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Multimodal Imaging of Silicified Sorghum Leaves

Victor M. R. Zancajo,™" 9 Sabrina Diehn,™ Rivka Elbaum,”®? and Janina Kneipp

The plant cell wall is a complex composite material made of
polysaccharides, polyphenols, proteins, and minerals. In this
work, a multimodal imaging approach was taken, using Raman
and Fourier-transform infrared (FTIR) microspectroscopy along
with fluorescence imaging, scanning electron microscopy (SEM),
and elemental mapping by energy dispersive X-ray spectro-
scopy (EDX). We characterized the chemical composition of
sorghum leaf cross-sections extracted from fresh tissue as well
as after paraffin embedding. The complementary vibrational

Introduction

The cell walls of plant tissues are complex composite materials
consisting of the organic macromolecules cellulose, lignin, and
hemicelluloses. The tissues of plants are categorized into three
systems, according to their function: the epidermis, the ground
tissue that includes sclerenchyma and parenchyma (bundle
sheath), and the vascular tissue comprised of phloem and
xylem, (see Figure 1), with their function determining the
specific structure and composition of their cell walls.!V In
addition to the cell wall polymers, inorganic components can
be deposited in specific plant organs.” Plant mineralization is
common, especially the deposition of silica that forms micro-
scopic structures called phytoliths. The presence of silica greatly
influences the mechanical properties of the cell walls® and also
confers numerous and well documented benefits to the
plants.”! They include protection against biotic stresses such as
virus infection, molds, and bacteria and abiotic stress such as
resistance to drought, extreme temperatures or toxic
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information of Raman and FTIR spectra related a silica
deposition to a specific organic composition in the epidermis,
specifically with respect to lignin. Moreover, the data enable
in situ correlation of autofluorescence with a specific lignin
structure. Our results showed that lignin 5-5’ linkages that
produce biphenyl structures are important determinants of the
cell wall fluorescence properties. The reported multimodal
approach will help to clarify the process of biosilica formation
and related questions regarding cell wall biochemistry.

Figure 1. Scanning electron micrograph of a leaf section. Tissue types are
coloured and marked: phloem (P) in blue, xylem (X) in green, bundle sheath
(BS) in red, sclerenchyma (S) in black, and epidermis (E) in purple.

compounds,” yet the mechanisms are not clear.”’ The organic

compounds that are responsible for the silica deposition and
the influence of the organic matrix on the precipitation of silica
are not completely understood® but can be studied with the
help of spectroscopic tools, as shown by us in previous work.”
By characterizing the biomolecular matrix in a plant tissue,
those organic components that play a key role in silicification
may become identified, and their particular function can be
elucidated subsequently in mechanistic studies.

Locating and quantifying the different components of plant
tissues has been a challenging and important research
question, attracting attention across a broad range of fields,
including plant molecular biology, agronomy, plant physiology
and plant nutrition."® The visualization of plant tissues at the
microscopic”®® and nanoscopic scales"®'" is a prerequisite to
understanding their function, based on the development of
their complex structures. Compositional insights, including
molecular structure and interactions, may be gained by optical
spectroscopy. Vibrational spectroscopies were successfully
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coupled with a microscope in order to chemically characterize
the micro-structures in plants, and were used to image
distributions of lignin, cellulose, carbohydrates, proteins, and
lipids, and to evaluate differences in plant organ
composition."? Both Fourier-transform infrared (FTIR) and
Raman microspectroscopy have been applied."® The sampling
requirements, available diagnostic spectral bands, and spectral
interferences in the plant samples, as well as spatial resolution
differ considerably between both spectroscopies. Since they
provide different spectral information due to different selection
rules, it can be useful to combine both and use them together.
In recent work, such a combination of FTIR and Raman
spectroscopy was shown to provide a better understanding of
the relationship between the mechanical properties and the
lignin composition in poplars,"¥ as well as of the cell wall
composition of vascular tissues in Arabidopsis plants.”
Similarly, the combination of Raman and FTIR with mass
spectrometry allowed to evaluate subtle chemical variations in
pollen chemistry."® Raman spectra of lignocellulosic plant
materials exhibit strong autofluorescence” that is often aimed
to be minimized.®*"7? Autofluorescence of cell walls has been
observed at various wavelengths as a consequence of specific
molecular structures and composition. Fluorescence micro-
scopy allows high resolution imaging and the detection of cell
wall components such suberin, lignin, proteins and
chlorophyll."™® Nevertheless the obtained chemical information
is limited and therefore should be complemented with other
types of spectroscopies such as Raman or FTIR!'® The laser-
induced autofluorescence of lignin is especially intense in
Raman experiments at the excitation wavelength of 532 nm.?”
Therefore, it is possible to exploit the information contained in
the Raman fluorescence background and combine it with the
vibrational spectroscopic information.

The objective of this work is a comprehensive character-
ization of the organic and inorganic components of the plant
tissue. We studied the composition of leaf cross sections
extracted from sorghum plants grown with and without silicic
acid supplementation. Special attention was paid to silicified
structures, where we added information from autofluorescence
microscopy and scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDX) to FTIR and
Raman microspectroscopy datasets. The incorporation of the
information contained in autofluorescence signals with vibra-
tional spectroscopy led to a comprehensive characterization of
molecular lignin structures. The results demonstrate that the
combination of imaging modalities with sensitivity for organic
and inorganic tissue components, respectively, and comple-
mentary spectroscopic information achieves a spatially resolved
comprehensive characterization of the silicified plant tissue.

Results and Discussion

Multimodal imaging to evaluate the distribution of organic
and inorganic components. The work was conducted on
sections of leaf tissue from sorghum plants that were hydro-
ponically grown and supplemented with silicate (+Si), and leaf
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tissue from non-supplemented plants (—Si). For the experi-
ments, regions of the leaf veins were selected, and Raman and
FTIR microspectra were collected to evaluate the chemical
composition, structure, and interactions in the three basic leaf
tissues. Figure 2 displays SEM images and FTIR and/or Raman
spectroscopy chemical maps, of the same leaf sections. The
FTIR maps provided a large overview over the different areas of
the sections while the Raman mapping presented with micron
precision and allowed to study the walls of individual cells.

The FTIR chemical maps (Figure 2E, F, J, K, O, P, T and U)
were collected from de-paraffinized sections. They covered the
whole vein here and provide a visualization of the relative
abundance of important cell wall components across the
section. The band at 1734 cm™', assigned to the C=0 stretching
vibration of lignin,*"*? was used to visualize the distribution of
lignin in the maps (Figure 2E and 2F). It shows particularly high
signals in the xylem and the epidermis, in agreement with
previous observations that were made in sections of
Arabidopsis."” Many spectra contained a band at 1660 cm™,
assigned to a contribution by the amide | mode® and a signal
at 1520 cm™' that could be ascribed to an amide Il mode.?"?>?4
These two bands co-localize in the maps and enable mapping
of the protein content (Figure 2J, K, O and P). They were
particularly intense in spectra taken from the bundle sheath
and chlorenchyma. Although the 1660 cm™' band is generally
assigned to the amide | mode, chlorophyll aldehydes or their
degradation products may also contribute to it.?* Polysacchar-
ides and hemicelluloses were visualized using the band at
1037 cm™' (Figure 2T and U) that is assigned to a C—O—C
stretching mode®' and show the highest intensity in the
sclerenchyma.

Raman maps were collected from sections obtained from
two types of preparation, the fixed samples cut for FTIR
mapping (Figure 2G, L Q and V) and fresh samples (Figure 2H, |
M, N, RSW and X) containing water. In the Raman data, the
distribution of lignin could be mapped by plotting the intensity
of the band at 1597 cm™ assigned to C=C and C=0 stretching
vibrations of aromatic compounds and lignin.?? The maps
confirmed the FTIR results, that xylem tissues present a high
content of lignin, contrasting with the relatively low amount
detected in phloem tissue (Figure 2E, F, G and H). On the
contrary, cellulose and hemicelluloses signals were particularly
high in the phloem and sclerenchyma, also in good agreement
with the maps obtained from the FTIR data. In the Raman data,
the band at 1493 cm™' can be assigned to C=C skeletal and
C—N stretching vibrations of aromatic compounds and of
proteins®®” as well as to calcium oxalate.”® Strong contributions
of this signal were observed in the cell walls of bundle sheath
cells (Figure 2M and N). This simple chemical mapping using
univariate analysis considers only one specific signal (which
corresponds to a particular molecular group) at a time. The
examples of co-localization of different vibrational modes of
the same molecular group in the FTIR and Raman maps
strongly supports our interpretations. Combining both types of
spectra could be used to improve the mapping of molecules
that show only a small number of strong signals in each of the
spectroscopic approaches.
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Figure 2. Scanning electron micrographs and chemical maps of sections obtained from leaf samples that were (A, B) fixed and embedded in paraffin, and (C,
D) freshly cut. The sections were prepared from leaves of plants that were grown with silicic acid supplementation (marked in the upper right corner as +Si,
A, D) and without silicic acid supplementation (-Si, B, C), respectively. Chemical maps were collected from both + Si and -Si, showing the distribution of lignin,
proteins, chlorophyll, cellulose and hemicelluloses, based on the Raman peak intensity/absorbance at vibrational frequencies that are characteristic of the
respective compounds as indicated. In this figure, -Si fixed sample, presented in (B), is used to demonstrate the chemical maps obtained from both, FTIR and
Raman data are shown (F and G, Kand L, P and Q, U and V, respectively). Scale bars: 40 um for the FTIR maps (E, F, J, K, O, P, T, U) and 30 pm for the Raman

maps (all other panels). All maps use the full min-max intensity scale.

To complement the vibrational information, SEM and light
microscopy images of unstained samples were taken and
compared to EDX and autofluorescence maps (Figure 3). The
EDX maps show the distribution of silicon atoms, which are
bound in cell walls as biogenic silica (Figure 3B).”" Interestingly,
Si distribution (Figure 3B) correlates with lignin in the epidermis
(Figure 2A), supporting a possible involvement of specific lignin
structures in silica deposition that has been suggested on
several occasions.”** However, a high amount of lignin was
also detected in the xylem vessels where no silica deposition
was found, suggesting that only specific lignin types may
contribute to the silica deposition at specific locations.>”

In the unfixed tissue, blue fluorescence indicates the
presence of lignin, which is also visible in the green and red
fluorescence images.®" Regions of the phloem and some spots
of the epidermis displayed strong blue autofluorescence (Fig-
ure 3C left image) attributed to the presence of suberin in the
phloem and flavonoids in the epidermis.'®* The blue
autofluorescence also diminished drastically after the prepara-
tion for FTIR analysis (Figure 3C right image).

Freshly cut, unfixed samples displayed a very strong red
autofluorescence in the chlorenchyma and bundle sheath
(Figure 3E), likely due to the presence of chlorophyll from
chloroplasts.”™ This fluorescence with a maximum at 680 nm
has been reported as an undesired background signal that can
hamper imaging experiments.®? In contrast, the fixed samples
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prepared for FTIR analysis did not display such fluorescence.
Instead, a low intensity signal was observed in the fibre cells of
the sclerenchyma above and below the vascular bundle. The
removal of the strong red fluorescence must be a consequence
of the fixation, dehydration, paraffin embedding and de-
paraffination process used here for practical reasons to work
with water-free samples.

It is likely that the red-emitting fluorescent and highly
reactive porphyrin structure of chlorophyll was degraded and
washed in the chemical fixation.®® In this regard, the location
of signals from chlorophyll in the FTIR chemical maps discussed
above (Figure3) and 2K) is consistent with the red
fluorescence observed in bundle sheath (Figure 3E), suggesting
the contribution of chlorophyll aldehydes."™

Vibrational spectra reflect the chemical differences between
the tissue types. The vibrational and elemental maps as well as
the fluorescence images clearly showed differences between
three tissue types in the samples, i.e., epidermis, vasculature,
and ground tissue (parenchyma and sclerenchyma). The Raman
spectra were analysed in detail to discuss differences in
composition and structure between these tissue types in the
unfixed, hydrated samples. The spectra were sorted in groups
using hierarchical cluster analysis (HCA) (Figure S2), and clusters
containing only spectra of one of the tissues were selected and
further analysed. Average Raman spectra of each of the tissues
were very rich in bands (Figure 4A). All tentative assignments
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Fixed

Figure 3. Multimodal imaging of an unfixed sample (left column) and a fixed
sample (right column). (A) SEM micrographs, (B) EDX maps showing the
distribution of silica in green, (C—F) autofluorescence images (C) in the blue,
(D) in the green, and (E) in the red, as well as (F) and their composite image.
Note that some cells in the bundle sheath and the mesophyll collapsed
during SEM imaging of the unfixed sample (left column). The two samples
are those shown in Figure 2D and 2 A, respectively.

to vibrations and the different cell wall components are
summarized in Table S1 of the Supporting Information. The
spectra were dominated by the C=C and C=O stretching
vibrations of lignin,®¥ causing bands between 1550 cm™' and
1660 cm™' with a pronounced maximum at 1597 cm™.
Depending on the tissue, this band displays a shoulder or an
individual band around 1570 cm™'. The 1570 cm™' band has
been reported in dry wood, where it was ascribed to lignin
radicals that are intermediates in lignin biosynthesis.®” Several
bands that are also clearly assigned to lignin can be observed

Analysis & Sensing 2022, 2, 202200006 (4 of 10)

in the spectra. The band at 1624 cm™' arises from the C=C
stretch of coniferyl (guaiacyl, G) aldehyde.”™ The band at
1331 cm™', an aliphatic O—H bending mode, is especially
prominent in spectra from the bundle sheath (Figure 4A, red
trace) and indicates the presence of sinapyl (S) units in lignin.t®
The band at 1373 cm™' is assigned to both lignin G and S
units,®*” and was more intense in xylem and phloem spectra
(Figure 4A, green and blue traces) than in the other tissues. The
characteristic  C—C and C-O stretching vibrations of
cellulose®**® appear as a doublet at 1089 cm™' and 1115 cm™'
in the Raman spectra of the sorghum leaf (Figure 4A). They
were also of particularly high intensity in the spectra taken
from xylem and phloem (Figure 4A). The band at 890 cm™' that
is found in all the tissues corresponds to skeletal deformation
and side chain vibrations of cellulose and hemicelluloses.>*"’
Hemicellulose together with other polysaccharides causes
several additional Raman bands in the low frequency range,
including C—0—-C, H—-C-C, H—C-0, H—-0-C, and C—C—C defor-
mation vibrations at 520cm™', 498 cm™’, 428cm”' and
370 cm~".12%%3¢ These bands overlap with the Si—-O-Si bending
vibration, which would be expected as a broad and very low
intensity band.® Therefore, silica is not distinguishable in the
Raman spectra, in spite of its clear presence in the region of
the epidermis, as seen by EDX mapping (Figure 3B). Other silica
related vibrations, including the Si—O-Si symmetric stretching
around 800 cm™'®% and the Si—OH stretching at 975 cm™, were
not observed due to overlap with the C—C, C—O, and C—O0-C
stretching and the C—C—H deformation modes of cellulose and
hemicelluloses.?”

The epidermis spectra (Figure 4A, purple spectrum) showed
intense bands that we attribute to the presence of waxes and
aliphatic compounds in the cuticle, including the CH, bending
mode at 1456 cm™', and other deformation modes of CH, and
CH, groups around 1420cm™, and of C—C—H groups at
1260 cm~'“? The bands at 1197 cm™' and 1493 cm™' were
observed in spectra taken from the bundle sheath and in some
spectra of sclerenchyma (Figure 4A, red and black trace). The
former could be assigned to a C—H bending mode and the
latter to calcium oxalate® and a C—N stretching vibration
coupled with vibrations of amino radical cations and C=C
skeletal vibrations of aromatic compounds.*”

Interestingly, the Raman spectra from all tissues except
from the bundle sheath showed a small band at 1524 cm™,
assigned to the pronounced C=C stretching mode in the
spectrum of carotenoids.”” Its low intensity observed here, in
contrast with the reported high intensity in other studies, is
most probably a consequence of the long excitation times with
a wavelength in pre-resonance that result in quick photo-
bleaching, decreasing the contribution of carotenoids in the
spectra.’**"! The complexity and variability of these thousands
of spectra require the use of multivariate analysis tools to
evaluate the chemical differences between the tissues. The
spectroscopic data were further analysed by HCA and principal
component analysis (PCA), which are very efficient for evaluat-
ing such large spectroscopic data sets.”***? PCA provides an
easy means of exploratory data analysis, as it is a non-
parametric method able to reduce and extract relevant
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Figure 4. (A) Raman spectra of the epidermis (average of 176 spectra) in purple, bundle sheath (average of 126 spectra) in red, phloem (average of 244
spectra) in blue, sclerenchyma (average of 272 spectra) in black and xylem (average of 288 spectra) in green of sorghum leaves obtained after classification
using HCA. For orientation, some bands are labelled. Results of the PCA of selected spectra from different tissues. (B, C, D and E). PCA scores plot of spectra
taken from vascular tissue (B), separation according to the tissue (xylem- X, green, phloem- P, blue and bundle sheath- B, red) was achieved. (C) PC1 and PC3
loadings indicating bands responsible for the separation. (D) A clear separation was achieved for spectra from epidermis and sclerenchyma in the score plot
along PC1, which contains 58,9 % of the variance in a data set consisting of 448 spectra. (E) The chemical differences between these tissues can be further
understood by examination of the loadings and direct comparison with spectra.

information from the spectral data.”® HCA was used to classify
spectra according to the tissue type (Supporting Figure S2) and
then was combined with PCA. Rather than submitting all
spectra to one single classification analysis, here, a sequential
approach was used, where first, spectra from epidermis and
sclerenchyma tissue and those from the vascular tissue,
respectively, were extracted from the mapping data sets, that
were then compared further.

The analysis of Raman spectra taken from vascular tissue
showed that it is possible to discriminate between spectra from
phloem, xylem, and bundle sheath (Figure 4C). The observation
of differences in the chemical composition of phloem versus
xylem was also reported for Arabidopsis.” The spectra
assigned to the xylem showed the highest intra-class variation.
The separation of phloem and xylem spectra along PC1 was
largely caused by a high influence of the bands assigned to
cellulose, suggesting a higher contribution of it in phloem cells
in comparison with the other tissues (Figure 4D). PC1 also
showed a high influence of the band at 1593 cm™ assigned to
lignin. This indicates differences between the tissues in lignin
composition. PC3 that separated the phloem and xylem from
the bundle sheath spectra was influenced by the bands at
1335cm™ and at 372cm™' and the bands at 1625 cm™ and
643 cm™' (Figure Q). This band combination is assigned to
sinapyl units, thus supporting a higher proportion of S lignin
units in the bundle sheath than in phloem and xylem
(Figure 4B and C, bottom). The band at 1493 cm™ also
contributed to the separation, being more intense in the
bundle sheath than in the other tissues.

Figure 4D shows the results of the PCA of spectra taken
from the sclerenchyma and outer part of the epidermis. (cf.
Figure 1). The PCA scores plot showed a clear separation
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between these tissues along the first principal component. The
loading of PC1 (Figure 4E) indicated that the separation is
based on bands that are assigned to aliphatic compounds and
lipids at 1058 cm™, 1127 cm™', 1290 cm™' and 1438 cm™' and
the band assigned to carotenoids at 1525 cm™'. The associated
chemical groups were more abundant in the epidermis outer
cell wall than in the sclerenchyma. The separation is also
caused by variation in lignin composition as indicated by the
signals at 1335cm™ and 1591 cm™ in the loadings plot
(Figure 4E). The loading of PC2 did not contribute to the
separation according to the tissue types but rather shows a
dispersion of the data within each tissue. This suggested
variation in the lignin structure and composition within the
tissues, as evidenced by the bands assigned to lignin that
influence the loadings, (see Figure 4C, bottom). Lignin was
detected by its Raman signals in the xylem and sclerenchyma
(Figure 4A, black and green trace) specifically by the pro-
nounced band at 1370 cm™, assigned to deformation modes of
CH; and CH, groups, which appeared together with the lignin-
specific band at 1235 cm™".#"

The FTIR spectra are equally rich in bands as their Raman
counterparts, but the signals appear broader and more over-
lapping (Figure 5). The most intense bands are summarized in
Supporting Information Table S2, together with their tentative
assignments to vibrations and the different cell wall compo-
nents. The wavenumbers and their assignments presented here
are shifted with respect to those of isolated polymer com-
pounds reported in previous work. This may be due to the
different chemical environments of the spectroscopically active
groups and the wide unresolved bands of heterogeneous and
interacting polymeric structures. The strongest bands in the
FTIR spectra of all tissues arise from the C—O—C stretching
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Figure 5. Representative FTIR spectra of the epidermis, bundle sheath,
phloem, sclerenchyma and xylem of sorghum leaves. For orientation, some
vibrations are labelled.

vibrations of carbohydrates such as cellulose and
hemicelluloses™ e.g., at 1037 cm™'. Spectra from bundle
sheath and epidermis showed in addition a pronounced
component at 1051 cm™', suggesting a variation in the
composition of the polysaccharides. Similar to the Raman
spectra, the bands of silica were not observed in the FTIR
microspectra of the sorghum samples. The Si—O stretching
mode, expected around 1100 cm™ for silica containing cell
walls such as the epidermis (cf. Figure 2B) was masked by the
other spectral features. This is in contrast to localized nano-IR
measurements, where the masking/averaging effect is not
present, and even small, pure phytolith structures can be
found.”@ Absorptions at 1660 cm~', 1520 cm~', and 1315 cm™,
are assigned to proteins, representing amide |, amide I, and
amide Il bands, respectively,*? and to chlorophyll and
lignin.?" Separation of the contributions of these polymers
solely based on the FTIR maps is rather challenging.

Lignin bond types and structure from combined autofluor-
escence and Raman spectra. Most of the Raman spectra
showed a strong fluorescence induced by the Raman excitation
laser. We investigated its cause using multivariate analysis and
a deconvolution of the Raman signals. HCA of the raw spectra
obtained from the sclerenchyma tissue led to a classification
that is based on the overall intensity of the Raman signal,
greatly influenced by changes in the background autofluor-
escence. Three clusters formed, containing spectra with high,
medium and low or no fluorescence background (data not
shown). The average spectra of the groups presenting high and
low-to-non-fluorescence are displayed in Figure 6A. PCA effec-
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Figure 6. (A) Averages of the spectra in clusters containing 87 spectra with
high fluorescence contribution (red) and 116 spectra with low fluorescence
(black) from sclerenchyma tissue. To visualize the background in the red
spectrum, the traces are not offset. (B) Deconvolution of the Raman bands in
the range from 1500 to 1750 cm™'for the high and low fluorescence average
spectra after baseline correction. The asterisk marks the component with the
maximum at 1613 cm™' required only for the fitting of high fluorescence
spectra.

tively separated the two spectral groups (Supporting Fig-
ure S3A). The spectra with strong fluorescence contribution
showed higher intensity of the Raman signals assigned to lignin
moieties (marked in Supporting Table S1), as indicated by the
PCA loadings (Supporting Figure S3B). In contrast, in the
spectra with no fluorescence contribution a higher relative
contribution of the bands associated with cellulose, and,
interestingly, to bands associated with G units in lignin was
found. The band at 1493 cm™' of aromatic compounds,
proteins,”” and/or calcium oxalate®™ also influences the
separation.

Differences in the lignin band in the range 1500 cm™' to
1750 cm~ "™ were found between the average spectra of the
high fluorescence and low-to-non-fluorescence spectral groups.
The 1550-1750 cm™' region is the most characteristic and
informative region of the Raman spectrum of lignin contribu-
tions, with aromatic rings, ethylenic C=C bonds, and a- and -
C=0 functional groups contributing their vibrational modes.*”
Deconvolution analysis of this region showed that the fitting of
the high fluorescence spectrum only converged when a band
at 1613 cm™' was considered (Table 1). In contrast, in the low
fluorescence spectra, this band had to be excluded for the
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Table 1. Parameters of the best fit obtained for the 1500 to 1750 cm ™' spectral range of the average spectra of sclerenchyma with high fluorescence

background and low fluorescence background (cf. Figure 6A).

High fluorescence

Low fluorescence

Raman shift [cm™'] Area [%] Peak shape Raman shift [cm '] Area [%] Peak shape
1570 13.8 Gaussian 1570 8.2 Gaussian
1594 53.2 Gaussian 1594 573 Gaussian
1613 0.7 Gaussian 1613 Absent

1624 234 Gaussian 1624 31.7 Gaussian
1648 8.9 Gaussian 1648 2.7 Gaussian

model to converge (Figure 6B). The contributions of the differ-
ent components are listed in Table 1.

The band at 1613 cm™', unique to the sclerenchyma
samples with high fluorescence, has been assigned to biphenyl
out-of-phase ring vibrations in dibenzodioxocin."*?' Biphenolic
structures show in addition bands at 1197 cm™' and
1360 cm '™ that were also more intense in the high
fluorescence spectra as compared to low fluorescence spectra
(Figure 6A).

It should be noted that the conjugation of C=0 double
bonds to aromatic rings increases their Raman scattering
signals, and the presence of conjugated structures and pre-
resonance effects in lignin can have implications to band
intensities.*” Nevertheless, the observation made here confirms
a previous attempt to clarify potential correlations between the
laser-induced fluorescence and lignin structure by Raman
spectroscopy in lignin model compounds.”™™ There, Lihdetie
and co-workers concluded that the presence of free phenolic
structures was not a prerequisite for the fluorescence. Instead,
the bond types, especially the 5-5" structures via the
conjugation system over the two aromatic rings strongly
influence the fluorescence of lignin model compounds.””
Furthermore, flexible conformations display higher intensities
of fluorescence than structurally rigid models.”” In this work,
we observed this effect in situ in the native tissue. A schematic
of lignin formation, showing the different conformations and
bond types is displayed in Figure 7. In summary, our data
strongly suggest that the lignin conformation, specifically the
5-5' linkages that produce biphenyl structures are the most
influencing factor of the lignin fluorescence properties in the
plant cell wall. The co-localization of specific Raman spectra
and fluorescence properties with silicification patterns here
suggests that both spectroscopies could be used to study the
role of lignin in biosilicification.

Conclusion

In this work, we aimed to better understand the plant cell wall
organic matrix, in which silica is deposited. Leaf cross-sections
of sorghum plants grown with and without supplementation of
silicic acid were analysed by microscopy and spectroscopy. A
multimodal approach, comprising vibrational microspectro-
scopy, fluorescence microscopy, and electron microscopy
combined with elemental probing by SEM-EDX was applied.
The distinction between plant cell wall components is challeng-
ing, specifically regarding a discrimination of cellulose from
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Figure 7. Scheme summarizing lignin formation as proposed in previous
work“ and indicating the structures that lead to fluorescence. Canonical
grass monolignols are incorporated into the polymer through different types
of bonds marked in the lignin structure by red circles. The 5’-5" bond forming
the biphenyl structure is surrounded by a green circle.

other cell wall polymers, and the complexity of lignin as
extremely heterogeneous macromolecular structure. Raman
and FTIR spectra from different tissue regions were extracted
from the data sets and compared by multivariate methods.

The combination of Raman and infrared microspectroscopy,
each yielding chemical maps at different microscopic resolu-
tion, indicated a specific composition of the different tissue
types regarding the abundance of the several macromolecular
tissue components. Lignin structure was variable and specific of
the different tissue types. Xylem and phloem showed relative
higher amounts of cellulose than the rest of the tissues.
Proteins, chlorophyll and calcium oxalate were abundant in the
bundle sheath, whereas the epidermis was rich in waxes and
suberin.

While all the approaches evaluated here are useful to image
the plant structures and illustrate plant tissue complexity at
different length scales, a connection of different molecular
properties was aimed for by comparing spectral information. In
the tissue cross sections, SEM enabled an assignment of focal
volumes/locations to particular cells/cell walls in the sections.
In particular, SEM-EDX mapping connected locations in the

© 2022 The Authors. Analysis & Sensing published by Wiley-VCH GmbH

35907 SUOWILIOD SAIIR.ID 3|qed ! dde 8Ly Aq pausenoB a2 SPe YO SN JO S3INI 10} Akeud17aUl|UO AS]1M UO (SUONIPUOO-PUB-SWLIBY WO AB | 1M A1) |BUI JUO//:SANY) SUONIPUOD PUe SWS 1 841 39S *[€202/60/0T] U0 Akeid T auluO AB]IM ‘Ullieg NZ TeISIBAIUN-IP0GWNH AG 900002202 35Ue/Z00T OT/I0p/W0 A3 1M Aleiq 1 put juo'adoina-Ans wayy/:sany wouy papeojumoq ‘s ‘Z§0z ‘2v.26292



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Analysis & Sensing doi.org/10.1002/anse.202200006

Raman maps to regions with high silicon content. Nonetheless,
the contribution of the silica itself to the vibrational spectra
was masked by contributions from the organic matrix. The
combination of the two complementary vibrational micro-
spectroscopies with SEM-EDX provides an extremely suitable
and comprehensive method to get structural information from
mineralized plant tissues.

The comparison with the FTIR spectral mapping information
enabled the conclusion that part of the autofluorescence in the
region of the bundle sheaths must be due to the presence of
chlorophyll degradation products. The use of different prepara-
tion methods, in order to optimize the samples for the water-
free mapping by FTIR microscopy clearly indicated that a
correlation of vibrational and fluorescence information is
optimal when native, hydrated tissue sections are used. The
origin of autofluorescence of the tissue was analysed in more
detail, as it was a major hallmark of many Raman spectra that
were excited with a wavelength of 532 nm. Multivariate
analysis revealed different fluorescence contributions within
different regions of sclerenchyma tissue. Detailed qualitative
analysis of the pre-resonant Raman signals of lignin enabled a
correlation of the molecular structure of lignin and its
fluorescence properties. Our results support the presence of
flexible lignin conformations at locations of higher intensities
of fluorescence in situ in the native tissue for the first time, in
agreement with previous work on synthetic lignin models.

In the future, the combination of the vibrational and
elemental information in one type of hyper-spectral image is
desirable and being developed, similar to a recently presented
approach that demonstrated the hyperspectral images of FTIR
and Raman information.”” The role of lignin and other cell wall
components in the biomineralization in other plant tissues
should be further studied, as substantial variation in cell wall
autofluorescence is found between silica deposition sites and
the rest of cell walls, such as sorghum roots, where autofluor-
escence depends on silicon supplementation/deprivation.?*"’
The future insitu structural characterization of the lignin in
such tissue regions will help to further delineate the relation-
ship between the lignin structure and molecular composition
and silica deposition without the need to isolate the lignin and
to disrupt its interaction with the other cell wall components.

Experimental Section

Plant material and growing conditions

Grains of similar morphology from Sorghum bicolor (L.) Moench
(wild type; line BTx623) were selected and germinated in the dark,
at ambient temperature and wrapped in wet paper. Seedlings were
either grown in hydroponic media containing only Hoagland
nutrient solution (0.5 mM KNO;, 0.15 mM Ca(NO,),-4H,0, 0.1 mM
NH,H,PO,, 0.1 mM MgSO,-7H,0, 0.03 pM CuSO,-H20, 0.06 uM
Na,MoO,-2H,0, 0.16 yM  ZnSO,-7H,0, 0.91 uM  MnCl,-4H,0,
4.63 UM H;BO;, 2 uM EDFS (C,4H;,N,NaFeQg) in Milli-Q (Millipore)
water), in case of treatment without the addition of silica, or
Hoagland solution containing sodium silicate (NaSiO,) at a final
concentration of 2 mmol/L. The plants were grown indoor under
artificial light (18hours/day) at the Chemistry department of
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Humboldt-Universitdt zu Berlin. The hydroponic solutions were
changed regularly every 3-4 days, and the pH was adjusted to 5.8.
Aeration to the roots was provided by an air pump (200 I/hour). Up
to 4 plants were grown in the same 2 litre pot for up to 185 days.

Raman and FTIR spectroscopy

Raman maps were collected from cross-sections of sorghum leaves
that were manually cut and placed between two CaF, windows
with a drop of water to prevent photodamage and to decrease
autofluorescence. The disks were sealed with paraffin to prevent
water evaporation. Raman maps were acquired with a Horiba
LabRam HR microspectrometer (Horiba Jobin Yvon, Bensheim,
Germany) using a 532nm laser with a power of 85mW as
excitation source that was focussed into a spot of 1.3 pm nominal
diameter, corresponding to an intensity of ~1.6x10° W/cm
Spectra were recorded using a 300 lines/mm grating and a liquid
nitrogen cooled CCD detector. Spectra were acquired by raster-
scanning with a step size of 1 um in x- and y-direction, with an
acquisition time of 2's and 22 accumulations per spectrum in the
spectral range from 200 to 4000 cm™'. A total of 12 maps of Si-
supplemented samples and 5 maps of Si starved plants were
obtained.

For the FTIR maps, samples were collected from sorghum leaves,
cut into pieces, fixed with a mixture of formaldehyde, ethanol, and
acetic acid (FAA), 10%:50%:5% +35% water, dehydrated with an
ethanol series (50, 60, 70, 80, 90 and 100% ethanol, 100%
isopropanol), and embedded in paraffin. The paraffin blocks were
cut to sections of 20 um thickness, which were mounted in zinc
selenide windows and de-paraffinized with hexane.

IR transmission spectra were collected using an FTIR microscope
(ThermoNicolet) using the synchrotron light source at the IRIS
beamline of BESSY-HZB, Berlin, Germany. The size of the micro-
scope aperture, determining the spot size from which the spectrum
is acquired, was set to 12 pmx 12 um. Spectra were obtained at a
spectral resolution of 1.93 cm™' in the range 700-4000 cm™' by
averaging 64 interferograms. The step size varied depending on
the sample between 3 um and 5pum. A total of 9 maps of Si
supplemented plants and 9 maps of Si starved plants were
recorded.

The spectra were pre-processed for further analysis using MatLab
(The MathWorks, Inc., Ismaning, Germany) and CytoSpec (CytoSpec,
Inc., Berlin, Germany) software. Data pre-processing included the
elimination of spikes, interpolation, baseline correction using
asymmetric least squares (AsLS)*® vector-normalization, and
calculation of derivatives. For chemical mapping, intensities of
individual bands were determined from the original spectra after
baseline correction. Hierarchical cluster analysis (HCA) was carried
out with raw spectra, baseline corrected spectra, vector-normalized
spectra and first and second derivatives using the spectral range
360-1750 cm™'. Principal component analysis (PCA) was carried out
with pre-processed spectra using the spectral range 360-
1750 cm™.

Scanning Electron Microscopy-Energy-dispersive X-ray
spectroscopy (SEM-EDX)

Leaves were dissected mechanically in segments, and epidermis
sections and cross-sections were prepared manually using a razor
blade. The sections were either supported on carbon tape or on
ZnSe windows as used for FTIR spectroscopic analysis. The sections
were analysed with a JCM-6000PLUS NeoScope scanning electron
microscope (JEOL, Japan) using an accelerating voltage 15 kV in
the low vacuum mode. The silicon elemental maps of the observed
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samples were obtained with the same instrument by energy-
dispersive X-ray analysis. Si elemental maps were obtained by EDX
with a dwell time of 2 ms, high probe current, and gain set to 1.

Fluorescence imaging

Autofluorescence microscopy images were obtained after mount-
ing the samples in calcium fluoride windows for the Raman maps
or zinc selenide windows for the FTIR maps with a light microscope
BX23, (Olympus, Hamburg, Germany) with a 20x objective. The red
autofluorescence images were recorded with excitation with a
wavelength in the range 530-550 nm and a cut off filter at 575 nm.
The blue autofluorescence images were recorded with excitation
with a wavelength in the range 330-385 nm and a cut off filter at
420 nm. The green autofluorescence images were recorded with
excitation with a wavelength in the range 460-495 nm and a cut
off filter at 510 nm. All images were taken using CellSens Standard
Software 1.17 (Olympus, Hamburg, Germany).
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