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The mechanical and chemical properties of plant cell walls greatly rely on the supramolecular assembly of
cellulose fibrils. To study the local orientation of cellulose in secondary plant cell walls, diffraction limited
infrared (IR) micro-spectroscopic mapping experiments were conducted at different orientation of trans-
verse leaf section of the grass Sorghum bicolor with respect to the polarization direction of the IR radi-
ation. Two-dimensional maps, based on polarization-sensitive absorption bands of cellulose were
obtained for different polarization angles. They reveal a significant degree of anisotropy of the cellulose
macromolecules as well as of other biopolymers in sclerenchyma and xylem regions of the cross section.
Quantification of the signals assigned to polarization sensitive vibrational modes allowed to determine the
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preferential orientation of the sub-micron cellulose fibrils in single cell walls. A sample of crystalline
nano-cellulose comprising both a single microcrystal as well as unordered layers of nanocrystals was
used for validation of the approach. The results demonstrate that diffraction limited IR micro-spec-
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Introduction

Knowledge about the composition, structure, and biosynthesis
of the cell walls of higher plants could offer solutions to a
diverse range of problems of our time, from creating new types
of composite materials’ over engineering healthier plants® to
better understanding of the climate change.®* Cell walls of
plants possess unique mechanical and chemical properties,
owing to a supramolecular, composite arrangement that is
determined by the hierarchical assembly of cellulose fibrils
and their interaction with hemicelluloses and pectin, as well
as with lignin, peptides, and proteins.*® The structure and
composition of the cell wall can be related to its physiological
function, its dynamics during cell growth,”° and its mechani-
cal stability. Effects on stability are caused directly by the mole-
cular and supramolecular structure and interaction,'™* but
can also be the consequence of distinct biochemical remodel-
ing based on signaling events'® or by facilitating
biomineralization."*'> Cellulose crystallinity greatly deter-
mines interaction with the other molecular constituents,
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troscopy can be used to study hierarchically structured materials with complex anisotropic behavior.

especially in secondary cell walls."®'” Information on the

orientation of cellulose crystals in the plant material, also
in situ in cell walls, can be retrieved by birefringence tech-
niques,'® and to even greater detail by vibrational spectrosco-
pies that can reveal anisotropy in supramolecular structure
and orientation. Raman spectroscopy, when using signals of
cellulose with a small depolarization ratio, reveals the orien-
tation of purified cellulose fibers,'**° of cellulose in wood,>"*>
and in herbaceous plants such as equisetum?® and rice.>* The
hierarchical organization of highly oriented cellulose crystals
into microfibrils has also been addressed by probing the elec-
tronic anisotropy of cellulose fibrils using higher order polariz-
ability in coherent anti-Stokes Raman scattering (CARS),>>?° as
well as by vibrational sum frequency generation (SFG) spec-
troscopy”” and imaging by second harmonic generation (SHG)
signals that ideally complement vibrational spectroscopic
data.>>*®

The potential of infrared (IR) spectroscopy to indicate cell-
ulose orientation was shown already in the first IR absorption
experiments with flax fibers at defined polarization 65 years
ago,”® and translates to IR measurements at higher lateral
resolution when studying purified cellulose®**' or the struc-
ture-function relationships of cellulose in plant tissues using
FTIR microscopes.””** Compared to spontaneous Raman
spectroscopy, IR absorption is found to be very sensitive and
robust with respect to electronic resonances that often lead to
selective signal enhancement, photobleaching, and/or exci-
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tation of autofluorescence® or to thermal degradation of plant
cell materials when excitation lasers in the visible region are
used.*® The absence of selectivity caused by electronic reso-
nances enables an unbiased probing of all IR active vibrations.
Moreover, the origination of the IR absorption bands from
dipole moment changes simplifies the analysis of the spectra
and the quantification of the results, in particular in the case
of anisotropy studies.’” These, among other advantages make
FTIR microscopy very attractive for studies of cellulose orien-
tation in situ in the cell walls of plants.

Plant tissues contain substructures and vessels of sizes that
match the (diffraction-limited) spatial resolution of typical
mid-IR microscopy experiments. When a high brightness
broadband synchrotron is used as the IR light source, such
diffraction limited IR microscopic mapping experiments can
be done in reasonable periods of time***° and at highly
defined polarization. Here, we use a synchrotron coupled FTIR
microscope to investigate in situ cellulose and other biopoly-
mers in plant cell walls of sorghum leaves by polarization-
resolved chemical imaging.

The properties and functionality of individual cell walls are
intimately related to both content and organization of
different cell wall components, in particular orientation and
packing of the cellulose microfibrils. We have previously
studied the composition of secondary cell walls of different
tissues of sorghum by IR and Raman micro-spectroscopies
and one- and two-photon fluorescence, specifically with
respect to lignin structure and composition,”®*" and analyzed
cellulose microfibril orientation in these cells by SHG
microscopy.”® As will be discussed later, in addition to the
chemical composition and structure the polarization resolved
IR imaging data reveal the organization of the cellulose in the
cell walls in situ. Specifically, in the transverse sections studied
here at diffraction limited spatial scale, the anisotropy can be
traced down to individual cell walls in the sclerenchyma and
xylem regions. The IR micro-spectroscopy has previously been
used for chemical imaging of plant samples,**™*> however, the
anisotropic measurements in plants are usually done either
for longitudinal sections**** of the cells and/or averaging the
information over rather large areas,*® i.e. over many or several
cells.

Materials and methods
Sample preparation

To study orientation of cellulose fibrils in plants secondary
walls, Sorghum bicolor (L.) Moench plants (wild type; line BT x
623) were grown hydroponically for 9 weeks after germination
using Hoagland solution. The leaves were dissected mechani-
cally. After chemical fixation of the tissues with FAA a mixture
of formaldehyde, ethanol, acetic acid, and water in a ratio of
10% :50% : 5% : 35% v/v, respectively, gradual dehydration in
an ethanol series, and a following paraffin embedding, histo-
logical sections of 5 pm thickness were prepared with a micro-
tome. The sections were mounted on 0.5 mm thick CaF,
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windows and inspected using a Zeiss Axio Imager. A2m optical
microscope (Carl Zeiss Microscopy, Germany) to determine the
quality of the cut. A single section, which preserved the best
morphology of the plant was selected for the investigation and
all the experimental data related were collected from this plant
section. The plant section was de-paraffinized with hexane just
before IR analysis. A layer of crystalline nano-cellulose
(NAVITAS, Slovenia) was drop casted on a 0.5 mm CaF, window
and was used as a reference sample for pure cellulose.

FTIR microscopy experiments

The IR microscopy end-station at IRIS beamline, BESSY II
Synchrotron, HZB Berlin was used for the experiments.*” The
measurements were done in transmission mode with a con-
focal Continupm FTIR microscope (Thermo Scientific Nicolet,
Waltham, MA, USA) using a pair of 32x Schwarzschild objec-
tives (N.A. 0.65). Synchrotron light was used for recording of
the spectra with well-defined light polarization. Use of the in-
ring plane component of the synchrotron IR radiation was
ensured by placing and aligning a grid polarizer before the
microscope optical entrance. Different areas of the sample
were investigated (Fig. 1): (i) a wide overview area, covering
different histological structures in the cross section of about
150 x 150 pm”® using an aperture size of 7 x 7 um?, a 4 pm step
size between sampled spots, and 32 interferograms co-added
per spectrum; (ii) areas of more detailed measurements, using
an aperture size of 5 x 5 um?, sampling step size of 2 um, and
co-addition of 64 interferograms per spectrum in the scler-
enchyma (Fig. 1, orange marking) and xylem (Fig. 1, blue
marking) tissue regions of 20 x 20 pm® and 20 x 40 um?
respectively. The sample was rotated about the microscope
optical axis, and the measurements of the same areas were
done at 0°, 45°, 90°, and 135° positions. The initial angular

Fig. 1 Bright field microscope image of a transversal section of a
sorghum leaf studied. The rectangles of different colors show the areas
of FTIR mapping experiments that were conducted at 45° sample orien-
tation. Red arrowheads point to the positions where single point spectra
were obtained for a large set of different angles by rotation of the
sample with respect to the orientation of the IR electric field (double-
sided arrow in the bottom-right corner). Abbreviations: scler =
sclerenchyma.
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position of the sample does not intentionally correspond to
any features in the sample and was chosen arbitrary.

Single point spectra from several positions of interest were
collected in the sclerenchyma (S1-S4) and xylem (X1, X2, X3)
tissue regions using a 5 x 5 pm® aperture size and 128 co-
added scans per spectrum. The locations of the single point
measurement spots are shown in Fig. 1. The spectra were col-
lected at different angular orientations of the sample: 0°, 15°,
30°, 45°, 60°, 75°, 90°, 105°, 120°, and 135°, with repeated
measurements at some of the angles, yielding a total of 17
spectra for each point of interest.

The same experimental conditions were used to collect
spectra of the crystalline nano-cellulose reference samples,
from an area that appeared homogenous and unoriented at
the microscopic scale, and from a highly oriented cellulose
microcrystal of an approximate dimensions of 5 x 10 pum?
respectively. The reference spectra were collected at angles of
0°, 22.5°, 45°, 67.5°, 90°, 112.5°, and 135°.

Background spectra were taken at the same experimental
conditions as were used for the corresponding samples and
experiments from an empty area on the CaF, substrate in the
proximity to the sample.

Additional spectra were recorded with the light blocked at
the sample position. IR light diffracted of the internal micro-
scope aperture is observed by this configuration and this light
directly reaches the detector. The diffracted light gives a sig-
nificant contribution to the generally observed signal when
using the aperture of 5 x 5 pm? in the wavenumber range
below 1100 cm™" (see Fig. S17).

In addition, reference spectra from the sclerenchyma and
xylem regions as well as from nanocrystalline cellulose were
collected with unpolarized light using the internal Globar IR-
source and an aperture size of 20 x 20 pm>

Atomic force microscopy

AFM imaging of individual cell-walls in the plant cross-section
was done in non-contact mode with a neaSNOM AFM
(attocube systems AG, Germany) using Arrow-NCPt (tip radius
<25 nm) Pt/Ir-coated AFM probes (Nanoworld AG,
Switzerland).

Data analysis

The collected spectra were corrected for the background trans-
mission spectra of a CaF, window during the acquisition by
OMNIC software (Thermo Scientific Nicolet, Waltham, MA,
USA). The data collected using the aperture of 5 x 5 um?> (both
maps and single point data) were additionally corrected for
the aperture light diffraction effect (described above) using the
corresponding blocked light spectrum and a self-written script
in SciLab open-source software package.

Polyline baseline correction and extraction of the spectral
region of interest was done using the Quasar*® software
package before further quantification of the data.

Absorption of a polarized beam by a perfect polarizer obeys
Malus’ law. Taking into account a finite anisotropy and absorp-
tion of the investigated sample, Malus’ law can be generalized
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and the absorption calculated in arbitrary units can be
expressed as follows:

Ala) =yo |1 - -cos’(a — ¢) (1)

where y, is the arbitrary unit scaling factor, D is the dichroic
ratio, with D > 1, « is the experimental angular orientation of
the sample, and ¢ is the angular shift, which depends on an-
isotropy and preferential direction present in the sample. @ = ¢
and a = ¢ + 7/2 correspond to the minimum and maximum
absorption, respectively.

It is important to note that A in eqn (1) is in absorption and
not absorbance units. The absorption units are calculated
from the transmission spectra as follows:

A =1-T, where T € [0;1] is the transmission.

Use of absorbance (Abs = —log(T)) rather than absorption
would mathematically complicate the analysis of the data.
Therefore, to determine the dichroic ratio and angle of prefer-
ential orientation, the collected transmission spectra were con-
verted to relative absorption units. At the same time, the IR
spectra presented in the work are in absorbance units, as
specified in the individual axis titles.

The intensity of a specific peak was determined by inte-
gration of the relative absorption curve using a linear baseline
with two anchor points at the ends of the integration range.
The obtained dependencies of the integral intensities on the
angular position were fitted using eqn (1).

Values of D and ¢ were determined during by the fitting of
the experimental data. An adjusted R-squared (R*,q;) value was
used to assess the quality and the reliability of the fit.

The plotting was done in OriginPro (OriginLab,
Northampton, MA, USA) software.

The Fiji*” open-source platform was used for the analysis of
the microscope images, in particular to measure the local
angular orientation of the cell walls and to determine their
preferential directionality. Gwyddion®® open source software
was used for the analysis and visualization of the AFM topogra-
phy data.

Results and discussion
Overall plant tissue composition and cellulose content

IR mapping experiments were conducted on the transverse leaf
tissue section of sorghum plant in transmission mode from
the areas indicated in Fig. 1. The spectra obtained from the
plant were compared with nanocrystalline cellulose as refer-
ence for pure cellulose. Fig. 2 shows example spectra extracted
from the mapping experiments. The IR spectra of the plant
vary in different tissue regions, clearly indicating differences
in the chemical composition and contribution of different
components to the overall absorption (Fig. 2). As expected and
in agreement with our previous reports,*’ the fingerprint
region of the spectra of sorghum leaves shows numerous
differences in compositional details of different types of carbo-
hydrates and lignin. They differ significantly from spectra of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Typical IR spectra of sclerenchyma (blue/top, upper panel) and
xylem (red/middle, upper panel) regions of a sorghum leaf section as
well as a spectrum of nanocrystalline cellulose (black/bottom, upper
panel) and the corresponding difference spectra of the plant spectra
and the reference nanocrystalline cellulose spectrum: Agcierenchyma—
Ancclblue/top, lower panel) and A,yiem—Ancc (red/bottom, lower panel).
The most probable assignment of the bands in the difference spectra is
indicated in the peak position annotation (L, lignin, H, hemicellulose).
The spectra were collected using unpolarized IR light.

pure cellulose (Fig. 2, upper panel, bottom trace), nevertheless
cellulose significantly contributes to the spectra. The spectra
shown in Fig. 2 are normalized to the band at 1160 cm™,
which is dominated by the cellulose contribution. Comparison
of the area under the absorbance curves of the normalized
spectra allows to estimate the cellulose contribution to the
overall absorption in the region of 900-1800 cm™", which is
about 50 and 30% for xylem and sclerenchyma regions,
respectively.

Contribution of the non-cellulosic components can be
more clearly seen from the difference spectra between the
plant and the reference nanocrystalline cellulose spectra
(Fig. 2, lower panel). Bands that are not observed for nanocrys-
#9751 evidenced, e.g.,
by intense absorption bands assigned to vibrations of C-O
groups at 990 cm™", 1028 em™', and ~1230 cm™ ', of C=0
groups at 1140-1155 em ™', 1230/1265 cm ™', and deformation
modes of C-H groups at 1140-1155 cm™', 1420 cm ', or
1460 cm ™!, as well as indicators of the aromatic character of
the compound, such as the bands at 1510 cm™, 1600 cm ™
and 1660 cm™'. Apart from lignin, the presence of hemi-
cellulose is indicated by characteristic bands at 1020 cm™,
1050 cm™', 1110 em™, 1150 em™, 1240 ecm™, 1313 ecm™,
1380 cm™', 1602 cm™*, and 1730 em™". Corresponding lignin
and hemicellulose vibrational bands are marked in Fig. 2. The

assignments of the cellulose, lignin and hemicellulose bands

talline cellulose can be assigned to lignin,
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are also given in Table S1.7 Additional bands can be assigned
to pectin, polygalacturonic acid, and proteins.*"*°

It is important to note that in most polysaccharides, the
skeletal vibrations involving the C-O-C glycosidic bonds
appear in the wavenumber range from 1140-1160 cm™".>> For
the most part of the cross section shown in Fig. 1, the position
of this peak is equal or slightly higher than 1160 cm™", while
lower values are observed mostly in the proximity of the larger
vessels in the bundle sheath region (Fig. S2Bft). At the same
time, xylem and sclerenchyma tissue regions demonstrate the
highest intensity of this band (Fig. 3A). As discussed pre-
viously,*® the peak position of this band is slightly higher for
crystalline cellulose (~1160 cm™"), in comparison to pectin
(1142 cm™"), hemicellulose (1148 cm™"), and amorphous cell-
ulose (1156 cm ™). This allows us to conclude that most of the
crystalline cellulose of the investigated sorghum cross-section
is present in the cell walls of xylem and sclerenchyma tissue.
Considering that sorghum leaves contain up to 65% (w/w) of
cellulose,” an even higher concentration of cellulose can be
expected in these tissues regions. Therefore, the characteristic
sharp band at 1160 cm™" in xylem and sclerenchyma regions
must be dominated by the cellulose contribution.

Directionality of cellulose revealed by infrared maps

The 1160 cm™" band originating from the asymmetric C-O-C
stretching vibration in the glycosidic linkage of cellulose®®* is
highly polarized along the fiber axis of cellulose. Therefore,
this band was used to determine orientation of the cellulose
microfibrils via anisotropy measurements, as it was previously
done at the macroscopic scale.”®****> Chemical maps using
the intensity of the C-O-C stretching vibration of the glycosi-
dic bond of cellulose for different orientation of the sample

wide

sclerenchyma
('n"e) uondiosqy

xylem

Fig. 3 Absorption of the ~1160 cm™! band of cellulose in the IR spectra
acquired for (A) wide, (B) sclerenchyma, and (C) xylem mapping regions
of the plant at 0°, 45°, 90° and 135° anglular positions. IR light electric
field is always oriented vertically (cf. Fig. 1), as it is indicated with
double-sided arrows in the panels for 135° orientation. Some prominent
lumina in the sclerenchyma region (B) are numbered from 1 to 5 to
follow the orientation and changes upon rotation of the sample. Scale
bars (A) 70 um, (B) 10 ym, (C) 10 pm, valid for each respective mapping
region (panel). The arrowhead in A points to the sclerenchyma region
that is analyzed in Fig. 4.
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with respect to the polarization direction of the IR light are
shown in Fig. 3A-C. Due to the strong contribution of cellulose
to the spectra of the xylem and sclerenchyma regions of the
leaf sections, these two regions were chosen for a detailed
investigation of the cellulose orientation (Fig. 3B and C).
Chemical images obtained at four different angular orien-
tations of the sample show significant variation of the
1160 cm ™' band intensity at spatial scales of >10 pm (Fig. 3A)
but also for the smaller areas of <5 pm as it is seen in the
more detailed maps of regions in sclerenchyma (Fig. 3B) and
xylem (Fig. 3C).

The higher absorption of those cell walls oriented vertically,
along the IR radiation electric field, is clearly visible in the
maps of the sclerenchyma region (Fig. 3B) that were obtained
at higher spatial resolution than the overview maps (Fig. 3A).
This result is in good agreement with a preferential macro-
scopic orientation of cellulose, and a microscopic structuring
of individual cell walls in the sorghum leaf sections.”® Fig. 3C
shows detailed maps of the xylem region collected with a spot
size of 5 um and a step size of 2 pm. Here, individual cell walls
could not be resolved. However, a decrease in absorption of
the polarization sensitive cellulose mode when the sample is
rotated by 90° (c¢f. first and third panel in Fig. 3C) is still
obvious.

The typical thickness of the cell walls in the regions shown
in Fig. 3B and C is 1.5 to 1.8 um and 1.0 to 1.2 pm, respect-
ively, and was determined from bright field microphotographs
(Fig. S3t). The size of the lumina of individual cells in scler-
enchyma varies between 5 pm and 12 pm (Fig. 3B, Fig. S3t)
and in xylem between 2 pm and 5 um (Fig. 3C, Fig. S31). In the
latter case the typical cell size is comparable to or less than the
diffraction limited light spot size at 1160 cm™ and therefore
several cells contribute to the obtained spectra.

To better understand the origin of the anisotropy at a
spatial scale that includes information form several cells
(>10 pm) as shown in Fig. 3A, we analyzed the cell wall direc-
tionality in a binary map of the cell walls that we generated
from the bright field image of the cross section (Fig. S31). In
the subsection of the sclerenchyma region (Fig. 3A, arrow-
head), the binary map reveals that on average, there are more
cell walls oriented at 0°, 40°, 80°, and 125°, whereas distri-
bution minima are observed at 15°, 60°, 105°, 140° (Fig. 4).
The distribution analysis does not consider orientation of the
cellulose fibrils in the plane of the cell walls. Nevertheless, the
presence of the preferential angles in the orientation of the
individual cell walls will significantly influence the observed
variation of the absorption obtained when probing several
cells at once at the tissue level.

Orientation of cellulose in microscopic spots

As seen above and discussed in previous reports,*® the collec-
tion of spectra at a few different orientation angles is sufficient
to determine the preferential orientation of the respective an-
isotropic molecule in samples with a high anisotropy ratio, in
this case cellulose. The discussion of the mapping data above
shows that the changes in the false color images indeed can
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Fig. 4 The amount of cell walls in the sclerenchyma region for
different angles with respect to the vertical direction that also corres-
ponds to the orientation of the polarized IR light. The dashed lines indi-
cate the 0°, 45°, 90° and 135° angular positions at which the mapping
measurements in Fig. 3 were conducted. The binary skeleton of the
sclerenchyma region at 0° position used for the analysis is shown in the
figure inset.

be roughly connected to sample orientation. However, fitting
of the data for single spatial points extracted from the map
datasets using a sine function results in a typical error of the
phase shift of +25°. This is the case even for the rather well
spatially resolved and clearly anisotropic sclerenchyma region
(Fig. 3A and 4B). As already mentioned, the investigated cell
walls have lengths close to the diffraction limited spatial
resolution at ~1160 cm™", and also thicknesses comparable or
smaller than the 2 um step size used in the mapping experi-
ments, and therefore performed raster scan experiments
cannot guarantee the collection of the data from the same cell
wall of interest.

To increase reliability of the anisotropy analysis, spectra
were collected at 10 different angular orientations of the
sample, while the precise positioning was adjusted individu-
ally for each point of interest by using a bright field light
microscope image of the sample.

The data collected at single spatial points for different
sample orientation angles were used to estimate a dichroic
ratio for cellulose based on the 1160 em™" vibrational band
(Table 1). The strongest anisotropy is observed for the data
obtained with a cellulose crystal of micron dimensions that
was contained in a layer of crystalline nano-cellulose (CNC),
prepared from a commercial sample as reference, exhibiting a
dichroic ratio of ~3.7 (Table 1). In contrast, spectra of the
homogeneous CNC layer that was spread out on the IR trans-
parent support change only slightly upon rotation with respect
to the IR light, nevertheless a formal fit of the peak absorption
results in a dichroic ratio of 1.33 (Table 1). The absorption
spectra of the cellulose reference samples are shown in the ESI
Fig. S4.t

This journal is © The Royal Society of Chemistry 2023
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Table 1 Dichroic ratio (D), phase shift (»—90 IR, degrees) and fitting quality parameter (Rzadj) determined using IR spectra and cell wall direction
from bright field optical microscopy (p—90 OM, degrees), according to the visible bright field microscopy, for different points of the Sorghum cross-

section and the crystalline cellulose reference spectra

Reference Sclerenchyma Xylem

Mmc* CNC* S1 S2 S3 S4 X1 X2 X3
D 3.66 £ 0.29 1.33 £ 0.09 1.36 £ 0.08 1.81 +0.13 1.12 £ 0.03 1.1 £0.04 1.28 £ 0.04 1.35 +0.04 1.30 £ 0.03
®»—90 IR 112+ 1.4 106 + 8 105+ 6 46 £ 3 25+6 160 + 10 30+5 24+5 47 +3
Rzadj 0.99 0.72 0.65 0.84 0.63 0.20 0.77 0.89 0.90
»—90 OM 111° N.a. 112 53 30 115 165 30 155

% Abbreviations MC and CNC correspond to the reference data obtained for cellulose microcrystal and homogeneous crystalline nano-cellulose
layer, respectively. ” p—90 OM value corresponds to the direction of the long axis of the crystal.

The anisotropy found in the two reference samples can be
compared to that observed in the spectra of cell walls in scler-
enchyma and xylem (Table 1). The highest anisotropy is
observed for the measurement point S2 in the sclerenchyma
region: for this point the dichroic ratio is significantly higher
than that of the unoriented CNC reference and the phase shift
value error is rather small (¢f Fig. 1, Table 1). The corres-
ponding absorption spectra with the orientation dependence
of the relative absorption at 1160 ecm™" for this measurement
point of the cell wall are shown in Fig. 5A. The dichroic ratios
obtained for other positions in the plant tissue do not differ
significantly or are even lower than the value of the unordered
sample of the CNC reference (Table 1). Nevertheless, the
quality of the fits differs for the different tissue positions and
samples. As an example, the dichroic ratio at position X2 is
only slightly higher than that of the unoriented reference
(Table 1), but the corresponding fit quality is high and results
in smaller errors of all the determined parameters in compari-
son to the case of the nano-cellulose layer. The absorption
spectra and the dependence of the absorption at 1160 cm™"
for position X2 in the xylem region are shown in Fig. 5B.

It is important to note that for both example positions, S2
and X2, the maximum absorption at 1160 cm™" is observed when
the polarization of the incident light is close to the corres-
ponding cell wall direction (Fig. 5, insets). It is known that the
cellulose fibrils lay in the plane of the cell wall,>” and their orien-
tation has been experimentally studied by different techniques.>®
The data shown here are from a cross section that is cut perpen-
dicular to the direction of the cell growth. In this geometry, the
projection of the cellulose chains onto the sample cut plane
should be preferably oriented along the visible cell walls, which
agrees with the observation reported here.

In the experimental geometry used here, the orientation of
the microfibrils in the cell wall plane with respect to the long
(growth) axis of the cells cannot be observed directly.
Nevertheless, the microfibril orientation influences the deter-
mined dichroic ratio: a maximum anisotropy and isotropic
behaviour will be observed when the microfibrils are oriented
perpendicular to and along the cell wall growth axis, respectively.

In the case of the infrared spectroscopy linear dichroism
measurement, the dichroism is related to the distribution of
polymer chains in three dimensions with different orientation

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 IR absorption spectra with maximal and minimal intensity of the

1160 cm™ band acquired at: (A) position $2 in sclerenchyma tissue and
(B) position X2 in the xylem region of the leaf cross section. The insets
show the corresponding dependencies of the relative absorption of the
band as function of the orientation (experimental data and the fit).

angle 0 with respect to a reference axis by the following
equation:*°

3(cos® §) —1 _2cot> f+2 (D—l) 2)

2 T2cot?f—1 \D+2

where f is the angle between the transition dipole moment
vector of a vibrational mode with respect to the polymer chain
axis.
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In case of an ideal sample with perfectly unidirectionally
aligned polymer chains, the average over the angles in the
equation simplifies as follows:

3cos’0—1 2cot’? f+2 (D—1 3)
2 T 2cot2f—1 \D+2

Thus, the value of  can be determined from calibration
experiments on highly oriented reference samples. To do so,
the IR anisotropy measurements should be done in longitudi-
nal geometry of the sample (the chain axis and IR light electric
field vector lay in the same plane). In this configuration, angle
0 in eqn (3) matches the experimental angle (e.g. polarizer
angle) up to a constant and the left side of the equation can be
determined experimentally. This has been previously done for
the C-O-C bond vibration discussed here, and it has been
shown that the transition dipole moment is oriented at about
30° with respect to the cellulose chain axis.***?

An almost perfect alignment of cellulose microfibrils is
observed in longitudinal sections of some plants, e.g. in flax*?
and ramie,” allowing to use only a single cos®d term (eqn (3)),
for determination of the microfibril orientation.

As first approximation one may assume a unidirectional
orientation of the cellulose microfibrils in the investigated
volume of the sorghum leaf cell walls. This allows one to
convert the dichroic ratio values obtained in the experiment
here (Table 1) to values for 6 of 23°, and of 42° and 48° for the
microcrystal in the cellulose reference, and for the positions
S2 and X2, respectively. Here 6 corresponds to the angle
between the plane of the transversal section and the micro-
fibril angle, i.e. # = 0° and 6 = 90° when the microfibrils are
oriented perpendicular to and along the optical axis,
respectively.

To understand the calculated 0 values, it is important to
consider the different possible terms that influence the
observed result. In the section of the sorghum leaf sample, the
observed dichroic ratio depends on the average orientation of
the cellulose microfibrils and will influence the outcome by
<cos’0>, according to eqn (2).

The maximum dichroic ratio for the 1160 cm™" vibration of
a perfectly oriented cellulose sample according to the eqn (3)
is equal to 6, which is higher than the value observed for the
crystalline reference in our experiment. We attribute the lower
value here to the non-ideal orientation of the crystal with
respect to the plane of the IR substrate, as the crystalline refer-
ence used here was prepared by drop casting of a CNC
aqueous suspension onto a substrate. Moreover, the presence
of differently oriented smaller crystals in the area of the
measurement cannot be completely excluded either.

In the case of the sampled spots in the plant cell walls, a
spectrum always comprises information from two adjacent
cells. Thus, the calculated microfibril orientational angles
from the collected spectra comprises contributions of at least
two microfibril orientations, that have a small likelihood to
coincide.

1
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A sub-micrometer resolution would be needed to resolve
the contributions by the cell walls of the two neighbouring
cells.?"®® In order to verify the obtained orientation angles of
the cellulose fibrils we examined the cell wall corresponding to
spot S2 (c¢f Fig. 1) by means of AFM microscopy. The corres-
ponding spot was found by means of the bright field optical
microscope built in the AFM microscope used. The measure-
ment was done close to the center of the cell wall. The topo-
logy and the mechanical phase profile of the central part of
the cell wall are shown in Fig. 6. The structure of the individ-
ual microfibrils and fibril bunches that are forming the cell
wall is well preserved during the sample preparation. The topo-
logy image allows to estimate the angle between the fibrils at
the edge of the cell wall and the plane of the section. For the
cell wall contained in spot S2, the values found for the left and
the right side of the cell wall are 47 + 3° and 32 * 2°, respect-
ively. Thus, its average can be estimated as 40 + 3°, which is
close to the value obtained from the dichroic measurement.

In the xylem (Fig. 3C and Fig. 1, positions X1, X2, X3) and
some points in sclerenchyma tissue regions (Fig. 1, positions
S3, S4) where the size of the cells is small, the spectral data col-
lected may include information originating from more than
two cells, and may even include whole cell walls of different
orientation. This results in lower dichroic ratios and the differ-
ence between the cellulose in plane orientation angle obtained
from IR micro-spectroscopy data and the corresponding value
expected from the cell walls orientation obtained from bright
field optical microscopy (compare ¢—90 IR with ¢—90 OM
values, Table 1).

Orientation of non-cellulosic components in the cell wall of
sorghum

The anisotropy analysis based on the IR micro-spectroscopic
data can also be used to understand the orientation of other
molecules present in the plant cell walls,*'"*° specifically those
that are discussed to interact with the cellulose."” From the
experimental spectra it is possible to observe significant vari-
ation in intensity of the absorption bands at 1510 cm™" and
1730 ecm™*, which are quite well distinguished from the mul-
tiple peaks observed and are characteristic of C=C vibrations
of aromatic building blocks of lignin and a C=O0 stretching
mode assigned to the hemicellulose xylan, respectively. Fig. 5

1.29 um

0.80
0.60

0.40

0.00

Fig. 6 AFM images of the cell wall located at S2 spot (cf. Fig. 1): (A)
height profile; (B) mechanical phase profile. Scale bars: 500 nm. No data
were collected for the dark red areas.

This journal is © The Royal Society of Chemistry 2023
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shows the relative absorption data of these two bands at
1510 cm™" (Fig. 7A and B) and 1730 cm ™" (Fig. 7C and D) for
the positions S2 and X2 in sclerenchyma and xylem, respect-
ively. Similar to the data corresponding to the cellulose signa-
ture (Insets in Fig. 5A and B), a higher degree of anisotropy is
observed for the position in sclerenchyma compared to the
values obtained for xylem (compare Fig. 7A with 7B and
Fig. 7C with 7D). We ascribe this, as discussed above for the
anisotropy of the cellulose signal, to the higher precision of
the analysis of the individual cell walls that is possible in scler-
enchyma tissue.

The experimental data are rather well described by eqn (1)
for the 1510 ecm ™" vibrational band in both sclerenchyma and
xylem regions, as evidenced by R*,4; > 0.75. The 1730 cm™
band absorption also undergoes changes with the angle,
however the fits are significantly less reliable (R*,q; ~ 0.6) than
for the 1510 cm™" band in both tissues (compare Fig. 7A with
7C and Fig. 7B with 7D).

Although it has been reported that the 1510 cm™ and
1730 ecm™' vibrational modes demonstrate rather weak an-
isotropy,”® the data on the vibration at 1510 cm™" enable us to
infer that lignin (Fig. 7A and B) in sorghum leaves lays in the
cell wall plane and most probably matches the orientation of
the cellulose microfibrils, a finding that is important for
understanding of lignocellulosic interaction. Previously the
cellulose-lignin interaction and the mutual ordering of these
macromolecules have been demonstrated using Raman spec-
troscopy in other herbaceous plants®"** and IR spectroscopy
conducted in longitudinal sections of cells in woods.?*%*%

1

A schlerenchyma, 1510 cm™ B xylem, 1510 cm™’
=15 1.5
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Fig. 7 Dependencies of the relative absorption of the bands at 1510
and 1730 cm™! in sclerenchyma and xylem tissues versus angular posi-
tion of the sample: (A) sclerenchyma, point S2, 1510 cm™ band; (B)
xylem, point X2, 1510 cm™ band; (C) sclerenchyma, point S2, 1730 cm™
band; (D) xylem, point X2, 1730 cm™ band. The result values of the fit,
namely D (dichroic ratio) and Rzadj are given in each panel. Vertical
dashed lines indicate an angle at which the IR-light polarization is paral-
lel to the cell wall.
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The dipole moment of the band at 1730 cm ™" of a carbonyl
stretching mode assigned mostly to xylan is oriented at about
54° relative to the polymer axis,*' making it difficult to deter-
mine its orientation, since the average f angle of 54.7° and a
random orientation cannot be distinguished according to eqn
(2). Nevertheless, the anisotropy of this IR absorption band in
woods is high enough to be detected.’’ Considering our
results obtained here we assume that xylan is oriented perpen-
dicularly to the cell walls of sorghum leaves. It should be
noted though, that also other sugars, e.g., pectin® could con-
tribute to the band at 1730 cm™, superimposing the absorp-
tion that can indicate xylan directions. This example shows
that the unambiguous assignment of a specific band to a par-
ticular molecular compound is an important prerequisite for
measurements of the anisotropy in the multicomponent
mixture of the plant cell wall.

In the context of plant characterization, we expect that the
acquisition of spectral information over several large sample
areas simultaneously using focal plane array detectors®® will
provide a more comprehensive picture with respect to the vari-
ation of cell wall macromolecular anisotropy in different plant
tissues or stages of development.

Moreover in the recent past, a great leap in the near-field
infrared spectroscopy techniques allowed to extend the
benefits of the IR-spectroscopy to sub-diffractions scale down
to 10-20 nm.*”*® Application of nanoscopic IR experiments to
resolve polymer orientation by polarization sensitive character-
ization was successfully shown for isolated cellulose
material,®® collagen polymers in tendon tissue,”® as well as in
silk fibers.”" Also the methods to detect and quantify the an-
isotropy at the nm-scale are being actively studied.”>”?

The FTIR experiments can be also done in native cells
environment, e.g. in water. The liquid cuvettes or cells suitable
for the appropriate in situ FTIR experiment have been success-
fully implemented for both diffraction limited and nano- FTIR
spectroscopies.”*”>

Nowadays broadband and tunable mid-IR lasers are starting
to compete with the synchrotron based IR-sources,”® so that
tabletop systems for diffraction limited and near-field sub-
diffraction IR spectroscopic characterization of plant material
hierarchical structure can become a standard tool soon.

Conclusions

Synchrotron FTIR micro-spectroscopy at defined polarization
was used both for chemical imaging of cellulose and the inves-
tigation of its macromolecular organization in secondary cell
walls of transversal section of Sorghum bicolor at the single cell
level lateral resolution.

The mapping experiments of different tissue types with
varying characteristic cell sizes and the analysis of different
vibrations in the cell wall spectra identified several factors
being important to reveal structural anisotropies in the micro-
spectroscopic data. These are (i) the typical size of the struc-
tures that contain the ordered macromolecules and their
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supramolecular organization, in our case plant cell walls and
cells of different microscopic dimensions in relation to the
diffraction limited lateral resolution of the IR microscope, (ii)
the origin of the particular vibrational bands used for the ana-
lysis in the complex molecular mixture, and (iii) the orien-
tation of the bonds relative to the polymer axis. The acquired
data were used to determine a preferential direction of the sub-
micron cellulose microfibrils.

It is shown that the selectivity of the method allows to sim-
ultaneously get information on several components present in
the complex natural sample with diffraction limited spatial
resolution. Relating biopolymer molecular structure and
supramolecular structure and interaction in a micro-spectro-
scopic approach to biomolecular composition of a complex
sample will help to better understand the deposition mecha-
nisms of cellulose microfibrils in the context of other bio-
macromolecules, as well as the structural organization of
different multicomponent samples of natural and artificial
origin.
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