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ARTICLE

In situ plant materials hyperspectral imaging by
multimodal scattering near-field optical microscopy
Anne M. Charrier 1, Aubin C. Normand1,2, Ali Passian 3, Philip Schaefer4 & Aude L. Lereu 2✉

Plant cells are elaborate three-dimensional polymer nano-constructs with complex chemistry.

The bulk response of plants to light, in the far-field, is ultimately encoded by optical scattering

from these nano-constructs. Their chemical and physical properties may be acquired through

their interaction with a modulated nano-tip using scattering scanning near-field optical

microscopy. Here, using this technique, we present 20 nm spatial resolution mechanical,

spectral and optical mappings of plant cell walls. We first address the problem of plant

polymers tracking through pretreatment and processing. Specifically, cellulose and lignin

footprints are traced within a set of delignified specimen, establishing the factors hindering

complete removal of lignin, an important industrial polymer. Furthermore, we determine the

frequency dependent dielectric function ϵðωÞ ¼ ðnþ ikÞ2 of plant material in the range 28≤
ω≤ 58 THz, and show how the environmental chemical variation is imprinted in the

nanoscale variability of n and k. This nanometrology is a promise for further progress in the

development of plant-based (meta-)materials.

https://doi.org/10.1038/s43246-021-00166-7 OPEN
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P lants, a natural, ecological, and renewable resource, are
widely exploited either in their raw state as building
materials, in a composite state for the paper industry1, or

in a processed state in biofuels2 and bioplastics3,4. As a class of
biomaterials, it is very attractive for its mechanical, chemical,
thermal, and more recently, optical properties4–6. However,
owing to their organic nature, plant-derived materials are sus-
ceptible to degradation by microorganisms, fungi, and humidity.
Therefore, a major concern, in for example wood industry, is
to overcome or manage biodegradability and instability by
developing chemical and/or physical treatments; among them:
biocidal, thermal7–9, surface functionalization of nanoparticles
inclusions10,11. In the context of biofuel or pulp production,
physical treatments are also developed to improve the cellulose
yield, for example, by generating tension wood12. Such treat-
ments induce local surface and subsurface modifications of the
chemical composition of the plant cell walls (PCWs), hence
affecting their physical and morphological properties. Molecular
scale monitoring is, therefore, necessary to observe, understand,
and control these changes, and to question: “How do the che-
mical variations impact the physical properties (mechanical,
hygroscopic, thermal and, as discussed here, optical) at the
nanoscale?” and “How are these changes distributed within the
heterogeneity of PCWs?” or “How can the altered physical
properties impact the wood industry?”. These questions are still
largely open despite the recent progress in spectroscopically
probing the materials at length scales akin to the molecular
distributions13. This work explores the chemical and optical
properties of PCWs at the molecular scale, a heretofore-largely
uncharted material domain. To access the nanoscale, atomic
force microscopy (AFM)-based techniques have been utilized to
study PCW structures and their nanomechanical properties
(e.g., elastic modulus and viscoplasticity); for example, during
the aging of flax fibers14, during delignification15,16, or to
investigate starch granules functionality17. However, the che-
mical information and optical properties are currently inacces-
sible at the scale of the cell wall constituents.

Nano-optical properties of plant biomaterials are of increasing
interest. At present, there is a major interest in developing
transparent papers as flexible and biodegradable substrates with
high optical, mechanical, and thermal performances for green
electronics and optics4. In this trend, Wu et al.6 investigated the
action of delignification treatment to produce transparent wood
while keeping a certain level of mechanical properties. More
recently, Orelma et al.18 have made plant cellulose-based optical
fibers in the visible-near infrared (IR) range with an attenuation of
6.3 dB/cm at 1300 nm. Here, again, physical treatments and che-
mical extractions are implemented to explore the physical, che-
mical, and morphological properties of biomass toward creating
biodegradable and biocompatible optical components. Optical
studies to date have been based on extracting lignin or cellulose by
ellipsometry or reflectometry measurements19. In this trend,
scanning near-field optical microscopy (SNOM) has been reported
as the tool of choice20–22. However, the used aperture-SNOM is
limited to imaging in the visible spectrum, where the optical signal
(either reflectivity or transmission) is recorded at each position of
the scanned region through a fiber-probe23–25. The spatial reso-
lution reported in these studies has the upper limit set by the
achievable resolution of aperture-SNOM, that is, ~100 nm. Fur-
thermore, the fiber-based aperture-SNOM is not amenable to
spectroscopy in the IR spectrum, where the fingerprint of the
major constituents of PCWs is found (see Methods section). Given
the limited spatial resolution and spectral IR-incompatibility of
SNOM, only lower resolution reflectivity measurements of PCW
under monochromatic visible light have been reported. Therefore,

the acquisition of the nanospectroscopic data and the nanoscale
optical dielectric function of in situ PCWs remains in demand.

Similarly, much efforts are underway to determine and exploit
the chemical composition of biomaterials. Consequently, attempts
to acquire chemical information with a resolution typically in the
range ∼10–300 nm, have been reported based on techniques such
as interference microscopy19, micro- or attenuated total reflec-
tance Fourier transform IR26–32, and micro-Raman33–37 spectro-
scopies, including their confocal counterparts. However, thus far,
reports have been insufficient to devise access to the scale of
the wood constituents and to correlate chemistry to physical
properties. Tip-based techniques, beating the diffraction limit, are
emerging as the most promising spectroscopic measurement
modalities. These methods typically capitalize upon the local
interaction of light with the nanoscale apex of a tip and the
subtended sample surface. The combined tip-specimen dynamical
system and its interaction with an incident field provide a plat-
form where nanomechanics meets nano-optics. An example is the
exploratory system of hybrid photonics-nanomechanical force
microscopy (HPFM)38, in which, nonlinear tip-sample interac-
tions and the ensuing frequency mixing are utilized in conjunction
with an amplitude modulated tunable IR laser beam. Although
HPFM has been demonstrated to provide excellent contrast rela-
ted to nanoscale (∼5–10 nm resolution) surface and subsurface
chemical and morphological features, challenges in automation
and proper calibration must be addressed in its further develop-
ment before widespread use can be expected.

To advance the state of plant material nanometrology, tip-
assisted IR scattering in the near field is described and to the best
of our knowledge, the highest resolution PCW characterization is
reported. The recently developed tip-based modality of s-SNOM,
has demonstrated chemical mapping at spatial resolutions down
to ∼10 nanometers39,40. This new field has been evolving to allow
hyperspectral imaging that enables studies of chemical distribu-
tion and composition even in low contrast polymer samples41.
The information obtained from both the imaging and spectro-
scopy modes may be used for the simultaneous extraction of
topography, mechanical phase, and optical amplitude and phase.
The latter two are related to optical reflectivity and absorption of
materials, which are directly linked to the nanoscale dielectric
properties of the specimen42. The mechanical phase has been
shown to be sensitive to the viscosity of the materials in relation
to their chemical composition43. Here, multimodal s-SNOM is
shown to answer specific questions related to the properties of
PCWs at the nanoscale by correlating the local optical, chemical,
and mechanical properties with a lateral resolution of 20 nm. The
study focuses on PCWs of young poplar trees as it is widely used
for biomass production and more specifically on the composi-
tional distribution of lignin and cellulose, two of the most
important polymers in wood cell walls. Using the IR absorption
signal, the relative composition of the wood constituents can be
extracted in situ without any fluorescent tagging or labeling. We
describe an effective method to identify the wood modification
under physical, biological, or chemical treatment. By determining
the chemical distribution and the local values of the dielectric
functions for both lignin and cellulose, we investigate the effi-
ciency of a delignification process developed for biomass
extraction. The guideline of this manuscript through the different
s-SNOM modes used to trace the different physicochemical
properties is outlined in the workflow Fig. 1.

Results and discussions
Multimodal s-SNOM for PCW studies. In s-SNOM, in contrast
to diffraction-limited techniques, the spatial resolution is no

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-021-00166-7

2 COMMUNICATIONS MATERIALS |            (2021) 2:59 | https://doi.org/10.1038/s43246-021-00166-7 | www.nature.com/commsmat

www.nature.com/commsmat


longer limited by the excitation wavelength of the incident light.
Instead, it is a function of the size, geometric shape, and material
of a probe tip. That is in contrast with topography acquisition for
which the resolution is given by the convolution between the tip
shape and size, and the sample roughness. In polymeric or other
low optically contrasted materials, the tips need to be coated with
metal to enhance the optical field at their apex, hence limiting the
lateral resolution. In our case, the tips, coated with Pt-Ir5, have a
curvature of 20 nm giving the lowest optical lateral resolution
achievable with those tips. A higher resolution could be reached
by reducing the tip curvature, as demonstrated in model
samples44. Indeed, the s-SNOM probe tip acts as a nano-antenna
when interacting with an incident light, as depicted in Fig. 1. This
leads to an enhancement of the light near the tip apex, which is a
strong nearfield created in a nanoscale volume under the tip.
When the tip is in the nanoscale vicinity of a sample, the ensuing
scattering alters when the tip moves across the sample surface
and/or when the wavelength of the incident light changes. By

collecting the tip-sample scattered light EScat, the sample optical
response can be extracted from I ¼ jEScat þ ERef j2, where ERef is a
reference field25,42, acquired over a known, highly reflective
substrate (here silicon on glass, Supplementary Note 1 and Fig. 1)
with small spectral variations over the employed wavenumber
range. Background radiation due to scattering from the micro-
cantilever shank, as well as from the comparatively large sample
illumination, can compromise the signal. To suppress this back-
ground contribution, it is possible to guide the signal detection by
exploiting the modulation frequencies of the cantilever. Indeed, in
“tapping mode AFM”, one drives the cantilever into oscillation.
Therefore, working with second harmonic demodulation of the
oscillation combined with pseudo-heterodyne detection45,46, it is
possible to achieve sufficient noise rejection. Thus, both the
mechanical amplitude and phase of the cantilever oscillations as
well as the optical amplitude and phase of the collected scattered
light can be detected. This allows the simultaneous acquisition of
topography, mechanical phase, and optical signals (reflectivity

Fig. 1 The near-field region of a tip-cell walls system carries information on the chemical and dielectric properties of the specimen. The s-SNOM signal
is based on the analysis of the scattered radiation detected in the far-field region. Shown is the microcantilever tip (oscillation amplitude AM and phase φM)
engaging the PCW surface while interacting with incoming radiation pulses EInc. The scattered field EScat is then detected and analyzed for its amplitude
AScat and phase φScat. These constants extracted from the tip-sample interaction are used in each mode to trace structural (topography, AM), mechanical
(mechanical phase, φM), and optical (reflectivity and absorption, AScat, φScat) information. The color contrast in the cantilever and the tip represents
computed stress distribution and surface field magnitude, respectively.
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and absorption) of the investigated sample region. Imaging plant
materials using tip-scattered near-field microscopy has been only
recently reported in a study of pit membrane composition of
Populus Nigra wood47. In an earlier study based on HPFM, a
proof-of-principle chemical imaging of poplar cell walls has also
been reported38. Here, employing the scattering-type SNOM
(Neaspec GmbH) as depicted in Fig. 1, we report the highest
resolution, nondestructive, quantitative chemical, and optical
imaging of plant polymers.

s-SNOM in imaging mode. First investigation was performed
using the imaging mode, where a monochromatic illumination (see
Methods section for details on the illumination source) is chosen
according to predetermined or known spectroscopic absorption
features of the materials of interest. We first seek to obtain an
image at a given wavenumber to obtain the spatial distribution of
the corresponding polymeric component. By taking successive
images of the same region at chosen wavenumbers, we aim to
determine the colocalization of cellulose versus lignin, the two
main structural polymers of PCW48,49. These wavenumbers were
chosen based on a previous study using micro-fourier-transform
infrared spectroscopy (FTIR), time-of-flight secondary ion mass
spectrometry, and micro-Raman (see Supplementary Note 2,
Supplementary Fig. 2) on exactly the same samples15. Figure 2
(extended data in Supplementary Note 3, Supplementary Fig. 3)
shows the acquired s-SNOM images for a fresh Populus (FP) cross-
section sample. The cell wall region of interest was selected at the
intersection of three fibers to span the different parietal layers.
Scanning electron microscopy, as well as AFM, were employed to
image the region of interest, as shown in Supplementary Fig. 4 in
Supplementary Note 4. Fig. 2a is shown here to emphasize that
only limited information may be extracted from topographical

images of rough samples. The corresponding reflectivity and
absorption signals are recorded at 1063 cm−1, and 1590 cm−1, two
absorption peaks that are highly selective to cellulose (Fig. 2c, d)
and lignin (Fig. 2e, f), respectively (see Table 1). Although, the two
reflectivity images in Fig. 2c, e evidence different optical contrasts
such that a low reflectivity implies strong transmission and/or
absorption, they are insufficient to be assigned to specific chemical
components. In contrast, absorption is owing to the vibrational
states of the molecules, provides the chemical distribution of the
associated component with high resolution. In both absorption
images, the contrast indicates the presence of higher quantities of
the specific chemical constituent associated with the selected
wavenumber. By comparing the two absorption images obtained at
1063 cm−1 (Fig. 2d) and 1590 cm−1 (Fig. 2f), both distribution and
colocalization of the cellulose and lignin are revealed. For example,
the black and green ovals indicate cellulose-rich and lignin-rich
regions, respectively. In addition, Fig. 2 evidences a correlation,
discussed thereafter, between cellulose versus lignin distribution
(Fig. 2d, f) and the mechanical phase (Fig. 2b).

The advantages of the imaging mode are (1) its relatively easy
implementation with only one wavelength used, (2) its fast
acquisition, and (3) immediate highlighting of desired chemical
components without post processing. The disadvantages are that
the wavenumber of interest needs to be known precisely and the
colocalization of different components requires successive scans
of the same region. The spectroscopic mode discussed next allows
overcoming these issues.

s-SNOM in spectroscopic mode. In complex materials such as
plants, the vibrational frequencies of the different chemical bonds
have been shown to strongly depend on the environmental
variability, on the ordering of the molecules50, and on the presence

Fig. 2 Nanomechanical and nanospectroscopic imaging of PCWs. Results are shown for measurements on a 5 × 5 µm2 region of a poplar cross-section.
The signals comprise topography (a), mechanical phase (b), normalized reflectivity (c and e), and normalized IR absorption (d and f) at specific spectral
peaks of cellulose (1063 cm−1) and lignin (1590 cm−1). The black and green ovals mark cellulose and lignin-rich regions, respectively, and highlight the
correlation between the mechanical phase and the IR absorption mappings.
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of stress51. In wood tissues, absorption shifts as high as 10 cm−1

have been observed related to the cellulose chain52–54. C–O–H
bending53 at 1424 cm−1, C–O stretching54 at 1060 cm−1, and
1160 cm−1 bands have been shown to decrease linearly with
applied stress. Similarly, in Spruce wood, a 6 cm−1 shift to lower
energy was reported for the C–O–C cellulose band at 1160 cm−1

under moist conditions with increasing relative humidity from 0 to
90%54. The presence of such discrepancies can cause uncertainties
when using monochromatic imaging since any deviations in the
spectral position of the peaks throughout the specimen, can lead to
challenges in the interpretation of the data. To rule out such
uncertainties, the spectroscopic mode was employed (Fig. 1, nano-
FTIR40,55) using a broadband illumination s-SNOM and seek to
acquire full IR absorption spectra at each selected position (i.e.,
mapping/line/point) on the sample. Note that measured spectro-
scopic signatures have been shown to be identical in nano-FTIR
and conventional FTIR spectroscopy, hence allowing comparison
with the existing vibrational database40. Cross-correlation of
different absorption bands is then possible, providing more
accurate identification of the local chemical composition and of
possible band shifts. The absorption intensity depends on the
changes in the dipole moment of the bond due to IR absorption
that is proportional to the number of corresponding bonds.
Therefore, it can be used to compare, quantitatively, different
samples, if reference is made to the same absorption band.
However, comparison across different bands may not be feasible as
each band has its own vibrational sensitivity factor. Finally,
colocalization of the different chemical components and their
qualitative amounts can be extracted from the bands’ relative
intensities.

Here, the first hyperspectral data-cube images of PCW (Fig. 3)
were obtained from both reflectivity (Fig. 3b) and absorption
(Fig. 3c) measurements performed on an acetylated wood sample
(EA sample). Both data sets were simultaneously acquired from a
1 × 1 µm2 area of a sample region. This region was chosen based
on the analysis of the mechanical phase mapping (Fig. 3a) (see the
section below) for its content of both lignin-rich (blue) and
cellulose-rich (red) sub-regions. The resulting data cube contains
the correlated spatial and spectral information for any selected
planes or points at specific wavenumbers. Such intensity mapping
I(x,y,ν) provides the absorption or reflectivity response, recorded
at each pixel (x,y)of the mapping and for each wavenumber ν of
the considered spectral range (see data processing in the Methods

section). For example, Fig. 3d shows the spatial absorption
distribution for one given wavenumber similarly to SNOM in
imaging mode, whereas Fig. 3e displays the mapping of the whole
spectrum I(ν) along the plane P0 (gray in Fig. 3c) (extended data
in Supplementary Note 5, Supplementary Fig. 5). Both reflectivity
and absorption will be used further to extract and correlate the
chemical distribution and the local optical properties in relation
to the spatial location at the nanoscale.

Mechanical phase. As previously mentioned, further correlations
can be established via phase imaging, which is classically acquired
in tapping mode AFM. In this mode, the AFM cantilever is driven
with periodic forcing. The phase lag between the driving signal of
the cantilever and the output (readout) signal, representing the
cantilever oscillations, depends on the cantilever–sample inter-
action force, and thus exhibits sensitivity to the sample material
properties. By detecting the phase changes, one may therefore
extract the variations in the mechanical properties of the sample
surface. Thus, one obtains a mechanical phase image simulta-
neously to the topographic image. In particular, information on
the viscoplasticity of the surface of the material may be obtained,
as illustrated in Supplementary Fig. 6. The viscoplastic index,
calculated from processing the quantitative force-volume map-
ping (indentation measurements by AFM, see Supplementary
Note 6), reflects the ratio of elasticity and viscoplasticity behavior
in relation to the chemical composition43 and correlates nicely
with the phase mapping. Although the absolute values of the
phase shift depend on the experimental conditions and cantilever/
tip properties and cannot be used to quantify the mechanical
properties, a higher value of the phase lag indicates a higher
viscosity of the materials. Here, we aim to correlate the
mechanical phase signal with the optical signals, which can
provide a unique nanoscale channel for linking the chemical
composition to the optical and mechanical properties. The results
are presented in Fig. 2 (extended data in Supplementary Note 3),
where the topography and associated mechanical phase of the FP
cross-section were recorded at the same location as reflectivity
and absorption measurements in Fig. 2c–f. As observed, the
topography (Fig. 2a) lacks physio-chemical characteristics that
discriminate cellulose and lignin. In contrast, the mechanical
phase (Fig. 2b) gives extraordinary features at the high spatial
resolution but with no direct chemical identification of the dif-
ferent regions. By comparing Fig. 2b with Fig. 2d, f, we note that

Table 1 Main vibrational modes assignments.

Wavenumber [cm−1] Vibrational modes Major assignments Range Refs.

1034 SC–OH Cellulose, ring 1029–1035 30,58

1048 sC–OH Xyloglucan, ring 1044–1045 31,67

1063 sC–OH Cellulose, ring 1053 58

1079 sC–OH Cellulose, C(3)-O(3)H ring 1058 58

1106 sC–OH Aliphatic Lignin, cellulose, hemicellulose 1106–1108 58,65,66

1159 asC–O–C Cellulose Xyloglucan 1158–1162 30,58,65,68

1246 sC–O Lignin (Guaiacyl units) linkage to CH3 or ester Xylan acetyl and carboxyl 1231–1243 58,64,69

1263 sC–O–C Lignin 1261–1264 56,58

1316 wC–H2 Cellulose Xyloglucan 1316–1319 30,58,64,68

1377 bC–H2 Cellulose Xyloglucan 1365–1370 58,64,67

1463 bC–H3 Lignin, xylan in methoxy 1459–1470 58,66

1507 asC=C Lignin, aromatic ring 1505–1510 56,58,66

1590 sC=C Lignin aromatic ring 1595–1610 56,58,64

1611 sC=C Acetylated lignin 58

1651 C–O Conjugated to C=O in acetylated lignin, cellulose, hemicellulose 1665–1666 58

1737 sC=O Xylan acetyl 1735–1740 30,56,58,64,69

1768, 1810, 1847 sC=O Acetylated lignin, cellulose, xyloglucan 1750–1850 56,68

s stretching, b bending, as asymetric stretching, w wagging.
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the mechanical phase strongly correlates with the absorption
mappings. The cellulose regions are obtained for values of the
mechanical phase ranging from 0.75 to 1 rad (regions in red
Fig. 2b), whereas the range associated with lignin goes from 1.25
to 1.40 rad (regions in blue Fig. 2b) evidencing higher viscosity
for lignin, in agreement with our previous work16.

Having obtained correlative chemical, optical, and mechanical
measurements, s-SNOM will be now employed to investigate the
efficiency of a delignification process developed for biomass
extraction. In addition, we will explore the changes in optical
properties in relation to the chemical environment along the
process by extracting the values of the cell wall local dielectric
function, in their native form.

Investigation of a delignification process efficiency. A deligni-
fication process based on a three-step chemical extraction was
proposed to remove lignin and hemicellulose (xylan and xylo-
glucan) from a young poplar tree (see method section for details)
by increasing the solubility of all species through an acetylation
process15,56–58. Here the study was performed in the second layer
(S2) of the PCWs where xylan is the main hemicellulose, con-
tributing to 20–40% of the biomass weight. In recent studies, it
was shown that lignin does not show any direct interaction with
cellulose surfaces59, but instead extensive electrostatic interactions
with flexible xylan and xyloglucan domains60,61, and that hemi-
celluloses mediate the supramolecular connectivity between cel-
lulose surfaces and lignin and the overall cell wall integrity62. The
whole challenge in the delignification process is thus to diminish
the interactions between the hemicellulose and, the cellulose and
the lignin. Xylan interacts with cellulose and lignin through their
backbones consisting in b-1,4 linked xylosyl residues through
hydrogen bonding between the alcohol groups of the different
species61. Substitution of these hydrogen bonds was shown to
affect both the self-association of xylan and also its interaction
with both lignin and cellulose61.

The delignification protocol we used here aims at breaking the
hydrogen bonds by substituting the alcohol groups with an ester,
and hence increasing the solubility of both hemicellulose and
lignin. To evaluate the efficiency of the process, four samples
corresponding to each chemical step were prepared and analyzed:
(FP) untreated reference fresh poplar sample, (EF) extractive-free
sample, (EA) acetylated sample, and (AC) hydrolyzed sample.
Prior to treatment, four successive 200 µm-thick cross-sections
were obtained from the same stem region of the poplar tree and
were considered similar in structure and composition.

Reflectivity (Fig. 4a–d) and absorption (Fig. 4e–h) measurements
were first carried out on the secondary layer (S2) of the PCWs,
which is rich in cellulose, hemicellulose, and lignin. For FP, EF, and
AC samples, measurements were acquired along a line in the S2
region (Supplementary Note 7 in Supplementary Fig. 7). For the EA
sample, data were extracted from the absorption data-cube (Fig. 3c)
along the plane P1 (red) for a cellulose-rich region (EAC) and along
the plane P2 (yellow) for a lignin-rich region (EAL), as previously
identified from the mechanical phase image analysis (Fig. 3a). For
each of the samples, absorption mappings (Fig. 4e–h) were acquired
in the spectral range from 1030 cm−1 to 1855 cm−1, i.e., covering
most of the wood polymer’s vibrational bands. To better compare
the spectral data, averages of each of the mappings, shown in Fig. 4i,
were normalized by the peak intensity of cellulose at 1063 cm−1.
This peak was chosen as it remains invariant over the extraction
process63. From the FP sample mapping, the major absorption
peaks, reported in Table 1, were identified for cellulose, lignin, and
hemicellulose (xylan and xyloglucan). The bands above 1750 cm−1

were attributed to the fats and triglycerides. Absorption spectra of
the EF sample show mainly the removal of the fats with no evidence
of changes to the other spectral contributions, as expected.
Subsequent esterification of EF, resulting in EA sample, induces
however strong spectral changes related to the acetylation of lignin,
xylan, xyloglucan, and cellulose. For the four species, the acetylation
at the alcohol groups (–OH) results in shifts of the corresponding

Fig. 3 Hyperspectral imaging of plant material. a Mechanical phase measurement of a 5 × 5 µm2 region of an EA sample. Hyperspectral mappings are
carried out for the 1 × 1 μm2 region demarcated in a. Hyperspectral intensity data-cubes, I(x,y,v) contain reflectivity (b) or absorption (c) information.
d Slices were extracted from the absorption data cube at 1063 cm−1 and 1590 cm−1, corresponding to the specific absorption of cellulose and lignin,
respectively. e Spectral mapping of the absorption recorded for wavenumbers in the range 974–1986 cm−1 along plane P0 (gray) (Planes P1 and P2 will be
used further, see Fig. 4).
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absorption bands (1034, 1048, 1059, 1079, and 1106 cm−1) to
higher energies in the range [1050–1140 cm−1]31,63–67. Also, an
increase after esterification of the C–O absorption band of the
guiacyl ring of lignin and of xylan carbonyl groups at 1246 cm−1,
suggests the acetylation of these groups has been successful63,68,69.
In addition, the observation of new peaks at 1651 cm−1,
corresponding to C–O (conjugated with C=O in the ester), and
at 1768, 1810, and 1843 cm−1, corresponding to the C=0 of the
ester confirms the success of the process30,57,63. Finally, the peaks
corresponding to lignin aromatic skeleton vibrations at 1263 and
1507 cm−1 show no changes, indicating that the main structure of
lignin was not damaged during esterification although partial
removal of the xyloglucan and xylan was observed as shown by the
net decrease of the intensities of the peaks at 1159, 1316, and 1737
cm−130,57,63,68–70. For the final AC samples, hydrolysis of EA
samples in acidic conditions lead to the substitution of the ester
groups to alcohol groups. The results of this process were the
recovery of cellulose to its initial configuration (see –OH absorption
bands in the range 1030 to 1110 cm−1), and the extraction of lignin,
xylan, and xyloglucan from the sample as supported by the
significant decrease of their absorption bands. The remaining small
amount of lignin, marked by the presence of the skeleton C–O–C
stretching vibration at 1263 cm−1 (AC mapping), indicated
however an incomplete extraction.

To better understand the origin of this remaining lignin, another
region from the data cube (EAL sample, Fig. 4j) was previously
identified to be lignin-rich using mechanical phase imaging, in
particular, in the S2 and S3 regions. Absorption mapping across this

region (plane P2 in Fig. 3a, c) shows high intensity at the aromatic
skeleton vibrations at 1263 cm−1 and 1590 cm−1, confirming lignin
as the main compound. Note also the high intensity of the xylan
C=O stretching band at 1737 cm−169. Interestingly, by comparing
the average spectra obtained from the lignin-rich region (Fig. 4k,
yellow curve) with the cellulose-rich (average spectrum Fig. 4k, red
curve), one observes the absence of absorption bands in the spectral
range above 1600 cm−1 (shaded zones in Fig. 4k), suggesting that
acetylation of the lignin did not work efficiently. This may be
conferred to lower solubility of the lignin in these regions in relation
to its structure. This hypothesis is supported by previous work
reporting that low and high molecular weight lignins exhibit
different structural organizations, the latest displaying highly
specific and stable association pattern58,71. Also, Ruel et al.72,73

showed that the two most common lignin assemblies, the guaiacyl
lignin (g-lignin), and the guaiacyl-syringyl lignins (gs-lignin) are
distributed unequally in the PCW, g-lignin being concentrated in
the inner S2 and S3 layers, and gs-lignin in the S1 and outer S2,
hence suggesting that the lignin remaining after hydrolysis in the
EA sample must be composed mostly of g-lignin. These results
evidence that the lignin extraction protocol proposed here does not
fully solve the problem of recalcitrance as it has an efficiency limited
to low-weight lignin that is more soluble. Moreover, our results
suggest that this lack of solubility of the g-lignin may not be due to a
lack of solubility of the acetylated lignin but instead to a poor yield
of the acetylation process. One way to increase this yield may
require PCW pretreatment to destabilize the molecular association
pattern of high-weight lignin such as mechanical grinding for

Fig. 4 Nanospectroscopic process monitoring via infrared absorption mapping. Reflectivity images (a–d) along the delignification process. The
associated chemical compositions (e–h) extracted from the absorption images are mapped along the lines in the S2 region of the cell wall in a–d. For the EA
sample, both cellulose-rich (EAC, g, red) and lignin-rich (EAL, j, yellow) regions were investigated (see Fig. 3c). i The average absorption for the FP, EF, EAC,
and AC samples was normalized by the intensity of the cellulose characteristic absorption band at 1059 cm−1. In all mappings, the dotted lines indicate the
wavenumbers of the absorption bands of interest corresponding to cellulose, hemicellulose, lignin, and fats, see Table 1. k Average absorption spectra
obtained for the EAC and EAL regions. The bands in the range 1600–1720 cm−1 and above 1750 cm−1 (shaded areas) reflect the success of acetylation in
the cellulose-rich regions (EAC).
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example. This clearly evidences the large interest of the presented
technique for deeply understanding and feed-backing on wood
treatments toward process optimization.

In the last part, we are finally questioning how the local optical
properties of the PCWs are affected by the environmental
variability at the nanoscale and how these properties can be
modified by engineering the PCW, such as in the case of the
delignification process.

In situ determination of nanoscale optical properties of PCW
in their native form. Index of refraction and extinction coefficient
extraction. The nanoscale optical properties of plant materials
may not only be useful for fundamental light–matter interaction
studies at the cellular and PCW levels, but also important in
devising optical methods for measuring and monitoring the effect
of chemical processing of biomass or toward biodegradable
optical and electronic components. In the context of PCW,
extracted or synthesized solutions for gel permeation chromato-
graphy is one of the main chemically driven techniques to mea-
sure the refractive index of the bulk wood polymers74,75.
However, using interference microscopy19, it was shown that the
refractive index of the different polymers varies strongly with the
considered PCW region, environment, and method of extraction,
highlighting the importance of measuring the optical constants of
such samples in their native form, hence requiring a lateral
resolution at the nanometer scale.

In s-SNOM, the dielectric function ε of the sample may be
calculated by Fourier transform of the detected scattered field
EScat ¼ EScatðnprobe; kprobe; nsample; ksampleÞ, where ϵ ¼ ðnþ ikÞ2
denotes the complex dielectric function of the sample, and n and
k the real and imaginary refractive indices, respectively25,42. The
optical interaction between the probe and the sample depends on
the complex dielectric function of the sample in the immediate
proximity of the tip. For an incident field EInc, when the sample is in
the nearfield of the probe apex, the resulting scattered field EScat,
(Fig. 1), maybe written in the Fourier domain as:

EScatðωÞ ¼ σScatðωÞEIncðωÞ; ð1Þ
where σScat(ω), the scattering coefficient76–78 at frequency ω, is
given, in the approximation of a low-absorbing and thick sample,
by:

σScatðωÞ ¼
ϵðωÞ � 1
ϵðωÞ þ 1

: ð2Þ

In the s-SNOM detection scheme of the Neaspec system, the light
backscattered from the metallic tip is recorded through a Michelson
interferometer, in which the sample-tip assembly is contained in
one arm79–81. Using such asymmetric interferometric detection,
amplitude A(ω) and phase φ(ω) electric field components of the
backscattered light are acquired simultaneously. The scattering
coefficient is then expressed as:

σScatðωÞ ¼ AðωÞeiφðωÞ ð3Þ
For polymeric/organic materials, the measured reflection r(ω)

and absorption a(ω) are related to the real and imaginary parts of
the scattering coefficient82–84 and expressed as:

rðωÞ ¼ <½σScatðωÞ� ¼ AðωÞ cos½φðωÞ� ð4Þ
and

aðωÞ ¼ =½σScatðωÞ� ¼ AðωÞ sin½φðωÞ� ð5Þ
The refractive indices (n, k) of the samples are then extracted

using Eqs. 2, 4, and 5 using iterative calculation85.
Environmental variability and spectral distribution of n and k

at the nanoscale. The (n, k) extraction was obtained at each

position and wavenumber from the data cube of the EA sample
(Fig. 3). Fig. 5 shows the (n, k) mappings at four absorption
bands: (1034 and 1063 cm−1), highly selective to cellulose, and
(1263 and 1590 cm−1) specific to lignin (see Table 1). Within
each of the mappings, the values of n and k are seen to vary
significantly with n changing from 1.1 to 1.3, and k from 0.1 to
0.22 for cellulose band, and from 0.15 to 0.35 for the lignin
absorption band. Such changes are indicative of the degree to
which the local environment modifies the optical properties at the
nanoscale. However, although the n-mappings (Fig. 5a–d) are
very similar for the four considered wavenumbers and do not
seem to be related to the chemical distribution of the two
polymers, the k mappings in contrast show very specific
distributions whether one considers the wavenumbers corre-
sponding to the cellulose (Fig. 5e, f) or the lignin (Fig. 5g, h)
absorption bands. This observation confirms the correlation
between the extinction coefficient and the chemical distribution.
Moreover, the most intense values of k (red regions) for the lignin
absorption bands (Fig. 5g, h) match perfectly with the inner
S2–S3 layers containing dense and high molecular weight lignin
as discussed previously and identified by the mechanical phase
imaging in Figs. 3a and 2b (blue regions). Similarly, the high
values of k in the mappings obtained at the cellulose bands
correspond to cellulose-rich regions. Although individual values
of n have been previously reported for bulk plant material, using
extractive chemical methods in the visible range, here, for the first
time, we are reporting the n and k distribution, for both cellulose
and lignin within PCW in their native form, at their IR
absorption bands.

Analyzing further the n and k mappings, two positions may
be selected for being cellulose-rich (C, pink dot) and lignin-rich
(L, yellow dot), as marked in Fig. 5. The corresponding
(n, k)cellulose and (n, k)lignin dispersions are plotted over the
wavenumber range in Fig. 5i, j, respectively. Within this
spectral range, the ncellulose spans from 1.06 to 1.19 and the
kcellulose from 0.08 to 0.29, whereas the nlignin ranges from 1.15
to 1.40 and the klignin from 0.05 to 0.4. These data evidence the
n and k variability over the whole spectral region as a response
to local polymer distribution. In the absence of literary
references, we validated the presented method and the reported
values of n and k by bulk FTIR measurements (see
Supplementary Note 8, Supplementary Fig. 8). Note that at
the macroscopic scale, the reflectivity signal and consequently
the refractive index appear noisy, in part due to interfering
effects and roughness induced scattering.

These results illustrate the fact that the optical constants are
highly dependent on the local composition at the nanoscale and
demonstrate the correlation between the chemical information,
the optical and mechanical properties.

n and k variations during delignification process. To investigate
the chemical changes in the PCWs as a result of the
delignification treatment, refractive index and extinction coeffi-
cients were determined in the spectral range [1030–1855 cm−1]
for each sample, i.e., FP, EF, EA, and AC samples in the same S2
regions as discussed in the delignification section. For each
sample, the average values of n (gray) and k (red) obtained over
the different measured positions for the whole spectral range are
shown in Supplementary Fig. 9 in Supplementary Note 9. The
corresponding shaded areas are the standard deviations. Fig. 6
focuses the analysis on the initial untreated FP and final
holopulped AC samples. For the FP sample, the n and k values
vary from 1.198 to 1.333 and from 0.018 to 0.164, respectively,
and for the AC sample from 1.173 to 1.493 and from 0.043 to
0.336, respectively, showing the evolution of both optical
constants over the delignification process. Also, the large standard
deviations in the FP sample (Fig. 6a), 0.040 ± 0.006 and 0.025 ±
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0.009 for n and k, respectively, reflect the variability of the
chemical environment at each position and hence show the effect
of this environment on the optical constants. In the AC sample in
contrast (Fig. 6b), the standard deviation is much smaller, 0.011
± 0.005 and 0.010 ± 0.004 for n and k, respectively, highlighting
the uniformity of the chemical environment in agreement with a
nearly cellulose-only made material, as discussed earlier. The AC
spectra hence reflect the n and k spectral distribution of nearly
pure cellulose in their native form and the final values of n= 0.226
and k= 0.311 obtained for a wavenumber of 1058 cm−1 (Fig. 6b),
i.e., corresponding to a specific absorption band of cellulose, are
hence the signature of delignified PCW in their native form.

Conclusion
The presented results amount to a demonstration of the com-
plementarity of multimodal s-SNOM for exploring the correlative
chemical and optical properties of wood, in general, and for
process monitoring, in particular, at a spatial resolution of 20 nm.
Here, the analysis of the proposed delignification process enabled
to allow observation of different lignin acetylation yields in
relation to their structure and location in the PCW. Our results
suggest that increasing the yield of delignification may require
additional PCW pretreatments such as, for example, a mechanical
grinding, to destabilize the molecular association pattern of
high-weight lignin. Such monitoring of the specific process of

delignification at the nanometer scale clearly suggests that the
presented measurements can apply to a larger class of biomass
pretreatments and could be extended to other complexed material
processes.

We also provided, to the best of our knowledge, the first optical
indices (n and k) mappings of PCW at the nanoscale in the IR
range evidencing a strong correlation of these indices with the
chemical composition, the dispersion of their values over differ-
ent regions reflecting the environmental variability of the sample.
These results, establishing a correlation between the chemical
distribution and the optical properties suggest new modalities in
plant metrology. Furthermore, the acquisition of the mechanical
phase by the microcantilever, serving as the s-SNOM probe, can
allow extending this correlation to some mechanical properties
such as viscoelasticity. We suggest this technique can uniquely
facilitate not only the understanding of the wood morphogenesis
and associated physical and chemical properties but also the
control of the engineering of wood. As a sustainable resource,
wood is becoming a material of choice not only for the paper
market or for the biofuel industry, an expanding market, but also
for the development of smart building components, with the
engineering of new plant-based (meta-)materials. High precision
control of the mechanical and optical properties of wood pro-
duction will be a major concern, for example, in the emerging
field of additive manufacturing, where the presented nanome-
trology can be a key capability.

Fig. 5 In situ high-resolution determination of nanoscale optical properties of PCW in their native form.Measurement of the complex index of refraction
n+ik for cellulose (a–b, e–f, i) and lignin (c–d, g–h, j), over a 1 × 1 µm2 region, is calculated from the reflectivity and absorption hyperspectral measurements
of EA sample by selecting the specific slices (Fig. 3). Images a–b and e–f display the indices mappings at 1034 and 1063 cm−1 absorption peaks for
cellulose. c–d and g–h show the lignin optical response by targeting specific peaks at 1263 and 1590 cm−1. i and j display the spectral dispersion of
(n, k)cellulose and (n, k)lignin, respectively. These spectra are evaluated at the points marked in the n and k mappings (a–h) as C (Pink) for a cellulose-rich
location and L (Yellow) for a lignin-rich location.
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Methods
Nano-FTIR s-SNOM (NEASPEAC GmbH). The used spectral range spans from
1030 cm−1 to 1855 cm−1 in order to access the main specific IR absorption bands
of cellulose and lignin. For the imaging mode, we used a continuous quantum
cascade laser water-cooled and tunable from 850 cm−1 to 2500 cm−1 with an
output dimmed down to 1 mW at each wavelength to avoid sample damage. For
the nano-FTIR measurements, a broadband laser, tunable from 650 cm−1 to 2150
cm−1, pulsed at a repetition rate of 80MHz with a 1 mW output power was used.
Note that a ∼700 cm−1 spectral region can be covered at once with such broadband
source. The second harmonic demodulation detection of the optical signal is used
to eliminate the far-field background while keeping enough optical signal contrast.
Indeed, the polymeric wood constituents classically have a similar optical response
implying low optical contrast. Commercial tips, Arrow-NCPt (NanoWorld, Swit-
zerland), coated with Platinum-Iridium5 (Pt-Ir5), with a radius of ∼20 nm, were
utilized in the whole study. The presented nano-FTIR results have a spatial reso-
lution ranging from 20 nm to 100 nm for the spectroscopic measurements and 20
nm for the imaging measurements.

Plant material86. For 6 months, Populus deltoides × nigra (DN34) hybrids were
cultivated under fixed greenhouses conditions such as 16 hours of light per day, a
humidity level between 30% and 60%, and automatically watered four times a day
at a fixed hour. The plants were grown in soil (Sun-Gro Sunshine Mix #4) mixed
with fertilizer (Miracle Gro 20-20-20). After the first 6 months of growth, the full
stems were cut and directly frozen at −20 °C. Note that the Populus deltoides
stump used here was harvested during its juvenile phase.

Sample preparation. FP samples were obtained from young poplar (Populus
deltoides × nigra (DN34)) stem by freezing then sectioning successive thin cross-
sections (20 µm in thickness) in the same region of the stem with a cryotome using
a disposable blade that was free of any lubricant. DP samples were obtained after
chemical treatment of the freshly cut FP cross-sections according to the following
protocol: extractives were removed by refluxing FP samples with dichloromethane
(CH2CL2, an organic solvent) for 6–12 h resulting in EF samples. Lignin was
subsequently removed after treating the EF samples with glacial acetic acid
(CH3COOH) and sodium chlorite (NaClO2) at 70 °C for 2 h resulting in acetylated

(EA) samples. EA samples were then rinsed twice with DI water. Final lignin and
hemicellulose extraction was performed using 2.5 M hydrogen chloride (HCl) at
100°C for 4 h resulting in hydrolyzed (AC) samples. AC samples were then rinsed
with DI water. Note that this process results in cellulose-rich samples with traces of
lignin and hemicellulose15,16. To maintain the structural integrity of the PCWs, all
samples were stored and dried between glass slides. The final sample global
roughness was ∼2 µm and local roughness ∼20 nm.

Data processing. Color map representations of series of absorption spectra
recorded along a line (1D) were processed as follows: a baseline corresponding to
the phase correction was removed from each spectrum. A binomial smoothing was
then applied to the whole map. Maps were finally normalized between 0 and 1 for
the lowest and the highest values of the absorption respectively. For a 2D region,
hyperspectral representation is obtained by stacking the resulting color maps
obtained for each scanned wavenumber.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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