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Abstract. Distribution of cellulose and lignin is key to physical and mechanical properties of woody
materials. This study was carried out to investigate chemical constituent distribution of Moso bamboo
(Phyllostachys pubescens) fiber using confocal Raman microscopy (CRM) with a particular focus on its
unique multilayered structure. The results showed that syringyl and guaiacyl units of lignin were widely
distributed across the whole cell wall, including the cell corner (CC) and compound middle lamella
(CML), whereas p-hydroxyphenyl units were mainly located in the CC and CML regions. A series of
CRM images of bamboo fiber cell walls confirmed that different concentrations of specific chemicals
were present in the multilayered structure. Lignin concentration did not always decline from the periphery
to the central part but sometimes increased close to lumen edges as well as some layers. Furthermore,
variation of lignin and cellulose concentration across the cell wall could be obtained by using the line
scanning function. Distribution difference of lignin and cellulose was generally located in the CML and
lumen side as well as some borders between two adjacent secondary layers. The results from this study
will deepen the understanding of the organization of Moso bamboo cell walls.

Keywords: Phyllostachys pubescens, confocal Raman microscopy, Raman imaging, chemical constituent
distribution, cell wall.
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INTRODUCTION

Bamboo, an important biomass resource around
the world, has unique cell wall structure and
excellent material properties. In addition to the
special morphology structure of bamboo stems,
the multilayered cell wall structure of bamboo
fibers exhibits alternating broad and narrow
lamellae (Parameswaran and Liese 1976; Lybeer
and Koch 2005a; Lybeer et al 2006; Mustafa et al
2011). This alternating hierarchical structure is
distinguished from the typical three-layered sec-
ondary wall of wood and is considered to be one
of the factors that contribute to the high tensile
strength of bamboo (Gritsch et al 2004).

Plant cell walls are mainly composed of cellu-
lose, lignin, and hemicellulose. It is well known
that cellulose, lignin, and hemicellulose have
different contributions to cell wall properties.
Komuraiah et al (2014) investigated Pearson
rank correlation coefficients between composition
and properties of several natural fibers. They
found that tensile strength and Young’s modulus
of plant fibers increased with cellulose content
but decreased with hemicellulose content. Zhang
et al (2013) investigated the effects of lignin and
hemicellulose content on mechanical properties
of single Chinese fir tracheids using single-
racheid-test technology in an environment of
23°C and 25% RH. They confirmed that tensile
strength of single tracheids increased with lignin
degradation, whereas it decreased with hemicel-
lulose degradation. The previous studies con-
firmed that cell wall properties were deeply
affected by the amounts and intrinsic characteris-
tics of cell wall components. Thus, it is essential
to know how chemical constituents are distrib-
uted in multilayered cell walls. It is helpful to
deeply understand the mechanical properties and
ingenious design of bamboo fiber cell walls.

Several techniques such as transmission electron
microscopy (He et al 2002; Lybeer and Koch 2005a;
Wi et al 2014), scanning electron microscope/
energy dispersive using X-ray analysis (Saka
and Thomas 1982; Ma et al 2011), and ultraviolet
(UV) or visible microscopy (Lin et al 2002; Lybeer
and Koch 2005b), and fluorescence microscopy

(Donaldson et al 2001) were used to investigate
chemical constituent distribution of biomass
materials. The disadvantages of these methods
include complex sample preparation processes
(such as embedding, staining, or antibodies
tagged) and strong specificity that cannot obtain
information of multiple components at the same
time. Raman spectroscopy is an efficient vibra-
tional spectroscopic tool in the investigations of
chemical components of plant materials (Larsen
and Barsberg 2010). It can study both lignin and
cellulose simultaneously in a noninvasive way and
provide chemical information in situ with high
spatial resolution (Gierlinger and Schwanninger
2007; Richter et al 2011). Samples used for
Raman testing do not need any further prepared
processes such as staining, embedding, dehydra-
tion, isolation, or other chemical pretreatment.
Furthermore, Raman microscopy is less sensitive
to water, which made the sample preparation and
testing process easy to carry out (Gierlinger et al
2012). Thus, Raman spectroscopy analysis is a
fast procedure and very suitable for studies of
hydrated biological materials.

Raman spectroscopy was successfully used to
investigate wood and nonwood plant cell walls.
Roder et al (2004) studied the topochemical dis-
tribution of lignin in individual cell wall layers
of beech wood. They found that confocal Raman
spectroscopy and UV micro spectrophotometry
could be valuable complementary techniques to
study distribution of lignin and cellulose on a
subcellular level. Richter et al (2011) used a
Raman imaging approach to reveal the functional
plant cell wall design of Phormium tenax leaf.
They successfully obtained pectin and lignin dis-
tribution within different tissue at different posi-
tions and predicted microfibril angle based on
selective extracted spectra from Raman images.
Merk et al (2014) successfully gained the spatial
distribution of colloidal iron oxide in hybrid wood
materials with magnetic anisotropy by Raman
spectroscopic mapping. These applications con-
firmed the power of Raman microscopy in chemi-
cal constituent distribution research, but few
applications have been found in bamboo cell walls,
based on the literature. Wang et al (2012, 2014)
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investigated lignin distribution and cellulose
orientation of bamboo fibers with Raman spec-
troscopy. They found that cell corners (CCs)
and compound middle lamella (CML) were
heavily lignified compared with secondary cell
walls. Cellulose content was greater in second-
ary cell walls than in CCs and CML. However,
the details of chemical constituent distribution
within a single cell wall are not fully under-
stood. The objective of this study was to inves-
tigate the characteristics of chemical constituent
distribution in situ in bamboo fiber cell walls
using confocal Raman microscopy and to focus
on lignin and cellulose variation within different
cell wall lamella.

MATERIALS AND METHODS

A 6-yr-old Moso bamboo Phyllostachys pubescens
culm, total height of 15.5 m and diameter at
breast height of 11.3 cm, was harvested from a
plantation in Huangshan, Anhui Province, China.
Blocks about 20-30 mm long were cut along the
grain from the middle part of the 10th internode
(numbered from the ground level) and stored in
a refrigerator to keep fresh. Without any further
preparation, 10-um-thick transverse sections
located at about the middle part of the culm wall
were cut from the freshly kept blocks on a slid-
ing microtome (SM2000R, Leica Microsystems,
Wetzlar, Germany) equipped with a tungsten
steel knife and were immediately placed on a
glass slide. A drop of distilled water was added,
and a cover slip was placed on top of the sam-
ples. To avoid evaporation of water during the
subsequent Raman test, nail polish was used to
seal around the cover slip.

Raman spectra were acquired with an Renishaw
InVia confocal Raman microscope (Wotton-
under-Edge, Gloucestershire, UK) equipped with
a motorized xyz stage. To achieve great spatial
resolution, measurements were conducted with a
high numerical aperture (NA) microscope objec-
tive (100x, oil, NA = 1.40, Leica) and a linearly
polarized green laser (A = 532 nm) was used
for excitation. Raman light was detected by
an air-cooled, back-illuminated spectroscopic

charge-coupled device camera behind a grating
(1800 g/mm) spectrograph with a spectral resolu-
tion of 2 cm™'. Wire 4.1 software (Renishaw)
was used for measurement setup and controlled
the microscope as well as image processing. For
imaging, the fast scanning function with an
exclusive StreamLine HR mode was used to sig-
nificantly increase mapping speed. To achieve
high spatial resolution imaging, spectra acquire-
ments were done at every 0.3-um step size with
an integration time of 0.66 s. Different chemical
images were generated by using a sum filter,
integrating across defined bands of the spectrum.
For spectroscopic analysis, extended integration
times (10 s) were used to increase signal-to-noise
ratio and acquire spectra with sufficient detail.
For single or double cell wall line scanning,
0.1-um step size and 3-s integration time were
used for measurement setup to get more informa-
tion about the chemical constituent distribution
within each cell wall layer.

RESULTS AND DISCUSSION

Multilayered Structure of Bamboo Fiber
Cell Wall

Bamboo fibers exhibit typical multilayered cell
wall structure. These multilayered fibers aggre-
gate together to form a fiber cap and compose a
vascular bundle that shows inhomogeneous dis-
tribution across the culm wall, such as dense
dispersal in the outer part and sparse dispersal
in the inner part (Fig 1a). A bright field image of
one fiber cap located in the middle zone of a
bamboo culm wall is shown in Fig 1b. The
observed fibers had different degrees of layered
structure based on their localization within the
fiber cap. Fibers with greatly layered structure
were mainly distributed in the periphery of the
fiber cap. These fibers consisted of several dis-
cernible sublayers (Fig 1c). Most fibers in the
inner part of the fiber cap had fewer layers than
did periphery fibers (Fig 1d). Gritsch et al (2004)
established a classification system to investigate
distribution of fibers with different amounts of
layers in fiber caps. In the classification system,
cell wall layers included two types, namely a thin
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Figure 1.

The anatomical structure of a bamboo culm wall and bamboo fiber. (a) Culm wall of Moso bamboo. Vascular

bundles were unevenly distributed across the culm wall. (b) One fiber cap located in middle zone of a culm wall. Large and
significant layered fibers were mainly distributed in peripheral regions of fiber cap. (c) Typical highly layered bamboo fiber
cell. (d) Morphology of majority bamboo fiber cells. Scale bar: (b) 50 pm, (c and d) 10 um.

layer and a broad layer. The thickness of thin
layers was less than 300 nm (Parameswaran and
Liese 1976), which cannot be observed under an
optical microscope. Therefore, in this study, the
cell wall layers only referred to those broad
layers that could be observed directly with a
distinct border.

Characteristic Raman Spectrum

Most polymers in plant cell walls have a Raman
fingerprint based on vibrational modes of their
substructural units or groups. The characteristic
Raman spectra collected from different cell wall
regions of bamboo fibers, namely CC, CML,
inner secondary cell (ISC) wall layer, and outer
secondary cell (OSC) wall layer, are shown in

Fig 2. In all spectra, a high fluorescence back-
ground (causing a shift in the Raman intensity axis)
was observed, which was caused by high lignin
content reflected by the high lignin peak around
1598 cm ™! (Agarwal and Ralph 1997; Gierlinger
and Schwanninger 2007; Sun et al 2010). This was
somewhat different from a wood cell wall with
high fluoresce background, primarily originating
from the CC region (Gierlinger and Burgert
2006), indicating that bamboo had a greater ligni-
fication level in the secondary cell wall.

Pronounced differences were found in two major
band regions in the spectra. One region was
1000-1300 cm ™" in which significant difference
arose at three band positions, ie 1094, 1172, and
1204 cm™'. The peak of 1094 cm_l, a cellulose-
orientation-sensitive band (Edwards et al 1997,
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Figure 2. Raman spectrum of different cell wall regions; bands at 1024, 1268, 1333, and 1598 cm™~ were caused by
lignin, and 1172 and 1629 cm™" were caused by hydroxycinnamic acids. Cellulose contributions were present at 1094 and
2891 cm™'. Band at 2943 cm ™' was caused by methoxy groups (Agarwal and Ralph 1997; Ram et al 2003; Saariaho et al 2003;
Sun et al 2012). CC, cell corner; CML, compound middle lamella; OSC, outer secondary cell wall layer; ISC, inner secondary

cell wall layer. All spectra were collected at 10-s exposure time.

Gierlinger et al 2012), was more significant in ISC
and CML spectrum than in CC and OSC spec-
trum, reflecting different cellulose-chain-oriented
directions in these regions. The peaks of 1172 and
1204 cm™' were assigned to hydroxycinnamic
acid and p-hydroxyphenyl unit of lignin, respec-
tively (Ram et al 2003; Saariaho et al 2003; Sun
et al 2010, 2012). The CC and CML spectrum
differed clearly from ISC and OSC spectra because
of additional bands at 1172 and 1204 cm™". This
difference combined with the observation of
another hydroxycinnamic acid peak at 1629 cm ™"
(Ram et al 2003), which manifested in all spec-
tra, indicated that H units and some kinds of
hydroxycinnamic acid were mainly distributed
in the CC and CML regions. Another key differ-
ence was found in the 2800-3000 cm ' band
region in which an obvious double peak in CC
and CML spectrum turned into an intense peak
with another peak as a shoulder.

In the 1250-1700 ¢cm™ ' band region, the four
spectrum was similar in shape but with different
signal intensity in special peaks. All spectra
showed characteristic peaks of guaiacyl and
syringyl units of lignin at 1268 and 1333 cm ™',
respectively (Saariaho et al 2003; Sun et al

2010, 2012). This confirmed the wide distribu-

1

tion of G and S units in the cell wall, including
CC and CML regions.

Chemical Constituent Distribution

Chemical images were generated by integrating
across intensity of defined bands shown in the
characteristic Raman spectra (Fig 2). Results of
chemical images showed that signal distribution
mainly comes from two macromolecules, lignin
and cellulose. Basic morphology of measured
cell walls became apparent in chemical images
based on specific substance distribution (Fig 3).
By integrating across the bands around 1598 cm ™
based on aryl ring stretching (Agarwal and
Ralph 1997), spatial distribution of lignin was
visualized (Fig 3a, c¢). Spectroscopic images
showed that lignin concentrations were greatest
in the CC and CML regions and gradually
decreased into the secondary cell wall. Interest-
ingly, the lignin concentration did not always
decrease in the secondary cell wall but increased
in some layers. In situations of less layered fiber
cells (Fig 3a), the outer broad layer (correspond-
ing to L3 in Fig 3b) showed lighter signal inten-
sity compared with the inner broad layer
(corresponding to L4 in Fig 3b) and surrounding
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Figure 3.
distribution in a four-layered bamboo fiber cell. Bright red areas indicate high concentration of lignin, and dark red areas
correspond to low lignin concentration. (b) Distribution of cellulose in the same fiber cell shown in Fig 3a. Bright and dark
green areas correspond to high and low concentration of cellulose, respectively. (c) Lignin distribution in bamboo fiber cell
with seven layers. (d) Cellulose distribution of the same fiber cell shown in Fig 3c. CC, cell corner; CML, compound middle
lamella; L, lumen; L2, L3, L4 ... represent different cell wall layers successively from periphery to lumen direction for
each single fiber cell, respectively. Scale bar: 5 pm.

CML. This indicated a lower lignin concentra-
tion in the outer broad layer. In highly layered
fiber cells (Fig 3c), three lignin-concentrated
layers (LS5, L6, and L7 in Fig 3d) with brighter
color compared with other outer layers (L3
and L4 in Fig 3d) were found around the
lumen area. The lignin-concentrated layers
had almost uniform lignin distribution in each
individual layer and formed an outside core
for lumens.

Raman spectroscopic images show distribution of lignin and cellulose in a single bamboo fiber. (a) Lignin

Parameswaran and Liese (1976) showed that
thick-walled bamboo fibers had a polylamellate
structure with alternating broad and narrow
lamellae, and the concentration of lignin was
higher in the narrow lamellae. In their defini-
tion, the narrow lamellae were extremely thin
(~300 nm), which is beyond the resolving
power of Raman microscopy. In this study,
obscure thin circular rings with greater Raman
signal contrast appeared at each edge of adjacent
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layers, which could indicate existence of lignin-
dense narrow layers (Fig 3a, c¢). But lignin con-
centration in thin regions was significantly
lower than that of CC and CML regions. This
observation was somewhat different from the
results reported by Parameswaran and Liese
(1976). They found that narrow lamella zones
had similar lignin concentration to that of CML.

With integrating across the strong band at
2891 cm™ ', which was dominated by C-H stretch-
ing of cellulose (Gierlinger and Burgert 2006),
cellulose-rich regions were emphasized (Fig 3b, d).
Morphology of cell walls was even more obvious
based on the cellulose distribution. The relatively
narrow layer (L2 in Fig 3b, d) beside the outer-
most broad layer, which cannot be observed in
the corresponding lignin distribution image
(Fig 3a, c), was appearing. The lowest cellulose
concentration was found in the CC and lumen
regions, followed by border regions between two
neighboring layers. Except for differences at CC,
lumen regions, and border regions between two
neighboring layers, cellulose concentration was
uniform within other regions.

With comparison of lignin and cellulose distri-
bution across whole cell walls (Fig 3), a reverse
distribution relationship of lignin and cellulose
can be found in CC, CML, and borders between
different layers. These regions had relatively
greater lignin concentration and lower cellulose
concentration. Within various secondary layers,
there was no obvious relationship between lignin
and cellulose distribution.

From the analysis of relationships between strength
and gradient structures of bamboo (Amada et al
1997), it was found that bamboo is an optimized
natural composite that can be regarded as a func-
tionally graded material. The concept of func-
tionally graded materials could be considered as
gradual substance distribution. The inhomoge-
neous distribution of vascular bundles across
bamboo culm walls, ie dense dispersal in the
outer part and sparse dispersal in the inner part,
can be regarded as a macroscopic gradual distri-
bution. Although at cell level, gradual substance
distribution still exists, ie uneven distribution of

lignin, which has been observed to be highly
concentrated in CC and CML regions and tends
to gradually decrease in the secondary cell wall.

Line Scanning

To get detailed insights into variability and
distribution of lignin and cellulose concentration
in various parts of a fiber cell wall, a line scan-
ning technique was used to generate line profiles
on transverse sections (Fig 4a, c). Line profiles
were acquired by monitoring variation of lignin
(at 1598 cm™') and cellulose (at 2891 cm ™)
Raman band intensity, with a step size of 100 nm
(Fig 4b, d). Positions of each cell wall layer could
be matched accurately with an intensity curve
based on the position-resolved function of the
motorized xyz stage. As expected, cellulose con-
centration was invariable in most secondary cell
wall layers, except for regions near to the lumen
and CML in which a significant decrease in cel-
Iulose content could be observed (Fig 4b, d). This
distribution pattern corresponded to the Raman
imaging results (Fig 3b, d). Lignin concentration
was more variable across a single cell wall, espe-
cially in highly layered fiber. In the case of less
layered fiber (Fig 4a), as the scan moved from the
left lumen side to the right CML region, lignin
concentration increased to a relatively higher
value at the edge of the lumen, then gradually
decreased, stayed steady, and finally increased
close to the CML. In the case of highly layered
fiber (Fig 4c), the change in lignin concentration
in layer L6 and L7 was not significant. As the
scan moved from left to right, it detected a drop
in lignin concentration in layer L5, a gradual rise
in layer L4, another drop in layer L3, a significant
rise in layer L2, and a dramatic rise after a sudden
drop in the CML. To compare relative distribu-
tion of lignin and cellulose, lignin Raman signal
intensity along the segment points was divided by
cellulose Raman signal intensity. As shown in
Fig 4b, d, the impact of high lignin and low cellu-
lose concentrations of CML and its adjacent layer
was obvious. The lumen interface and some bor-
ders between two adjacent secondary layers also
had a greater lignin-to-cellulose ratio compared
with most secondary layers. This indicated that
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Figure 4. Line scanning showing lignin and cellulose concentration variation across bamboo fiber cell walls. (a) Morphol-
ogy of the tested bamboo fiber with three layers. The scanning path is shown by the black solid line. (b) Intensity curve shows
lignin and cellulose concentration variation along the scanning path corresponding to Fig 4a. (¢) Morphology of the tested
bamboo fiber with a highly layered structure. Line scanning path is represented by the black solid line. (d) Intensity curve
along the scanning path corresponding to Fig 4c; Different cell wall layers are named sequentially as CML, L2, L3 ... from
the periphery toward the lumen for each single fiber cell. CML, compound middle lamella; L, lumen; L2, layer two; L3, layer
three; L4, layer four; LS, layer five; L6, layer six; L7, layer seven.

the CML, lumen edge, and interface between two
adjacent layers were relatively enriched in lignin.

The trend of increasing lignin concentration
from the lumen side to the CML was found in
single fiber cell walls. This indicated that lignin
could first deposit in peripheral regions of a cell
and then proceed toward the lumen side. How-
ever, the trend of gradual decrease from one side
to another side was not found in all single layers.

There were some layers in which the lignin con-
centration was almost invariable, eg layer L6 in
Fig 4c. There were also some layers with rela-
tively low lignin concentration compared with
other neighboring layers, eg layer L4 and L5 in
Fig 4c. This phenomenon possibly indicated that
bamboo has a complex regulatory mechanism
for adjusting lignification of cell walls to fulfill
multiple functions during cell wall formation.
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CONCLUSIONS

In this study, Raman microscopy was used to gen-
erate images of lignin and cellulose distribution
in multilayered cell walls of bamboo fiber with a
high lateral resolution. Raman images indicated
that concentration of lignin and cellulose varied,
both within and between distinct sublayers. Cellu-
lose had a relatively even distribution, whereas
lignin concentration varied greatly within distinct
cell wall layers, especially in highly layered fibers.
Diversity of lignin distribution within highly lay-
ered cell walls indicated that macromolecular
organization in the multilayered structure of bam-
boo fiber is very complex. Furthermore, avenues
of research in the future could include investiga-
tion of differently distributed patterns of chemical
constituents across different types and locations of
cell walls to better understand the organization of
bamboo cell walls.
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