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was found that the cellulose microfibrils are arranged 
spirally to form the cell wall.
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Introduction

Cellulose in wood is a linear polymer of β-1,4-
glucopyranose units, which synthesized as organized 
microfibrils with lengths of around 1 to 10  μm and 
diameters of 3 to 4 nm (Agarwal et al. 2016, 2018). 
As the backbone of wood cell walls, cellulose with 
highly ordered architecture at scales from a few nano-
metres to several microns determines the macroscopic 
mechanical properties of cell walls. Cellulose micro-
fibril orientation are usually described by microfibril 
angle (MFA) in wood science, referring to the angle 
between the directions of the helical windings of cel-
lulose microfibrils in the secondary cell wall of fibers 
and tracheids and the long axis of the cells (Barnett 
and Bonham 2004). Although it is perhaps the easi-
est ultrastructural variable to measure for plant cell 
walls, time-consuming sample preparation and spe-
cific techniques are still required: either measurement 
of individual fibers or tracheids using microscopy, or 
measurement of bulk samples using X-ray diffrac-
tion or near infrared (NIR) spectroscopy (Donaldson 
2008). Even some methods require chemical or physi-
cal pretreatment of the sample to expose microfibrils. 

Abstract  It is well established that wood cellulose 
has highly ordered architecture at scales from a few 
nanometres to several microns in wood cell wall. Its 
preferred orientation could be in-situ investigated by 
polarized Raman spectroscopy. However, the tech-
nique is currently underused due to the challenges in 
sample preparation, instrumentation access and avail-
ability of prediction models. Here, a novel strategy is 
proposed to analyse the microfibril orientation with-
out requiring prior knowledge of the fiber alignment. 
We derive the mathematical dependence between the 
incident light polarization angle and the intensity of 
Raman signal. An updated prediction model of micro-
fibril orientation was thus constructed to replace the 
previous empirical functions. The problems of degra-
dation and burning were addressed by adjusting the 
laser power and shortening the acquisition time. The 
orientation direction of cellulose microfibrils can be 
determined by the polarization-dependent 1096 cm−1 
intensity without rotating sample. The strategy was 
successfully used to study the variations in molecu-
lar orientation throughout a cell wall of balsa wood. It 
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Obviously, detection of individual fibers or tracheids 
offers more details on how cellulose microfibrils 
arranged in plant cell wall. This will enable research-
ers to predict the mechanical properties of plants and 
to design biomimetic materials according to specific 
structures.

Raman spectroscopy is a fast and non-destructive 
characterization technique. It can be utilized to assign 
the Raman modes based on crystal symmetry and 
Raman selection rules and also to detect the crystallo-
graphic orientation of anisotropic materials (Liu et al. 
2017). Atalla and Agarwal first used this technique 
in 1985 to study the orientation of components in 
the native wood cell wall (Atalla and Agarwal 1985). 
They prospectively pointed out that a mapping of var-
iations in molecular orientation throughout an indi-
vidual cell would allow us to detect nodes in molecu-
lar organization and their relation to cell morphology. 
Unfortunately, such a mapping was not feasible at that 
time due to the limitations of the instrument and the 
theory: Raman scattering is a weak phenomenon in 
nature which is easily masked by the huge fluores-
cence background; therefore, the sample preparation 
and data processing are very complex. This problem 
has been alleviated in recent years by developing 
novel Raman instruments. The latest confocal Raman 
microscopy is equipped a pinhole for superior rejec-
tion of fluorescence. On top of this platform, Gier-
linger et al. reported that the Raman spectra of wood 
acquired with linear polarized laser light included 
information about polymer composition as well as the 

MFA (Gierlinger et  al. 2010). They investigated the 
dependency between cellulose and laser orientation 
direction, and utilized the multi-variate methods to 
describe the orientation-dependent changes of band 
height ratios and spectra. The predicted results of 
MFA are in coincidence with X-ray diffraction deter-
mination. Similarly, Sun et  al. employed polarized 
Raman spectroscopy to determine the microfibril ori-
entation within rice cell walls by performing ellipse 
fitting (Sun et  al. 2016). Basically, the polarization 
direction of the incident light is closely related to the 
microfibril orientation. Gierlinger & Schwanninger 
and Sun et al. provided the models for prediction of 
microfibril orientation. However, none of them sup-
plied the derivation process of the model. Therefore, 
the applicability of the model is questionable, espe-
cially for determination of MFA in different species 
of wood.

In this study, we proposed a strategy to determine 
the microfibril orientation on the basis of polarized 
Raman spectroscopy, which includes sample prepara-
tion method, instrument configuration, and prediction 
model. The model was derived in detail to prove the 
process feasibility. As an example, the strategy was 
employed to determine the microfibril orientation in 
the cell wall of balsa wood, and visualize the varia-
tions in cellulose orientation throughout cell wall 
layers. The procedure can be theoretically extended 
to measure the orientation of other molecules, which 
contributes to investigating the internal structure of 
wood cell wall.

Fig. 1   Position of the 
block relative to the sliding 
microtome: z is the vertical 
direction of the microtome; 
z′ is the axial direction of 
the fiber; y is the direction 
of blade travel. z and z′ are 
at an angle of about 5°
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Materials and methods

Sample preparation

A 7-year-old balsa tree (Ochroma lagopus Swartz) 
was provided by the arboretum of Beijing Forestry 
University, China. Wood discs were collected at a 
height of 1.5 m above ground level and cut into small 
tissue blocks (about 3 mm × 3 mm × 5 mm). After 
immersing the blocks into boiling deionized water 
for 30  min, they were immediately transferred to 
deionized water with room temperature for 30  min. 
This step should be repeated until the blocks sink 
to the bottom of the container, indicating that the 
air in blocks was removed and that the blocks were 
softened. Without any embedding routine, one tis-
sue block was fixed on a sliding microtome (Leica 
2010R). As shown in Fig. 1, the axial direction of the 
fiber ( z′ ) is at an inclination angle of ~ 5° from the 
vertical direction ( z ) of the microtome. This step is 
designed to distinguish the morphological region of 
the cell wall where the orientation of microfibrils is 
determined. According to the aggregation-induced 
emission (AIE) mechanism, the intensity of lignin 
fluorescence is closely related to its aggregation 
state (Xue et  al. 2020). Therefore, the tissue sample 

is prepared as thin as possible to reduce the lignin 
content and weaken the fluorescence effect. The 
10-µm-thick cross-sections were prepared and then 
placed on a glass slide with a drop of deionized water. 
The sample was covered by a coverslip for subsequent 
Raman investigation. The coverslip was sealed with 
nail polish to prevent evaporation of water.

Polarization configuration for Raman 
spectroscopy

The measurements were performed using a LabRam 
HR Evolution Raman spectroscopy (Horiba Jobin 
Yvon) equipped with 532  nm laser and objective of 
100× (NA 0.90). For point investigation, the acqui-
sition time was 5  s. For mapping measurement, a 
marked area of 41 × 41 pixels was scanned at a step 
of 0.5 μm with an acquisition time of 0.5 s. The esti-
mated laser spot size was ~ 0.7 μm (1.22λ/NA). The 
lateral resolution is approximately ½ of it (0.61λ/NA). 
The grating was 300  g/mm and the spectral resolu-
tion was about 11 cm− 1. The polarization direction of 
the incident laser was changed by counter clockwise 
rotating the half-wave plate automatically. Both point 
and mapping measurement were performed at every 

Fig. 2   Schematic diagram of the αLVR polarization configura-
tion for Raman spectroscopy. The polarizer is set in the beam 
path to make the incident laser to be vertically polarized. The 
analyzer before the spectrometer entrance selects vertically 
polarized Raman signal to be detected. The half-wave plate 
is used to change the polarization direction of laser or signal. 
Laboratory coordinate (xyz) is represented by black arrows. 

The green two-way arrows stand for the incident laser polari-
zation reaching at sample, and the purple red two-way arrows 
represent the original polarization of Raman signal corre-
sponding to vertically or horizontally polarized signal selected 
by the analyzer before spectrometer entrance. The blue arrow 
represents the microfibril orientation. The white lines in the 
samples represent microfibrils
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polarization direction ranging from 0° to 360° at an 
interval of 10°. Therefore, for each point 36 spectra 
were recorded. In mapping mode, 1681 points were 
sampled and 60,516 spectra were recorded.

The schematic diagram of the polarization con-
figuration for polarized Raman spectroscopy is dis-
played in Fig. 2. The laboratory coordinates ( xyz ) are 
represented by black arrows. A polarization configu-
ration of Raman measurement is often determined 
by the laser polarization direction and the analyzer 
direction (Liu et al. 2017). Here, the sample coincides 
with the laboratory coordinates without sample rota-
tion. By rotating the fast axis of the half-wave plate 
with an angle of α/2, the incident laser polarization 
is rotated from y axis with α. We indicated the laser 
polarization direction as αL. The analyzer direction 
was set to vertical (VR). The polarization configura-
tion is defined as αLVR. In this case, the microfibril 
orientation respecting to the laboratory coordinates is 
described as β. The Raman intensity depends on the α 
and β, which reaches the strongest value at β = α, i.e., 
the microfibril orientation is lying along the direction 
of laser polarization.

Prediction model for determination of microfibril 
orientation

The microfibril orientation should be automatically 
analyzed point-by-point. The intensity of a Raman 
active mode with Raman tensor Rj is calculated by:

where Rj is a 3 × 3 Raman tensor, eL and eR are 
the unit polarization vectors of the incident laser and 
scattered Raman signal, respectively (Loudon 2001). 
For a Raman mode with multiple Raman tensors, the 
total Raman intensity I is obtained by the summation 
of Raman intensity from each Raman tensor Rj . We 
consider an arbitrary Raman tensor for Rj given in the 
corresponding crystal coordinates:

In αLVR polarization configuration, the incident 
laser propagates along z axis with polarization vector 
eT
L
= (−sin�cos�0) . The Raman signal is backscat-

tered along z axis with polarization vector fixed by the 
analyzer as eR = (010) . Based on Eq. (1) and Eq. (2), 
Raman intensity of the arbitrary Raman tensor in the 
αLVR configuration is:

(1)I ∝
∑|||eR ∙ Rj ∙ eL

|||

(2)Rj =

⎡
⎢⎢⎣

a b c

d e f

g h i

⎤⎥⎥⎦

Fig. 3   Average Raman spectra acquired from cell corner (CC), compound middle lamella (CML), and secondary wall (SW) of balsa 
wood: a Bright field image, b average spectra and specific peaks
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The Raman intensity is a function of laser incident 
angle α, which can be fitted by the following equation. 
Letting x1 = d2 − e2 , x2 = −ed , x3 = e2 + �:

where � is the is the residual between the fitting 
function and the observed data. Letting 
x = [x1, x2, x3]

T , B = [I1, I2, I3,… , Im]
T , 

A =
⎡

⎢

⎢

⎢

⎢

⎣

sin2 �1
sin2 �2

sin 2�1 1
sin 2�2 1

⋮

sin2 �m

⋮ ⋮

sin 2�m 1

⎤

⎥

⎥

⎥

⎥

⎦

 and using the least squares algo-

rithm to achieve x.

The coefficient of determination R2 is calculated as 
follow.

(3)
I = (ecos� − dsin�)2 =

(
d2 − e2

)
sin

2
� − edsin2� + e2

(4)Ifit = x1sin
2
� + x2sin2� + x3

(5)x =
(
ATA

)−1
ATB

where Ifit is the fitting function calculated by 
Eq. (4);I is the original Raman intensity; 

−

I  is the aver-
age of I . The coefficient of determination, which nor-
mally ranges from 0 to 1, provides a measure of how 
well observed outcomes are replicated by the fitting 
function. The microfibril orientation (β) can be easily 
acquired by finding the extreme values of the fitting 
function.

Data processing

The mathematical software MATLAB R2021a (Math 
Works) was applied to process the data. The original 
spectra were pre-processed to eliminate the spectral 
contaminants including baseline drifts arising from 
fluorescence and cosmic spikes before other data-pro-
cessing approaches were implemented (Zhang et  al. 
2017). The principal component analysis (PCA) and 

(6)R2
= 1 −

∑ (I − Ifit)
2

(I−
−

I)
2

Table 1   Raman peak 
positions and bands 
assignments for major 
chemical structures of balsa

Wavenumbers (cm − 1) Components Assignments

378 Ca, Lb CCC ring scissoring vibration
436 C, Hc CCO ring stretching vibration
456 C, H CCO ring stretching vibration
496 L, C, H CCO glycosidic stretching vibration
522 C, H CCO glycosidic stretching vibration
644 L COC in plane, symmetric
902 C, H COC in plane, symmetric
973 C, H CH2 rocking vibration
997 C, H CH2 rocking vibration
1040 C, H CO stretching vibration
1096 C, H COC glycosidic stretching vibration
1122 C, H COC glycosidic stretching vibration
1151 C, H HCC and HCO bending vibration
1273 L aryl–O of aryl OH and aryl O–CH3

1337 C, H HCC and HCO bending vibration
1381 C, H HCC, HCO, and HOC bending vibration
1459 L, C, H HCH and HOC bending vibration
1601 L aromatic ring stretching vibration
1663 L Ring conjugated C=C stretching vibration of 

coniferyl alcohol; C=C stretching of coniferal-
dehyde

aCellulose; bLignin; cHemicelluloses.
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clustering analysis were used to extract the spectra 
from plant cell walls (Zhang et al. 2015).

Results and discussion

Polarized Raman measurement at one position

The functional groups of cell wall main components, 
namely cellulose, hemicelluloses and lignin, can be 
identified by their unique spectral pattern. The inten-
sity of the bands may be used for the calculation of 
the relative content in the sampled entity. Despite 
some lignin peaks are observed at similar wavenum-
bers to cellulose and hemicelluloses, the contribu-
tions to the peaks are roughly judged by the con-
tent of each component (Agarwal and Ralph 1997). 
According to the variations of compositional concen-
tration, an individual wood cell wall typically consists 
of cell corner (CC), compound middle lamellar (mid-
dle lamella plus primary wall, CML) and secondary 
wall (SW) (Côté et al. 1969).

Figure  3 shows the average spectra of different 
morphological regions of balsa. Typical band assign-
ments displayed in Table  1 on the basis of previous 
literature (Agarwal and Ralph 1997; Wiley and Atalla 
1987). Due to differences in instrument and testing 
conditions, the various functional groups correspond-
ing to the wave number is slightly different from the 
literature, but does not affect the peaks assignments. 
Two evident peaks at 1601 and 1663 cm−1 are attrib-
uted to lignin. The peak at 1601 cm −1 is found as a 
result of aromatic ring symmetric stretching. The 
peak at 1663  cm  −1 is the ring conjugated C=C or 
C=O vibration in lignin. The bands at 1096 and 
1122 cm −1 are attributed to the asymmetric and sym-
metric stretching vibration of COC linkages of cellu-
lose and hemicelluloses.

In addition to the different compositions, the orien-
tation of the cellulose also affects the wood spectrum 
and this effect must also be understood (Gierlinger 
and Schwanninger 2007). The polarized Raman 

measurement at one position in the SW of balsa wood 
excluded the spectral changes due to composition. A 
point on the secondary wall was randomly selected 
as the object of polarization Raman study. As shown 
in Fig. 4, the intensities of almost all bands showed 
changes during the rotation of the half-wave plate 
(changing the polarized laser direction). The result is 
in coincidence with the analysis of Gierlinger and Sun 
(Gierlinger et al. 2010; Sun et al. 2016). The observed 
spectral changes in balsa wood were supposed to 
derive from the anisotropic parallel alignment of the 
cellulose molecules in microfibrils. The intensities 
of components are highly orientation-dependent and 
reach maximum intensity of all Raman modes when 
the incident and analysed polarization are aligned 
parallel to fibre axis and strongly suppressed when 
perpendicular, which is described as antenna effect 
(Jorio et  al. 2002). This orientation judgment is 
obviously essential because their optimized proper-
ties always arise in their crystallographic orientation 
direction. Therefore, when the cellulose microfibril 
orientation is parallel to the polarization direction 
of the incident laser, the maximum Raman intensity 
of the characteristic cellulose peak will be obtained; 
when the cellulose microfibril orientation is perpen-
dicular to the polarization direction of the incident 
laser, the minimum Raman intensity of the same peak 
will be obtained.

The above theory needs to be further verified by 
data. In order to study the Raman peak changing with 
the polarization of incident laser, the intensities of 19 
Raman bands listed in Table 1 were used to achieve 
the polar plots (red circles in Fig.  4). The concrete 
parameters of the models were shown in Table 2. As 
previous mentioned, the coefficient of determina-
tion ( R2 ) provides a measure of how well observed 
outcomes are replicated by the fitting function. The 
closer the R2 value is to 1, the higher fitting accuracy 
is. The R2 greater than 0.9 indicates that the model 
can well predict the polarization behaviours of cor-
responding Raman modes. Otherwise, Raman modes 
with lower R2 may not have polarization behaviours, 
that is, there is no clear orientation. The experi-
mental results agree with the theoretical ones at the 
scanned position. the CCC ring (378  cm−1), CCO 
ring (436 and 456  cm−1), glycosidic CCO (496 and 
522  cm−1), CH2 (973  cm−1), CO (1040  cm−1), and 
glycosidic COC (1096 and 1122 cm−1) have the large 
values of R2 . Most of them are attributed to cellulose 

Fig. 4   Changes in the fingerprint region of spectra acquired 
from one position of S2 layer whilst rotating the polarization 
direction of the incident laser in 10° steps. The polar plots 
show the intensity changes of 19 Raman bands. Red circles: 
intensity of Raman peak. Orange lines: fitting model. Blue 
lines (longer): highest intensity. Black lines (shorter): lowest 
intensity

◂
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and hemicelluloses. This is consistent with the clear 
orientation of cellulose microfibrils. The calculated 
β describes the direction of Raman modes of func-
tional groups. Here, we assumed that the feature of 
glycosidic COC stretching is regarded as the micro-
fibril orientation since the direction of COC can be 
approximated as parallel to the chain axis of cellulose 
(Svenningsson et al. 2019).

Polarized Raman measurement for mapping

To eliminate the particularity of one position results, 
the polarized investigation is performed on a region of 
balsa wood cell wall. The greatest difficulty of polar-
ized Raman imaging is how to achieve high quality 
Raman spectra in the shortest time. The quality of 
Raman spectra directly affects the fitting results of the 
model while the testing time influences the stability 
of the instrument. Therefore, we had to sacrifice spec-
tral quality to shorten the testing time. The imaging 
map consists of 882 pixels, i.e., polarization detec-
tion at 882 single point positions. The R2 maps of 21 

Raman bands are shown in Fig. 5. The images display 
the fitting results of the model: the clearer the shapes 
of the cell wall are, the better the fitting results of the 
model are. It is clear that the model is the best fit for 
functional groups of glycosidic COC (1096  cm−1). 
There are 692 pixels (78%) with R^2 values greater 
than 0.5 where the maximum is 0.9401. This result 
is not only consistent with the results of the polar-
ized Raman measurement at one position, but also 
with the theoretical speculation. Accordingly, it is 
feasible to employ the polarized Raman features of 
1096 cm −1ll to describe the orientation of glycosidic 
COC and thus determine the microfibril orientation.

As shown in Fig.  6, the variations in cellulose 
microfibrils orientation throughout the region are 
visualized in the mapping of angles β° of 1096 cm−1. 
The different colors are employed to distinguish the 
microfibrils orientation. The angles of microfibrils are 
between − 20° and 50° relative to laboratory coordi-
nates and gradually change from the SW to the CML. 
In the region of an individual cell wall, the color of 
the mapping turns from blue to green indicating that 
the microfibrils are arranged spirally to form the cell 
wall. The spiral directions of two adjacent cell walls 
may be opposite. The microfibril angles of two adja-
cent cell walls is about 70° (the angles between bule 
region and green region). It is noted that the use of 
cross-section as an example in this study is to illus-
trate the differences in microfibril orientation in dif-
ferent cell wall layers. Our proposed strategy is also 
well applicable to the detection of microfibril orienta-
tion in radial sections of cell walls.

Conclusion

This study demonstrates a strategy for using polar-
ized Raman spectroscopy to measure the spatial dis-
tribution of cellulose microfibrils orientation within 
the wood cell wall. The strategy falls into three steps: 
(1) sample preparation (e.g., cross-sections, radial 
sections); (2) polarized Raman investigation with 
αLVR configuration; (3) fitting of prediction model 
to determine the microfibril orientation. The predic-
tion model has a solid theoretical basis to ensure the 
reliable analysis results. The applications of polarized 
Raman spectroscopy are used not only to mapping 
of variations in microfibrils orientation throughout a 
wood cell wall, but also to studying the orientation 

Table 2   Calculation results of model concrete parameters, 
coefficient of determination ( R2 ) and molecular orientation ( �◦ , 
relative to the laboratory coordinates)

Wavenum-
bers (cm− 1)

Ifit = x1sin
2
� + x2sin2� + x3

x1 x2 x3 R
2

�
◦

378 − 117.52 16.09 167.64 0.9364 7.66
436 − 101.81 22.25 141.56 0.9269 11.81
456 − 114.15 22.85 155.50 0.9472 10.91
496 − 131.33 25.97 164.72 0.9531 10.79
522 − 133.73 27.83 172.20 0.9660 11.30
644 − 16.05 1.63 31.13 0.3211 –
902 − 68.34 11.29 101.23 0.8598 –
973 − 54.70 28.08 126.03 0.9037 22.88
997 − 45.29 28.21 117.60 0.8536 –
1040 − 66.13 37.50 142.18 0.9320 24.30
1096 − 194.83 28.70 283.09 0.9651 8.21
1122 − 105.50 26.12 233.31 0.9204 13.17
1151 − 67.01 14.86 149.31 0.8712 –
1273 − 4.97 3.63 19.80 0.2007 –
1337 − 24.62 2.44 56.20 0.5606 –
1381 − 18.33 4.20 87.26 0.4560 –
1459 − 15.23 4.61 46.25 0.4174 –
1601 − 9.03 6.79 32.76 0.4335 –
1663 − 9.25 6.52 29.55 0.4011 –
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Fig. 5   R2 maps of 19 
Raman bands in a region of 
balsa wood cell wall
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of other functional groups. Therefore, more com-
plete understanding of organizations and interactions 
of cellulose, hemicellulose and lignin will then be 
possible.
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