrathin wood
sections. In comparison with Raman imaging, IR
PiFM can acquire chemical images with > 50 times
higher spatial resolution. IR PiFM is also a surface-
sensitive technique that is important for reaching the
high spatial resolution in anisotropic samples like the
cell wall. All these features make IR PiFM a highly
promising technique for analyzing the recalcitrant
nature of lignocellulosic biomass for its conversion
into various materials and chemicals.
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Introduction

Replacing fossil carbon sources with biomass as a
source of materials and chemicals sets increasing
needs for understanding the structure of biomass on
molecular to nanostructural scales. This knowledge is
required in developing more efficient ways of frac-
tionating and processing plant fibers and their con-
stituents (Charrier et al. 2018; Sorieul et al. 2016). The
complex architecture of lignified wood fibers includes
several secondary cell wall layers (S;, S,, S3) along
with their transition layers (S;_,, S,_3), compound
middle lamella (CML), and cell corner middle lamella
(CCML). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), especially
have provided detailed information on the organiza-
tion of cellulose elementary fibrils (EFs) in the
sublayers of wood cell walls (CW). TEM tomography
has been applied to visualize EF assemblies in 3D
(Reza et al. 2014a, b; Reza et al. 2019). In general, the
thick S, layer of normal wood fibers consists of close
to axially oriented EFs that may aggregate to form
(micro) fibrils or lamellae (Abe et al. 1991; Donaldson
2008). In thin S and S5 layers, the fibril angle, i.e. the
angle between the fiber and EF axes, is much larger
(Plaza et al. 2016; Wiedenhoeft 2013). In the thin S;_,
layer, the ends of EFs with distinctly different fibril
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angles cross which results in an abnormally high
cellulose content in this layer (Reza et al. 2019). Many
researchers have reported the occurrence of EFs in Sy,
S,, and Sz layers, where S, S; has transversely
oriented and S, has axially oriented EFs (Abe et al.
1992; Abe and Funada 2005; Briandstrom et al. 2003;
Donaldson 2008; Donaldson and Xu 2005; MaaB et al.
2020; Huang et al. 2003).

In secondary cell wall, EFs or their aggregates are
surrounded by a matrix of hemicelluloses and lignin
(Chundawat et al. 2011). The softwood hemicelluloses
of normal wood consist mostly of O-acetylated
galactoglucomannan and arabino-4-O-methylglu-
curonoxylan (Ibn et al. 2017; Lyczakowski et al.
2019; Stevanic 2011). In contrast, complex pectins are
the main polysaccharides of the CML and CCML
regions (Melelli et al. 2020). Galacturonans and
rhamnogalacturonans are major substructures of the
pectins where the galacturonic acid units are partially
methylated (esterified) (Bonnin et al. 2014). The
softwood lignin is of the guaiacyl type, formed mostly
through oxidative polymerization of coniferyl alcohol
(Jingjing 2011). The lignin content of wood is highest
in CCML and CML (Zhang et al. 2020). In these
regions, the lignin is more condensed or cross-linked
in comparison with the secondary wall lignin. Diben-
zodioxocin structures are typical of cross-linked
guaiacyl lignin (Bock et al. 2020; Kukkola et al.
2003). Softwood lignin may also contain ring-conju-
gated structures, such as coniferyl alcohol and alde-
hyde units and a-carbonyl groups (Johansson 2000;
Lin and Kringstad 1970a, b).

Analyzing the chemical structure of specific
regions of CW is a challenging task. Distribution of
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lignin in microtome sections of wood has been studied
by TEM, UV and visible light microscopy and Raman
microscopy (Kesari et al. 2020; Reza et al. 2014a, b;
Reza et al. 2019). Achieving contrast with TEM
requires specific staining e.g. with permanganate or
use of immunolabeling techniques (Reza et al.
2014a, b; Reza et al. 2015). While UV microscopy is
specific for lignin Raman imaging can provide infor-
mation on both lignin and cell wall polysaccharides
(Kesari et al. 2020; Reza et al. 2014b; Dou et al. 2018).
Thus, Raman microscopy has provided information
e.g. on orientation of EFs and distribution of ring
conjugated lignin monomers in CW (Gierlinger and
Schwanninger, 2006; Gierlinger et al. 2010; Hinninen
et al. 2011). However, the diffraction limited spatial
resolution of optical Raman microscopy is insufficient
for observing the detailed structure of CW. Although
the orientation of cell wall polymers has been studied
by Fourier transform infrared (FITR) microscopy
(Stevanic and Salmen 2009), the low resolution of the
technique does not allow studying individual cell wall
sublayers.

In recent years, a number of highly advanced
techniques like tip-enhanced Raman spectroscopy
(TERS), infrared atomic force microscopy (AFM-
IR), and infrared photo-induced force microscopy (IR
PiFM), especially, have provided spectroscopic imag-
ing with nano-scale spatial resolution (Levin and
Bhargava 2005; Lewis et al. 1995; Nguyen et al. 2020;
Ogunleke et al. 2017; Xiao and Schultz 2018). AFM-
IR based on thermal expansion of the material has
been applied for studying wood cell wall (Wang et al.
2016; Gusenbauer et al. 2020) and xylem pit mem-
branes (Pereira et al. 2018). Gusenbauer et al. (2020)
reported a spatial resolution of 16 nm in their
measurements. IR PiFM is a multimodal technique
that combines FM with tunable IR laser excitation to
obtain nondestructive chemical information with <

10 nm resolution via near-field imaging (Nowak et al.
2016). The high spatial resolution of the technique is
based on measuring the short-range force between the
polarized sample and its mirror image on the tip. IR
PiFM spectra correlate well with the bulk FTIR
spectra of homogenous samples. On samples with
nanoscale heterogeneity, PiFM spectra yield local IR
absorption information from ~ 10 nm region under-
neath the tip. Hyperspectral mapping is a mode of
PiFM that enables hyperspectral nanochemical map-
ping (Murdick et al. 2017).

In the present study we applied IR PiFM for
studying ultrathin microtome sections of Norway
spruce (Picea abies) wood with an aim of getting
direct spectroscopic data on the cell wall polymers and
their organization in the sublayers of CW (Fig. 1).
Earlier we studied the wood from the same tree by
TEM and TEM tomography of permanganate stained
microtome sections. From these studies we got
detailed information on orientation and organization
of EFs in CW. With TEM tomography, we were able
to visualize the occurrence of helical EF bundles in the
S; layer and entangling of EF ends in the S;,
transition layer (Reza et al. 2017, 2019).

Material and methods
Materials and sample preparation

A piece of ca. 15 years old Norway spruce (Picea
abies) was collected at breast height (1.3 m) in Espoo,
Southern Finland. The piece of wood was cut into
cubes (3 x 5 x 10 mm®) and directly transferred
inside the cryo-chamber (—65 °C) of a Leica EM
FC7 ultramicrotome. Ultrathin cross (transverse) sec-
tions (150 nm) were cut from the cubes with a
diamond knife (Cryo 35° of DIATOME, Switzerland).
The sections were collected on silicon wafers with the
help of an eyelash mounted on a pole (Reza et al.
2014a, b; Reza et al. 2019). The region that was
imaged was latewood in the fifth annual ring from the
pith.

Photo-induced force microscopy (PiFM)
and hyperspectral PiFM IR (hyPIR) imaging

All PiFM and hyPIR measurements were carried out
using a VistaScope microscope from Molecular Vista
Inc. (San Jose, CA, USA), coupled with Block
Engineering’s (Southborough, MA, USA) LaserTune
QCL tunable mid-IR quantum cascade laser, with a
wavenumber range of 775-1885 cm ™' and a spectral
line width of 2 cm™'. The QCL laser beam was
focused by a parabolic mirror at the interface between
the sample and the AFM tip in an elliptical spot size of
approximately A x 1.5A. The average laser power on
the sample surface was 0.1 mW during the imaging.
The angle and direction of the laser beam on the
sample is indicated in Fig. 2. AFM was operated in
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Transverse section
of Spruce tree (C)

Fig. 1 IR PiFM experiment includes sectioning of the wood,
selection of an area of interest, topography and PiFM imaging
(partially adopted from Reza et al. 2019). The functioning of
AFM feedback system and the feedback laser position-sensitive
detector record the topography of the sample and lock-in
electronics concurrently record the PiFM images at variable

30°

Fig. 2 Schematic presentation on the QCL laser beam
(k) direction relative to the cantilever and the sample. The
PiFM image shows part of radial wall close to cell corner. The
direction of the electric field (E) of the linearly polarized laser
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QCL laser frequencies. Mechanism of detection in more
detailed has been discussed elsewere (Nowak et al. 2016).
Topography shows, in part, CW layering (CML, Sy, S|, S5, So.
3, S3). In contrast, IR PiIFM images show details of the layers
such as small lignin-free spots in S; on underlying EFs

beam is also shown. The angle shows the direction of the laser to
the tip, where laser coming in at an angle of 30° from the surface
of the sample and ~ 135° from the cantilever axis
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dynamic non-contact mode and gold-coated NCH
300 kHz cantilevers from Nanosensors (Neuchatel,
Switzerland) were used for all measurements.

The modulation frequency of the QCL laser, oy,
was selected so that ®,, = ®;—w®y, where ®g and ®;
are the 1st and 2nd mechanical resonance modes of the
cantilever, this was referred to as the sideband mode
and takes advantage of the quality factor of the
cantilever to increase sensitivity (Nowak et al. 2016).
In the default setup, topography was recorded on the
2nd mode, while PiFM was detected on the 1st.

The size of all topography, PiFM (response at
specific spectral lines) and hyPIR (full spectrum at
each pixel) images was 256 x 256 pixels. All image
and data processing were carried out using Sur-
faceWorks. The scan size for a low resolution hyPIR
image was 7.66 x 7.66 pum® (30 nm step between
pixels) while the spectrum acquisition time at each
pixel was 200 ms over a range of 800-1885 cm ™.
The hyPIR spectra were divided by the wavenumber
dependent laser power intensity profile for normaliza-
tion. Using SurfaceWorks, average spectra were
determined on various regions of interest, (CCML,
CML, S, S,, S3, CML and CCML and their transition
layers CML-S;, S, and S,.3). The advantage of this
AFM-based technique is that if there is any damage,
any rescan or scan of a larger area will reveal the
damage. Therefore, no damages were observed with
PiFM and other measurements.

Medium resolution PiFM images of 4 x 4 yum?
(15.6 nm steps) and 1.0 x 1.0 um?® (3.9 nm steps)
were collected at 1057, 1267, 1503, 1650 and
1744 cm ™ 'using a scan speed of 0.19 line/s. High
resolution PiFM images of 400 x 400 nm?* (1.6 nm
steps) and 150 x 150 nm* (0.6 nm steps) were col-
lected at 1051, 1504 and 1740 cm ™! with a scan speed
of 0.89 line/s. Point PiIFM spectra with acquisition
time of 30 s over a range of 800—1885 cm™' were
collected separately from different locations of
interest.

Results and discussion

hyperspectral PiFM IR (hyPIR) images of cell wall
and PiFM spectra of its sublayers

Topography and hyPIR images of the whole cell wall
were obtained first in a low resolution (30 nm)

(Fig. 3). The topography image was most similar to
the hyPIR image at 1166 cm™'. This absorption band
is specific for cellulose chains that are parallel with the
plane of polarization of the linearly polarized light of
the used QCL laser source (Stevanic and Salmen
2009). In normal wood, cellulose elementary fibrils
(EFs) are aligned close to axially only in the S, layer
(Reza et al. 2019). Therefore, the topography image
and the hyPIR image at 1166 cm™' differentiate S,
from the rest of the cell wall. The hyPIR images at
1505, 1471 and 1220 cm ™" had similar high intensity
profiles in the CCML and narrow CML regions
(Fig. 3). All these absorption bands are characteristic
for lignin and indicative of high lignin content in
CCML and CML (Bock et al. 2020; Larsen and
Barsberg 2010). A similar, although weaker, intensity
profile was observed in the hyPIR image at
1145 cm ™', indicating that also this band originated
from lignin (Bock et al. 2020).

The hyPIR images at 1034, 1060 and 1096 cm ™'
gave an impression on two additional sublayers
between CML/CCML and S, (Fig. 3). These layers
were tentatively assigned as S; and S;_,. The report-
edly high cellulose content in the S;_, transition layer,
where the ends of EFs of S| and S, cross, could explain
the high absorption intensity in this region although
lignin has some overlapping absorption. The hypIR
image at 1733 cm™' showed similarly the presence of
the sublayers even though this absorption may orig-
inate from ester groups in both acetylated galactoglu-
comannans and methyl esterified pectins (Schulz and
Baranska 2007; Stefke et al. 2008). Based on the
topography and hyPIR images, the overall thickness of
the region S;,-S;-CML-S;-S;., was 700-800 nm, of
which CML formed 100-200 nm. Although the res-
olution (30 nm) was too low to determine the thick-
nesses precisely, the values are in the range reported
earlier.

Because the acquisition time for each spectrum in
the hyPIR image was only 200 ms, the signal-to-noise
ratio of individual spectra was low. Therefore, average
spectra were calculated for regions representing
different sublayers of the cell wall (Fig. 4, Supple-
mentary Figs. 1 and 2). The S, layer was homoge-
neous throughout its thickness (3.5 pm) and the
parallel polarization specific cellulose band at
1166 cm™" was the most characteristic feature of the
spectra. Additionally, strong absorption maxima pre-
sent at 1034 and 1060 cm™"' besides a weaker one at

@ Springer
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Fig.3 Topography and hyPIR images of an ultrathin Norway spruce cross section plotted at a number of different wavenumbers from
1034 to 1733 cm™ . The images reveal the presence of several cell wall sublayers

ca. 1100 cm™" were recognized as cellulosic bands
(Agarwal and Ralph 1997; Halttunen et al. 2001;
Wiley and Atalla 1987). Characteristic lignin absorp-
tion band pattern was observed at 1505, 1471 and
1451 cm™'. An ester band at 1733 cm™" originated
obviously from the acetylated galactoglucomannans
that are the main type of hemicellulose in softwood
species.

The cell wall layer (dark blue) next to the lumen had
a spectrum that was almost identical to that of S,
(Fig. 4). This tracheid obviously lacked the S; layer
region. Instead, the lumen wall seemed to be covered
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with a substance that had a spectrum quite different
from the other regions, with a strong absorption at ca.
1620 cm™" which is typical of unsaturated structures
that are present e.g. in suberin (Rocha et al. 2001).
The CCML region had strong lignin absorption
bands at 1505, 1471 and 1451 cm™! similar to the
lignin in the S, layer (Fig. 4). Moreover, additional
strong absorption bands were at 1220 and 1145 cm_l,
typical of condensed structures, such as dibenzodiox-
ocin (Bock et al. 2020), that are known be present in
softwood lignin. These additional absorption bands
were also present in CML but not in the remaining
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Fig. 4 a Topography image of an ultrathin Norway spruce cross section with color codes on the concentric cell wall regions.
b Averaged PiFM spectra from the color-coded regions with their tentative assignments as CCML, CML, Sy, S;., and S,

regions of the cell wall. Earlier immunolabeling
studies suggested the occurrence of lignin dibenzodi-
oxocin structures in S; layer of Norway spruce normal
wood except for juvenile wood (Kukkola et al. 2003).
Thus, the absence of condensed lignin structures in the

innermost secondary wall layer obviously resulted
from the young cambial age of the region.

In order to study the spectral features of the outer
layers of the cell wall more precisely, a topography
image and point PiFM spectra were collected with
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15.6 nm resolution instead of the 30 nm resolution of
the hyPIR images. The acquisition time was increased
from 200 ms to 30 s to improve the signal-to-noise
ratio. The information obtained from the point PiIFM
spectra mostly confirmed the observations from the
hyPIR experiments: high lignin content and presence
of condensed lignin structures in CCML and CML
(Agarwal 2006; Burke et al. 1974; Meier 1985;
Whiting and Goring 1983; Zhang et al. 2020) and
axially oriented EFs in S, (Fig. 5). One of the point
spectra, obviously part of S; or S;_,, had strikingly low
lignin content close to the cell corner (spectrum 7 in
Fig. 5). Abnormal regions of low lignin content have
been reported earlier in literature. For example, a low
lignin content of S;_, was reported earlier by many
researchers who studied wood cross sections by TEM
(Briandstrom et al. 2003; Donaldson et al. 1995;
Fromm et al. 2003; Reza et al. 2014a, b; Reza et al.
2019). However, lignin-poor PiFM point spectra may
result from nanoscale variation in the chemical
composition instead of a region of low lignin content.
The structure of the cell wall and its sublayers
varies significantly between individual tracheids, e.g.
relative to EF orientation (Donaldson and Xu 2005;
Reza et al. 2019). Therefore, the results presented here
are preliminary and mainly demonstrate the power of
IR PiFM in analyzing chemical composition of the
thin sublayers that are present in plant cell walls.

High resolution PiFM imaging of cell wall

PiFM imaging of the outer layers of the cell wall
revealed textures and spots of variable chemical
composition in small scale (Fig. 6). These features
became visible when the resolution was increased first
to 3.9 nm and then further to 1.6 and 0.6 nm. PiFM
images at 1503 cm™" revealed the presence of spots of
low lignin content in the lignin-rich S; or CML-S;
region. Similarly, PiFM images collected at
1051 cm™' showed corresponding spots of high
cellulose content. The size of these features varied
from few nanometers to ca. 20 nm. The size of the
smaller spots (ca. 5 nm) was close to the width of
individual EFs. The larger ones were as thick as the
helical EF bundles that were recently shown to exist in
the S; layer of spruce cell wall (Reza et al.
2019, 2017). Several studies have also reported that
EF bundles are present in the S, layer (Fahlen and
Salmen 2002; Singh and Daniel 2001; Xu et al. 2007).

@ Springer

Patterns similar to those in the PiIFM images were also
observed in the topography images (Fig. 6). The
nanoscale height variation was only few nanometers
and could possibly originate from the surface rough-
ness of helical EF bundles.

A region of a single larger spot, tentatively assigned
as part of an EF bundle, was carefully analyzed
through measuring full PiFM spectra
(800—1800 cm™') in the middle of the spot and ca. 1
and 10 nm apart from it (Fig. 7). All spectra included
strong bands at ca. 1050 and 1100 cm™', which are
characteristic of EFs perpendicular to the polarization
plane of light (Sturcova et al. 2004). Thus, the
observed spots cannot originate from axially oriented
EFs, that was originally considered as a possible
explanation. In contrast, the underlying tangentially
oriented EFs and EF bundles, typical of S;, may
simply have non-lignified regions of this scale. Strong
ester absorption (ca. 1735 cm™') was found in all
spectra indicating that either acetylated hemicellu-
loses or methyl esterified pectins were present in the
spot area and outside it (Agarwal 2006; Lupoi et al.
2015; Schwanningera 2004). The interactions between
EFs, their aggregates and the other cell wall polymers
have been studied and discussed widely (Bardage et al.
2004; Duchesne et al. 2000; Donaldson 2007; Rong-
pipi et al. 2019; Salmen and Olsson 1998). An uneven
distribution of ferulate ester groups of pectins and
hemicelluloses, known to be nucleation sites of lignin
formation, could plausibly explain the uneven lignin
distribution in nanoscale. Another possibility is that
the ultramicrotome sectioning leads to some random
variation in the surface lignin content. However, the
presence of ca. 20 nm wide lignin-free areas means
that several EFs may entangle together without any
lignin between them.

Further studies were conducted to measure the
width of the non-lignified areas (Fig. 8). PiFM
(1503 cm™') intensity profiles were plotted in steps
of 0.6 nm over the lignin-free spots. The half-width of
the smallest spots was ca. 5 nm, close to the size of EF
that has been reported to have a hexagonal cross
section of 3.2 x 5.3 nm (Ding and Himmel 2006;
Ding et al. 2014; Frey-Wyssling and Muhlethaler
1963; Fernandes et al. 2011). On the other hand,
thinner bridging elements occur regularly between
EFs (Donaldson and Singh 1998; Kerr and Goring
1975; Reza 2016). The width of the larger non-
lignified areas was in the cross-section range of EF



Cellulose

Topography

221 nm

1220 1143 1043
1745 1503 [1454 1268 1162 1057 b
2.50 —
N
2.00 —|
—_ i S2
E ’___,___,__../-/ wu‘ﬂ 9 —
S 150 w N
'g _fdvm—/\\ww ) ¢ S1
o - A\
I NS VAN )
2 W NAT Y
e il Al |
2 1.00 —_/N*‘""’_'/\\""’W““"“""vﬂ\/\{ o [ ‘,\ PN . 6
o AN o N/ ML
LY N1 I =
020 _/ﬂ/wu\l \/\./ M ’ o
,_’»’—f’/ Muﬂ N v\/\‘ 2 S1
V\,\/VN\\,./"\'——\N\,/V 1 —
T T T T T T T T T T s2
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (cm*-1)
Fig.5 aTopography image of an ultrathin Norway spruce cross S; and S,. Spectra 1 and 6 probably represent transition layers
section with numbered color codes for point spectra positions in Si» and of S;-CML (Gierlinger and Schwanninger 2006),
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coded points with their tentative assignments as CCML, CML,
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Topography Topography

Fig. 6 Topography (a—c) and PiFM images of an ultrathin
Norway spruce cross section at ca. 1503 (d—f) and 1052 (h,
i) cm™! at three different magnifications (dimensions shown by
the scalebars). A TEM tomography image of a helical EF bundle

aggregates that have been investigated by several
researchers (Donaldson 2007; Hodge and Wardrop
1950; Hult et al. 2001; Preston et al. 1948; Reza et al.
2014a, b). In comparison with PiFM, the topography
profiles were much more difficult to analyze and they
resulted in larger aggregate size values.

Assuming an abrupt change in the chemical com-
position between the lignified and lignin-free regions,
it is possible to estimate a lower limit for the spatial
resolution of the measurement and characteristics of
immersion sampling technique in confocal Raman
depth profiling (Vyorykka et al. 2002). In PiFM spots
1-5 in Fig. 8 the change in intensity occurred in ca.
5 nm and therefore it is possible to state that the spatial
resolution was < 5 nm.
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with its dimensions (nm) is also shown (g) (Reza et al. 2017).
The vertical cellulose-rich patterns in the PiFM images at ca.
1050 cm™! may represent tangentially organized EF bundles
that are typical of S; layer of Norway spruce tracheids

In S; layer small lignin-free spots were also present.
Their width was ca. 5 nm and they often occurred at
ca. 10 nm distance from each other (Fig. 9). These
spots obviously represented cross sections of close to
axially oriented EFs.

Conclusion

IR PiFM is a breakthrough in analyzing the nanoscale
physical and chemical structures of plant cell walls. In
comparison with the commonly used chemical imag-
ing by Raman microscopy, IR PiFM can reach > 50
times higher spatial resolution. The resolution is also
several times higher than what has been reported for
thermal expansion AFM-IR (Gusenbauer et al. 2020).
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Fig.7 PiFM point spectra taken from the locations shown by the color codes in the high resolution PiFM and tomography images of an

ultrathin cross section of Norway spruce

The ultimate resolution of IR PiFM depends on the tip
and the photoinduced effect between the tip and the
sample. The technique is also surface sensitive (ca.
10 nm analysis depth), which makes the analysis more
straightforward in comparison with TEM that images
typically 100-200 nm sections over their whole

thickness. IR PiFM requires no sample pretreatment
other than cutting high-quality microtome sections of
the sample. The high spatial resolution in combination
with the chemical resolution makes IR PiFM compet-
itive with TEM also in structural analysis of the cell
wall. Unlike IR PiFM, TEM requires staining for

@ Springer
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Topography —  PiIFM

Fig. 8 Topography (dashed line) and PiFM (1504 cm™", solid line) intensity profiles (right) along the color-coded lines in high-
resolution topography and PiFM images (left) of an ultrathin section of Norway spruce

Topography

Fig. 9 Topography and PiFM (at 1503 cm™") images of an
ultrathin Norway spruce cross section. S, regions in the top left
and downright regions lack the large lignin-free spots typical of

contrast enhancement which may alter the original
structure.

IR PiFM of Norway spruce cross sections con-
firmed the presence of lignin-free EF aggregates in the

@ Springer

36.4 nm

0.00m\,

the outer cell wall layers. Instead, ca. 5 nm wide lignin-free
spots at ca. 10 nm distance from each other are characteristic of
S, layer

outer cell wall while individual EFs (true width
3—4 nm, observed width 5-6 nm) were more typical
for the S, layer. The presence of both EF aggregates
and lignin affect the accessibility and reactivity of
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cellulose and contribute to the recalcitrance of
biomass in fractionating and converting it into various
products (dos Santos 2013; Michelin et al. 2020; Reza
etal. 2017). In the future, IR PiFM could be applied for
analyzing the detailed chemical and physical structure
of different biomass sources and getting better under-
standing on their reactivity and suitability in various
applications in the fields of material science, life
sciences, biofuel production, etc.
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