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ABSTRACT

Over the last decades, bio-based composite materials have been developed as an ecological
alternative to synthetic fibre-reinforced composites, and flax fibres are one of the most
commonly used fibres for this purpose. The secondary cell wall (S2) and the microfibril angle
(MFA) of plant fibres are the main factors responsible for the mechanical behaviour of the
fibres and, consequently, for the properties of the final biocomposite material. However, the
MFA values reported in the literature are obtained through heavy, time-consuming methods
and often without resolution at the scale of the elementary fibres. In the present paper, for
the first time, the MFAs of elementary flax fibres are measured with the alternative method of
second-harmonic generation imaging under controlled polarised light (P-SHG); cotton
trichomes are also investigated as a homogeneous and well-known cellulose fibre with
expected contrasted MFAs compared to flax. To estimate the MFA, we analysed the images

collected that clearly show the microfibrils. The values found are in line with the literature

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
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data obtained with conventional techniques. However, new important details of the
microfibrils orientation of elementary flax fibres and cotton trichomes are highlighted, such as
inhomogeneities in a single flax fibre, leading to MFAs varying between 0 and 10° along the
fibre with an average value around 5°. The results obtained give an important contribution to
the knowledge of the plant fibre ultrastructure, giving some structural details never provided

with measurements of fibre bundles.

Keywords: SHG, Microfibril angle; Elementary fibres; Flax fibres; Image analysis

1. INTRODUCTION

Flax fibres have been used for centuries as one of the most important textile materials due to
their extraordinary morphology and mechanical properties, but in the last few years, interest
in plant fibres has increased as a result of the development of biocomposite materials in
which not only resins, such as poly-(hydroxyalkanoate resin) (PHA) and poly-(lactid) (PLA),
but also widely industrially used poly-(propylene) (PP) (Bensadoun et al., 2016) are coupled
with plant fibres for the automotive, sport and design industries (Deyholos and Potter, 2014;
Le Duigou et al., 2014). Flax fibres have high specific mechanical properties as well as low
environmental impact in comparison with glass fibres (Lefeuvre et al., 2014a; Joshi et al.,
2004) and a clear example of the use of plant fibre composites is for car components, with

the advantages of reduced cost and weight of the vehicle (Bledzki et al., 2006).

However, one of the main problems for bio-composite development is the prediction of
mechanical behaviour, especially if the fibres are heterogeneous (José da Silva et al., 2012).
Mechanical properties of plant fibore change according to several factors, such as the fibre
phylogenetic origin or the environmental condition during plant growth, which introduces

uncertainties into the prediction of mechanical performance of the finished product. Besides,
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some aspects of the plant fibre ultrastructure, the internal structural arrangement of the fibre

elements, are still not fully elucidated.

Elementary flax fibre is composed of one long but single multi-nuclei cell (Ageeva et al.,
2005). Several fibres, between 10 and 40 units, are grouped in bundles (Baley, 2002) and
located in the region of the phloem, with the main role of mechanical support of plants. Single
fibres are assembled by middle lamellae, enriched in pectic polysaccharides and linked by
covalent and calcium bridge bonds (Jauneau et al., 1992). Figure 1 presents the structure of
a single flax fibre. The outer layer of the fibre is the primary cell wall (P) of 0.2 ym thickness,
mainly composed of amorphous pectins, hemicellulose and lignin, with the cellulose
microfibrils reoriented during the intrusive growth in the cell development (Baley et al., 2018)
according to the fibre axis. The inner and main layer is the secondary cell wall, which is
mainly composed of crystalline cellulose and can be divided into three sublayers. In the
literature, it is known that these sublayers have different cellulose microfibrillar angles (MFA).
The S1 layer has a thickness of 0.2-5 ym, and the cellulose microfibrils are crisscrossed
(Wang et al., 2018; Baley, 2002; Bos and Donald, 1999) or, as reported in another recent
paper, have a Z-twist orientation but with uncertainty in the angle (Baley et al., 2018). The S2
layer is 5-10 ym thick with an MFA of 6°-11° (Wang et al., 2018; Bourmaud et al., 2013;
Baley, 2002; Astley and Donald, 2001). Finally, the 0.5-1 um thick S3 layer surrounds the

hollow centre of the fibres called the lumen (Wang et al., 2018).

Figure 1

Cellulose fibrils are cellulose crystallites assembled into longitudinal nanofibres, and
hemicellulose and pectin glue several nanofibres together to form a single microfibril with a
helical disposition (Duchemin et al., 2012; Wardrop, 1962; Ritter, 1942). The thickness of the

layers and the orientation and morphology of the cellulose microfibrils vary between botanical



79  species, as do the chemical composition and mechanical properties. For example, it is

80  known that cotton trichomes have a microfibril angle of 25-30° in the S2 layer (loelovich,

81 2014; Ansell and Mwaikambo, 2009), which is higher than that of flax. Moreover, the

82  microfibrils in the S2 layer for flax have a diameter between 10 and 20 nm (Baley, 2002), and
83  Ansell and Mwaikambo (2009) reported that the thicknesses of cellulose microfibrils of

84  different origin, for example, cotton or hemp, are of the same order of magnitude as that of

85 flax.

86 Literature shows that plant fibres used for composite reinforcement exhibit strong differences
87  into their intrinsic characteristics (Netravali, 2005) and structure (Bourmaud et al., 2018).

88  Chemical composition and structure of some varieties of flax were correlated with the

89  mechanical properties (Bourmaud et al., 2013). The results showed a relationship between
90 the MFA and Young’s modulus, while it appeared that there is no correlation between the

91 MFA and the strain at break of elementary fibres. Another study on hemp and sisal fibres

92  highlighted the relationship of the MFA with the stress-strain curve, and the authors noted a
93 linear trend for sisal (MFA=20°), while hemp has a less linear behaviour (MFA=10°)

94  (Bourmaud and Baley, 2009). Thus, the MFA is strongly linked to the mechanical properties

95  or behaviour of plant fibres and consequently to those of associated composites.

96 MFA of wood fibres has been extensively studied from the role inside the plant to the

97  mechanical properties correlated and the environmental impact on their variability

98 (Donaldson, 2008); this holistic review offers a complete overview of MFA investigation

99  methods; some such as the pit method or confocal microscopy are particularly adapted to
100 elementary fibres, but the most popular technique is X-Ray Diffraction (XRD), despite it is
101  mostly limited to fibre bundles. Thus, there is little information about the microfibril angle of
102  bast fibres, particularly at the single fibre scale. In general, if the angle is too small the
103  resolution of the analytical techniques used is often insufficient to evaluate it for an
104  elementary fibre (Bourmaud et al., 2013). Nevertheless, Muller et al. successfully applied

105 micro-small-angle X-ray scattering/wide-angle X-ray diffraction (WSAXS/WAXD) to
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elementary flax fibres (Mdller et al., 2000; Muller et al., 1998). In Tab. 1, a summary of the
MFA values found for flax fibres (measured at room temperature and relative humidity) are
reported along with the method used. A more complete table with other methods used to
evaluate the microfibril angle of a range of plant fibres can be found in the chapter written by
Ansell and Mwaikambo (Ansell & Mwaikambo, 2009). Recently, Wang et al. (Wang et al.,
2018) mechanically removed the outer layer of flax fibre bundles to directly investigate the
MFA by scanning electron microscopy (SEM) and X-ray diffraction (XRD); they reported MFA
values between 5.8 and 7.3°, which is consistent with literature data (Tab.1). They underlined
that uncertainties in MFA values may be due not only to the use of fibre bundles but also to
an additional signal induced by refraction effects at the fibre edge. Other differences in the
MFA of flax were noted between dry and wet fibres and the results showed an increase in

the angle when wet fibres were considered (Astley and Donald, 2001; Muller et al., 1998).

Table 1

The development of new tools for material characterisation has provided the possibility of
more accurately studying the ultrastructure of plant fibres. This is the case for second-
harmonic generation (SHG) imaging, which can be considered a new tool for accurately
investigating the orientation of the microfibrils. Second-harmonic generation is a coherent
non-linear optical process in which two lower-energy photons interacting with a medium are
up-converted to a single photon with twice the incident frequency (2w) (Boyd, 2008;
Gauderon et al., 2001). The SHG signal is generated from non-centrosymmetric structures
and is dependent on many factors, including the polarisation of the light used for imaging and
the structural organisation of the sample. One of the main advantages of this technique is the
use of low energy excitation, which reduces the beam damage and photobleaching of the

sample (Cox and Kable, 2006).
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In the last decade, SHG imaging has emerged as a powerful tool in biology, where it has
been applied to the study of collagen and in vivo samples (Thomas et al., 2017; Zubkovs et
al., 2014; Cox and Kable, 2006; Williams et al., 2005). In particular, in the study of rat-tendon
fascicles, Goulam Housen et al. (Goulam Houssen et al., 2011) concluded that a
reconfiguration of the collagen microstructure occurs after mechanical tests (uniaxial tensile

tests.

In plant research, some aspects have been already investigated using the second-harmonic
generation imaging. Cellulose is a non-centrosymmetric molecule and has the potential to
produce SHG signal. Cellulose from two different organisms, the Acetobacter xylinum and
the Valonia algae, can be detected thanks to the high SHG intensity due to the cellulose
molecules that are chiral and well-ordered (Brown, Jr. et al., 2003). The same team also
used the light polarization control to investigate the dependence of the signal response of the
cellulose microfibrils to the laser orientation and showed that this response is not linear,as

expected from the nature of the SHG signal.

More recently, cell walls of both root and leaf sorghum were investigated with the second-
harmonic generation imaging microscopy and the authors found a strong signal that they
attributed to the cellulose microfibrils of the plant cell wall (Heiner et al., 2018). Therefore, the
specific structure and arrangement of cellulose within flax cell walls (Fig.1) fully justify the
use of SHG for MFA investigations. Cox et al. investigated several samples like stem from
living plants (Lantana camara) but also rice starch grains of different varieties. The authors
showed how starch generates a higher SHG signal if compared with cellulose due to a lower
symmetry of the glucose chain (Cox et al., 2005). Zhao et al. also used SHG microscopy to
map the sugar and amylopectin distribution in glutinous and non-glutinous rice grains. They
found differences between the two varieties due to the SHG responses (Zhao et al., 2018).
Amylopectins are responsible for the SHG signals due to the crystallites arranged in a double

helix structure (Nessi et al., 2018) and a calibration method to define the SHG signal at each
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laser polarization angle in the P-SHG technique had been developed with the use of starch

granules (Mazumder et al., 2013; Psilodimitrakopoulos et al., 2008).

The objective of the present work is to estimate the MFA of single flax fibres using,
unprecedented in the literature, a novel approach offered by the potential of SHG
measurements. Detailed results are shown for flax fibres; besides, cotton trichomes were
analysed due to the contrasted value of their MFA, which makes them clearly distinguishable
from flax. The method is a direct measurement of the MFA from an image of the cellulose
microfibrils and showed various heterogeneities of MFA that could be related to mechanical

properties of the fibres.

2. MATERIALS AND METHODS

2.1. Materials

Elementary flax fibres were extracted from a batch of the Bolchoi variety (year 2018,
classification number 66233) cultivated in Normandy by the Depestele group. After growth,
flax fibres were pulled out, dew retted for 6 weeks and mechanically scutched. The diameter

of each flax fibre was approximately 20 um. Raw flax fibres are shown in Figure 2.a.

Figure 2

Besides, cotton trichomes were investigated to increase the range of MFA measurements
and validate the method. The cotton trichomes were issued from G3 BRS 293 and were

cultivated in Ntarla, Mali, in 2017.

Each fibre was directly mounted on a 150 um thick paper support, commonly used for single
fibre tensile tests (as reported in Figure 2 a) and the sample was placed between two

coverslips to improve the observations and tuning of the microscope. Fig. 2.b shows a single
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flax fibre glued on a paper support commonly used for tensile tests according to ASTM

C1557.

2.2. Methods

A multiphoton Nikon A1 MP+ microscope (NIKON, France) equipped with a long working
distance 16x water immersion objective (NA 0.80, NIKON, France) was used for the
acquisition, and a half-wave plate (HWP) (MKS-Newport, USA) was rotated to control the

laser polarisation angle. Figure 2.c shows the SHG microscope.

The femtosecond laser used was a tuneable Mai Tai XF mode-locked Ti:sapphire
femtosecond laser (SPECTRA PHYSICS, France), and an excitation wavelength of 810 nm
was chosen (the average power is 1.5 W at 810 nm.) The maximum laser power percentage
used was 10%. The channels used were both the autofluorescence collected at 460/60 and
550/88 nm and SHG signals (forward and backward signals collected at 406/15 nm) detected
by GaAsP NDD (gallium arsenide non-descanned) detectors. The scan line average was 8,

the scan velocity was fixed at 1 (fps) and the scan size was 512*512 pixels.

All the measurements were performed at room temperature; Fig. 3 illustrates the optical

configuration of the multiphoton microscope.

Figure 3

The first acquisitions were performed on flax fibres to establish the maximum of the average
excitation laser power (before laser beam damage). An average laser power percentage of
10% max was used for the firsts acquisitions. However, damage due to the laser power was

observed if the fibre had some thermolabile middle lamella pectic remnants on the surface in
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the case of under-retted fibres or the presence of small damages due to fibre extraction.

Thus, to avoid any damage, the laser power was successively set at 5%.

To evaluate the microfibril angle, the half wave plate (HWP) was rotated to estimate the
range of angles with the maximum intensity of the second-harmonic generation emitted for
each flax fibre and cotton trichome. Subsequently, as SHG allows optical sectioning, the
signal was optimized to select the depth of the fibre that showed the maximum intensity, and
finally, an image was collected at the rotation angle that better highlighted the pattern of the

cellulose microfibrils.

The four images collected at different polarisation angles illustrate a flax fibre with a starch
granule of spherical shape deposited on the surface (Fig. 4). By changing the HWP rotation
angle, it is possible to identify the range of angles where the plant fibre has the maximum

SHG emission.

Figure 4

A maize starch grain can generate a second-harmonic signal at each angle of the HWP
(Psilodimitrakopoulos et al., 2008). Thus, we can compare the SHG signal of a maize starch
grain with the SHG signal of fibres and trichomes as reported in Fig.4. An image sequence
was collected at each rotation angle, and the image of the starch grain at the same
polarisation angle as the maximum SHG signal of the fibre was chosen. The maximum SHG
intensities of the starch grain were identified, and the angle measured corresponds to the

angle of the cellulose microfibrils inside the fibre.

The software used for the imaging acquisition was NIS elements (NIKON, France), and the
software used for the image processing was ImagedJ (National Institute of Health, USA)

(Schneider et al., 2012).
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To evaluate the microfibril angle, a MATLAB script has been written to identify and calculate
the angles of microfibrils and create histograms of their frequency. The microfibril angle was
evaluated by an image analysis procedure that computed the histogram of the preferred
orientation of pixels, using an approach developed in Gager et al. (Gager et al., 2020).
Briefly, the preferred orientation is computed by (1) applying grey-level granulometry curves
with various orientations, (2) computing a typical size in each direction, (3) and estimating the
preferred orientation from typical sizes. Grey-level granulometry is an approach for image
texture analysis based on the application of morphological operators (typically opening or
closing) using a family of structuring elements of increasing size (Fig.5-A to 5-H) (Devaux
and Legland, 2014; Devaux et al., 2008; Soille, 2004). Measuring the differences in grey
levels of images after each opening or closing step results in a granulometry curve that

depicts the size distribution of the structures within the image.

Figure 5

Granulometry curve computed for the whole image can be summarised by a grey-level mean
size corresponding to the typical size of the structures within the image. The grey level mean
size can also be computed for each pixel to investigate the typical size of the structure it
belongs to, resulting in a local granulometry (Soille, 2004, 2002). In order to assess the
preferred orientation of the microfibrils, linear structuring elements with orientations ranging
from 0 to 180 degrees were used (Devaux and Legland, 2014; Legland et al., 2012; Devaux
et al., 2008; Soille, 2002). The computation of granulometry curves for each orientation
results in a function that depicts the typical size of each pixel depending on the orientation
(Fig. 5-1 and 5-J). For pixels belonging to a microfibril, this function presents a peak for the
angle corresponding to the microfibril orientation (Fig. 5-K). The preferred orientation of each

pixel is estimated by integrating the typical size function over the range (0, 180) degrees, and
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represented using a colour code that considers both the orientation and the intensity of the
pixel (Fig. 5-L). Finally, the distribution of the microfibril angles is obtained by computing the

histogram of the preferred orientation of the microfibril pixels.

3. RESULTS AND DISCUSSIONS

The SHG emitted in the forward direction is higher than the SHG emitted in the backward
direction due to the coherent nature of the process, but backward SHG can give
complementary information; especially when the sample is thick, the backward direction is
the only possible way to investigate (Pavone and Campagnola, 2013; Cox and Kable, 2006).
The difference between backward and forward images from Valonia algae, which highlight
differences in cellulose microfibrils, was already reported in (Nadiarnykh et al., 2007). In our
case, flax fibres and cotton trichomes show both high SHG signal intensities in the forward

direction and therefore we select it (Fig.6).

In the images acquired, cellulose microfibrils present a characteristic pattern perpendicular to
the microfibril length with alternating bands due to their highly ordered arrangement. A similar
pattern was observed for nematode muscle by Campagnola et al. (Campagnola et al., 2002).
The authors reported that the lower limit for harmonic emission from the electric dipole
interaction is A/10; for a smaller distance, the asymmetric condition is broken, and SHG

emission does not occur.

Figure 6

Nevertheless, due to the MFA orientation, cellulose microfibrils are visible only over a
specific range of the HWP rotation angle, and to identify this range, it is necessary to

investigate flax fibres and trichomes at each polarisation angle using the P-SHG technique.
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As expected, we found between 2°-3° for flax and around 25°-26° for cotton microfibrils. The
microfibrils are well distinguishable, and it is possible to acquire images and precisely
measure the orientation taking the fibre axis as the reference X-axis. In Fig.7, the visible

patterns of microfibrils of flax and cotton are shown.

Figure 7

Besides, a range of elementary flax fibres was investigated, and even when their MFAs have
a preferential orientation in agreement with the literature (Bourmaud et al., 2013; Astley and
Donald, 2001; Muller et al., 1998), we observed that the microfibril orientation changes
according to the considered area. This is particularly evident in flax fibre investigated in Fig.8
where the MFA is close to 5° in some specific spots while in others it is almost parallel to the

fibre axis (0°).

This is a clear advantage of the SHG microscopic imaging technique where local areas of

single elementary fibres can be analysed, oppositely to XRD, for example.

In Fig.9 the same image reported in Fig.8b was processed thanks to a MATLAB script
specifically created with the purpose of estimating the local orientation of microfibrils and

computing the histogram of the orientations.

Figure 8

The whole image has been processed as well as the three sections separately, and slight
heterogeneities in the orientation of microfibrils can be revealed. Ninety percent of the values
measured are less than 10° to the fibre axis (Fig 9-A) and the mean value over the whole

area is 5.3 + 3.3°. Interestingly, the histograms highlight differences between zones with a

7
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progressive diminution of the microfibril angle (Fig. 9 E, F) near a dislocation (kink-band) that

is present along the fibre (Fig.9-B, grey arrow).

Figure 9

Under these observations, it is difficult to establish a single microfibril angle for a single

elementary fibre and, consequently, for a fibre variety, as is often reported in the literature.

This diversity in the organisation of cellulose cannot be determined by averaged
measurements, as is the case with X-ray diffraction, for example; it is therefore rarely
discussed in the literature. For example, for flax fibres, it has been shown by TEM analysis
(Roland et al., 1995) that transition zones of angles exist, which also supports the hypothesis
of misalignments such as those shown here. Thus, the relatively small angle value that we
highlight here, compared to the data in the literature (Tab.1), takes on its full meaning when it

is related to the inherent nature of flax walls.

The low values of microfibrillary angles found here, as well as their dispersion, are
particularly important data, especially for the biocomposite community when fibres are used
as reinforcements. Indeed, fibre stiffness and Young’s modulus are inversely correlated with
MFA (Bourmaud et al., 2013), also demonstrated by wood community using nanoindentation
(Eder et al., 2013; Jager et al., 2011). Our results now make it possible to envisage a more
detailed exploration of the evolution of MFA, whether it is a function of the varieties studied,
but also of growing conditions, environmental stress and fibre extraction or processing
conditions as in wood (Donaldson, 2008). Finally, during a tensile test on elementary fibre, it
was shown that MFA decreases, the first part of the tensile stress being marked by a
reorientation of the cellulose macro fibrils (Lefeuvre et al., 2014b). This phenomenon results
in a non-linearity at the beginning of the stress-strain curve, which represents a strong

signature of single plant fibores mechanical behaviour.

8
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For cotton trichomes, by changing the polarisation angle, it was also found that two different
and opposite orientations (right-handed Z and left-handed S helix, respectively) of the
microfibrils are present, forming a criss-cross pattern (see Fig. 10a and the structure
schematised in Fig. 10b). The sample plane in the Z direction (depth of the trichome) is the
same, but because the cotton trichomes are twisted (Dochia et al., 2012), different layers can

be involved, and their interpretation become more difficult.

Figure 10

Other interesting information can be found by scanning at different Z values as second-
harmonic microscopy is plane selective and allows the analysis of a single level without or
with little interference from the other levels (Brown, Jr. et al., 2003). Fig.11 shows that fibres
are surrounded by an external layer on the edges, identified as the primary cell wall (P) and
the S1 layer. The lumen in the middle (L) is delimited by the S3 layer that makes it visible.
The lumen is visible only at a specific depth of the fibre. Interestingly, a fluorescent signal is
observed at the edge of the lumen, helping in focusing and discerning this hollow structure.
The origin of this fluorescence is arguably the vestiges of cytosolic fluorescent components
left at the surface of the apoplasm through fibre senescence or apoptosis. Indeed, in such
multinucleate fibres, it is likely that membrane-bound “apoptotic bodies” formed (Evert,
2006), were engulfed and more or less degraded into nucleic acid. Additionally, fluorescence
signals can be from mitochondria, which are well known to liberate many fluorescent

cytochrome components after programmed cell death (Skulachev et al., 2009).

Figure 11
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The combination of the two SHG channels (forward and backward signals) does not show
these details, and an autofluorescence signal is needed to highlight them. Indeed, in plant
cell walls, suberin, lignin, cutin and a small number of proteins produce autofluorescence
emission, as reported by Berg (Berg, 2004). Day et al. measured the lignin inside the
different layers of flax bast fibre cell walls and found GS lignin in the secondary cell wall as
well as a significant amount of condensed G lignin in the S1 layer together with the other two

GS epitopes (Day et al., 2005).

Microfibrils are also present in the P and S1 layers (Fig. 1), but they cannot be detected and

correctly visualised due to their small thicknesses.

Regarding the lumen, flax fibre cell walls change their structure during growth. In a not fully
developed flax fibre, two types of layers have been identified: the G (S2) layer, which is the
mature part of the cell wall, and the Gn (S3) layer, which is the newly deposited layer of the
gelatinous cell wall (Goudenhooft et al., 2018). The Gn layer is deposited from the outer to
the inner side of the cell, and with maturation, the Gn layer changes its cell wall density and
non-cellulosic polymer arrangement, becoming a mature G layer; these two layers mainly
differ in the length of galactan chains, as reported by Rihouey et al. (Rihouey et al., 2017).
Thus, the more mature the fibre is, the smaller the lumen, and its diameter varies between
fibres. The size of the lumen may also depend on environmental conditions. In the case of
low temperature or the lodging phenomenon, conversion of Gn into the G layer may be
stopped, inducing a large lumen. Nevertheless, even for a fully developed fibre, a small part
of the S3 layer is still present. Regarding both the macromolecules and the small size
molecules that compose the cell wall, they are undoubtedly heterogeneously distributed over
the layers described earlier (Bourmaud et al., 2018). In line with the scope of this paper,
phenolic structures are present in these layers, and with the particular G-rich lignin quantified
and immunolocalised across flax fibres (Day et al., 2005), these structures arguably emit
fluorescence detectable at approximately 550 nm (pink). The literature also reported small

molecules based on solid-state 13C NMR (Love et al., 1994), namely, anthocyanins and
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ferulates (hydroxycinnamics), which are supposed to emit a detectable fluorescence signal,

for instance, a blue signal at approximately 460 nm.

This method has several important advantages: several areas of the same fibre can be
investigated, so the variation in the microfibril organisation can be highlighted; and the MFA
is measured and not estimated, it is possible to change the environment and collect images

to estimate the modification in the structure.

In a future work, the inhomogeneities in elementary flax fibres, such as kink bands, will be
investigated to deeply explore their specific ultrastructure and local arrangement of cellulose
microfibrils and, in addition, several mediums and environments will be tested (immersion in

various media etc.) to better understand the structure of the single fibres and its modification.

4. CONCLUSION

To date, researchers have used several techniques to evaluate the microfibril angle, such as
X-ray diffraction (XRD), scanning electron microscopy (SEM) and microbeam small-angle X-

ray scattering (WSAXS), but each of these techniques has some disadvantages.

In this work, the MFAs of elementary flax fibres and cotton trichomes were successfully
calculated for the first time using second-harmonic microscopy under controlled polarisation
light (P-SHG). The MFAs of flax and cotton were calculated using a direct evaluation of the

microfibril angle observed in P-SHG images.

In fact, the resolution of this technique is such that macrofibrils are visible in the images
collected, and their angles can be directly measured. This method not only allows us to
obtain precise angles of the cellulose macrofibrils, when other techniques can only measure
an average (confirming, however, the preferential orientations between 2° and 7° for flax
fibres and approximately 26° for cotton trichomes already reported in the literature), but also
allows us to investigate a length of several tens of micrometres for a single elementary fibre.
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413 In light of these new results, it is clear that the microfibril organisation in a fibre is
414  inhomogeneous, depends on the zone analysed and can have an orientation parallel to the
415  axis of the flax fibre or a specific angle. This fact can also explain the large range of values

416  found by other research teams, regardless of the methodology used.

417  Several planes in the Z-axis can also be analysed, and the second-harmonic emission for
418  each position can be evaluated to compare the behaviour of the whole fibre. A limit we face
419 is the need for non-twisted fibre elements, and our cotton trichome, taken as a reference,
420 illustrates this with its numerous twists. However, if the whole length of the fibre elements

421  cannot be observed, then a limited area is enough for the SHG measurement.

422  In conclusion, in this paper, new important information on the ultrastructure of plant fibres is
423  presented, and P-SHG demonstrates high potential for studying the variation in the MFA

424  under different environmental conditions and at local defects, i.e., few pum kink bands, owing
425  toits high resolution. Future work will focus on evaluating the inhomogeneities of the

426  microfibril organisation and, more specifically, the specific ultrastructure in critical areas, such
427  as kink bands and structural defects. Several environmental conditions will also be tested to
428 investigate the reorganisation of the microfibrils, as well as possible MFA variation into the

429 thickness of the fibre thanks to z-stack explorations.

430
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FIGURES CAPTION

Figure 1. Schematic representation of the multi-layer structure of a flax fibre with the primary

cell wall (P) and secondary cell wall made of the S1, S2 and S3 layers.

Figure 2. Raw flax fibres (a), single flax fibre glued on paper card for handling and testing (b)

and SGH microscope (c).

Figure 3. Experimental setup of the multiphoton confocal microscope (NIKON, France). The

two SHG channels are marked in red.

Figure 4. Flax fibre with a maize starch grain manually deposed on the surface. It is possible
to compare their signals at different polarisation angles. Backward (green) and forward (red)
SHG signal combination. Acquisition parameters: 5% laser power and acquisition range of 0-
135°, which represent the laser position as a function of the fibre axis. The edges of the fibres

are highlighted with a dotted white curve, same fibre was used for the 4 polarization angles.

Figure 5. Principe of the image analysis workflow for estimating preferred orientation of
fibres. (A), (B), (C), (D): Results of morphological openings applied on image (A) using
horizontal line structuring with lengths 10, 20 and 40 pixels. The size of the structuring
elements is represented in the bottom part of each image. (E), (F), (G), (H): Results of
morphological openings using 7-degrees oriented line structuring elements with the same
sizes. (1), (J): Mapping of the typical linear size in the direction 0° and 7°, obtained by
computing mean size from oriented granulometry curve of each pixel. (K) Profile of the
typical linear size depending on the orientation for a sample pixel shown as a black cross in
images (I) and (J). For this pixel, the profiles exhibit a peak around 5 degrees. (L) Parametric
mapping of the preferred orientation for each pixel. Red colours correspond to preferred

horizontal directions.

Figure 6. Backward (green) and forward (yellow) SHG emission of a flax fibre at 2°.
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Figure 7. Flax fibres (a) and cotton trichomes (b). The angle 6 marked on flax is 7°, while for
cotton, it is 28°. Acquisition parameters: 10% laser power, acquisition range of 0-68°, and
forward second-harmonic emission. The angle is defined based on the orientation of the fibre

axis taken as X-axis.

Figure 8. SHG investigations of several flax fibres (a) and different areas of a single flax fibre
(b). One can observe the changes in the MFA depending on the zone (red arrows).

Acquisition parameters: 5% laser power and forward emission (yellow), 2° HWP.

Figure 9. Imaging process by MATLAB with histograms of the relative microfibril angle
detected from the Fig.8b. The first histogram (A) is related to the whole fibre (B); the grey
arrow indicates the dislocation zone (kink-band). The areas 1,2 and 3 (D, E and F) are

processed separately. The scale of colors according the orientation is shown in (C).

Figure 10. a) Cotton trichomes observed at two different polarisation angles (6° and 44°),
where two microfibril orientations (Z and S) are observed. Acquisition parameters: 10% laser
power, acquisition range of 0-135°, and forward emission (yellow). b) Cotton trichome

structure (Bourmaud et al., 2018).

Figure 11. Two different flax fibres investigated with different autofluorescence channels
(R460/60 and T460/60 TNDD blue-cyan; R550/88 and T550/88 TNDD magenta) combined to
highlight their different layers. It is possible to identify the lumen (L) in the middle (b) and two
small layers at the edge of the fibre due to the primary cell wall (P) with the S1 layer (a). The
thicknesses of the lumen surrounded by the S3 layer and the P+S1 layers (b) were
measured with ImagedJ software, and the different diameters of the lumen can be due to the

different maturities of the fibres analysed.

TABLE CAPTION

Table 1. Some of the most commonly used methods to calculate the microfibrillar angle of

flax fibre elements.
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Figure 1. Schematic representation of the multi-layer structure of a flax fibre with the primary

cell wall (P) and secondary cell wall made of the S1, S2 and S3 layers.

Flax fibre

Lumen

MFA

Figure 2. Raw flax fibres (a), single falx fibre glued on paper card for handling and testing (b)

and SGH microscope (c).




Figure 3. Experimental setup of the multiphoton confocal microscope (NIKON, France). The

two SHG channels are marked in red.
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Figure 4. Flax fibre with a maize starch grain manually deposed on the surface. It is possible
to compare their signals at different polarisation angles. Backward (green) and forward (red)
SHG signal combination. Acquisition parameters: 5% laser power and acquisition range of 0-
135°, which represent the laser position as a function of the fibre axis. The edges of the fibres

are highlighted with a dotted white curve, same fibre was used for the 4 polarization angles.

Maize starch grain




Figure 5. Principe of the image analysis workflow for estimating preferred orientation of
fibres. (A), (B), (C), (D): Results of morphological openings applied on image (A) using
horizontal line structuring with lengths 10, 20 and 40 pixels. The size of the structuring
elements is represented in the bottom part of each image. (E), (F), (G), (H): Results of
morphological openings using 7-degrees oriented line structuring elements with the same
sizes. (1), (J): Mapping of the typical linear size in the direction 0° and 7°, obtained by
computing mean size from oriented granulometry curve of each pixel. (K) Profile of the
typical linear size depending on the orientation for a sample pixel shown as a black cross in
images (I) and (J). For this pixel, the profiles exhibit a peak around 5 degrees. (L) Parametric
mapping of the preferred orientation for each pixel. Red colours correspond to preferred

horizontal directions.




Figure 6. Backward (green) and forward (yellow) SHG emission of a flax fibre at 2°.

Figure 7. Flax fibres (a) and cotton trichomes (b). The angle 6 marked on flax is 7°, while for
cotton, it is 28°. Acquisition parameters: 10% laser power, acquisition range of 0-68°, and
forward second-harmonic emission. The angle is defined based on the orientation of the fibre

axis taken as X-axis.




Figure 8. SHG investigations of several flax fibres (a) and different areas of a single flax fibre
(b). One can observe the changes in the MFA depending on the zone (red arrows).

Acquisition parameters: 5% laser power and forward emission (yellow), 2° HWP.




Figure 9. Imaging process by MATLAB with histograms of the relative microfibril angle

detected from the Fig.7b. The first histogram (A) is related to the whole fibre (B); the grey

arrow indicates the dislocation zone (kink-band). The areas 1, 2 and 3 (D, E and F) are

processed separately. The scale of colors according the orientation is shown in (C).
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Figure 10. a) Cotton trichomes observed at two different polarisation angles (6° and 44°),
where two microfibril orientations (Z and S) are observed. Acquisition parameters: 10% laser
power, acquisition range of 0-135°, and forward emission (yellow). b) Cotton trichome

structure (Bourmaud et al., 2018).




Figure 11. Two different flax fibres investigated with different autofluorescence channels
(R460/60 and T460/60 TNDD blue-cyan; R550/88 and T550/88 TNDD magenta) combined to
highlight their different layers. It is possible to identify the lumen (L) in the middle (b) and two
small layers at the edge of the fibre due to the primary cell wall (P) with the S1 layer (a). The
thicknesses of the lumen surrounded by the S3 layer and the P+S1 layers (b) were
measured with ImagedJ software, and the different diameters of the lumen can be due to the

different maturities of the fibres analysed.




Table 1. Some of the most commonly used methods to calculate the microfibrillar angle of

flax fibre elements.

Technique used MFA of flax fibre References
HSAXS 3.5°-6.4° (Miller et al., 2000; Muller et al., 1998)
SAXS e (Astley and Donald, 2001)
XRD (Cu source) 6.2°- 9.5° (Wang et al., 2018; Bourmaud et al., 2013)
SEM/ESEM 5.8°-10°

(Wang et al., 2018; Bos and Donald, 1999)






