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Ethanol production using extracted cellulose from plant cell walls (PCW) is a very promis-
ing approach to biofuel production. However, efficient throughput has been hindered by
the phenomenon of recalcitrance, leading to high costs for the lignocellulosic conversion.
To overcome recalcitrance, it is necessary to understand the chemical and structural
properties of the plant biological materials, which have evolved to generate the strong
and cohesive features observed in plants. Therefore, tools and methods that allow the
investigation of how the different molecular components of PCW are organized and
distributed and how this impacts the mechanical properties of the plants are needed but
challenging due to the molecular and morphological complexity of PCW. Atomic force
microscopy (AFM), capitalizing on the interfacial nanomechanical forces, encompasses
a suite of measurement modalities for nondestructive material characterization. Here,
we present a review focused on the utilization of AFM for imaging and determination
of physical properties of plant-based specimens. The presented review encompasses
the AFM derived techniques for topography imaging (AM-AFM), mechanical properties
(QFM), and surface/subsurface (MSAFM, HPFM) chemical composition imaging. In
particular, the motivation and utility of force microscopy of plant cell walls from the early
fundamental investigations to achieve a better understanding of the cell wall architecture,
to the recent studies for the sake of advancing the biofuel research are discussed. An
example of delignification protocol is described and the changes in morphology, chemi-
cal composition and mechanical properties and their correlation at the nanometer scale
along the process are illustrated.

Keywords: AFM, QFM, MSAFM, HPFM, plant cell walls, lignin, biofuel, bioenergy

1. INTRODUCTION

An important scientific focus and challenge of the 21st century is to achieve non-food biofuel
mass production and thus replace fossil fuels (Lynd et al., 2008; Sannigrahi et al., 2010; Mohapatra
et al., 2017). Significant research is being dedicated to ethanol production using extracted cel-
lulose from the plant cell walls (PCW). Due to the complex structure of the PCW, which contain a
variety of organic components (cellulose, hemicellulose, lignin, pectin, etc.), and the phenomenon
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of recalcitrance, cellulose extraction is challenging. Overcoming
the chemical and structural properties that have evolved in
biomass to form strong and cohesive structures hence requires
a deep understanding of how the molecular composition and
organization in PCW impacts the mechanical properties of the
plants. Indeed, the correlation between the molecular traits of
the cell walls and its morphological and mechanical charac-
teristics is ultimately expressed in the plant response. Due to
their hierarchical structure, the macroscopic appearance and
performance of plants have been shown to be inevitably linked
to their structure at the micro- and nanometer scales (Gibson,
2012). However, the nanoscale behavior of many physical quan-
tities, such as elasticity and plasticity, intimately connected with
such a correlation, is largely unknown or poorly understood.
Fundamentally, this inevitably leads to questioning the relation-
ship between chemistry, structural organization and mechanical
properties and how such molecular scale variations in the physi-
cal quantities of the cell walls translate into the bulk level and
on to the whole organism level. From a practical point of view,
this leads to questioning how cell wall chemical composition
can be altered to intrinsically modify wood properties (Gindl
and Gupta, 2002; Pilate et al., 2002), for example, to better suit
various applications. Such complexity and heterogeneity of the
plant systems therefore question the relevance of macroscopic
and microscopic measurements. Often, these can only give an
average description of the properties of the considered object. In
recent years, many mechanical studies, primarily addressing the
cell and cell wall level of plant body, have enlightened important
structure-property and structure—function relationships (Fratzl
and Weinkamer, 2007). Such advances in biomechanics have
been possible due to the development of new technologies allow-
ing mechanical and chemical analysis of surfaces with submicro-
nic or nanometric lateral resolution (Gindl and Schoberl, 2004;
Beecher et al.,, 2009; Tetard et al., 2011; Burgert and Keplinger,
2013). Such methodologies used to map the various properties of
plants at the submicron scale are reported in Table 1.

TABLE 1 | Available methodologies for mapping the structure, the chemical
composition, and the mechanical properties of plants at the submicron scale.

Plant Mapping technique Lateral Reference
property resolution
Structure Scanning electron 10 nm Auxenfans et al. (2017)
microscopy
Atomic force microscopy 1 nm Salvadori et al. (2014)
Chemical ToF-SIMS 1um Tolbert and Ragauskas
composition (2017)
Confocal Raman 300 nm Tetard et al. (2015)
microscopy
Mode synthesized AFM 1 nm Tetard et al. (2011)
Hybrid photonic force 5nm Farahi et al. (2017)
microscopy
Mechanical ~ Nanoindentation® <1 um Wimmer and Lucas
properties (1997)
Quantitative force-volume 10 nm Farahi et al. (2017)

mapping

2Nanoindentation usually provides discrete measurements.

As an example, the method of nanoindentation has proven to
be very useful in providing important mechanical information
(Gindl and Gupta, 2002; Zickler et al., 2006). This technique
pushes a microscopic indenter with a known shape into a
material surface while continuously measuring the response of
the tip-sample system: the loading and unloading forces, the
penetration depth, and the surface restoration to the indentation.
Since forces ranging from tens of nanonewtons to millinewtons
with submicrometer lateral resolutions can be precisely applied,
the nanoindentation testing cycle can be highly sensitive to the
mechanical properties of the material. The extent of the material
restoration following the penetration into the surface is a measure
of the material’s elasticity, which is generally quantified by the
elastic modulus or Young’s modulus (E). Likewise, if any perma-
nent indentation occurs, the material displays plasticity, which is
quantified by the plasticity index (PI). The pull-oft force when the
tip is retreated from the surface is related to the adhesion energy,
which are due to attractive van der Waals and electrostatic forces
and other attractive forces acting between the tip and sample. In
one of the first nanoindentation experiments, Wimmer and Lucas
(1997) explored the relationship between hardness and Young’s
moduli for the secondary cell wall and cell corner middle lamella
in spruce wood. They reported that the mechanical properties of
secondary walls along their longitudinal direction is correlated
with the presence of organized unidirectional cellulosic fibrils
(Wimmer et al., 1997) while the reduced elastic modulus in the
lignin-rich middle lamella was associated with the absence of
cellulose in the region (Wimmer and Lucas, 1997). It was also
demonstrated that the elastic modulus in the secondary walls
decreased with microfibril angle therefore showing the impor-
tance of molecular organization (Gindl et al., 2004). These studies
were the first to demonstrate the relationship between chemical
composition, molecular organization and mechanical properties.
However, in addition to requiring sample processing (polishing)
and embedding into a polymeric material to avoid distortion of
the measurements due to surface roughness (Konnerth et al,
2008; Burgert and Keplinger, 2013; Wagner et al., 2014;
Youssefian et al., 2017), nanoindentation is ultimately limited by
the resolution of the apparatus. Furthermore, the measurements
are discrete, and do not allow mapping of mechanical properties.

More recently, atomic force microscopy (AFM) and its deriva-
tive techniques have emerged as the method of choice to resolve
cell wood properties at the nanometer scale. The first force meas-
urements with AFM also invoked a nanoindenter, but with an
improved lateral resolution down to a few nanometers (Kirby, 2011;
Fernandes et al., 2012). More recently, quantitative force-volume
mapping (QFM) was adapted to plant cell wall measurements uti-
lizing continuous force curve recording and therefore solving the
problem of heterogeneity observation by imaging the topography
with the associated E and PI mappings. Studies on Arabidopsis
thaliana reported different characteristic modes of deformation
and a spatial distribution of the elastic moduli across the surface
(Yakubov et al., 2016), while Radotic et al. (2012) showed the
changes in stiftness of the cell walls at different phases of growth.
In addition, new innovative AFM techniques such as mode syn-
thesized AFM (MSAFM) (Tetard et al., 2010, 2011) and hybrid
photonic force microscopy (HPFM) (Tetard et al., 2015) have been
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developed. The MSAFM was utilized to obtain the subsurface
nanomorphological properties of wood cell walls with structural
changes along the delignification process of poplar (Tetard et al.,
2010, 2011), while the HPFM correlated the structural changes
with chemical composition (Tetard et al., 2015).

This manuscript aims at demonstrating the input of nanome-
trology using AFM in understanding how the molecular distri-
bution and organization impacts the mechanical strength and
cohesion of PCW to better develop cellulose extraction protocols
through delignification. Therein, the different applications of
AFM modes for plant cell characterization are reviewed within
the context of biofuel research. In Section 2, an example of chemi-
cal protocol leading to delignification starting from a cryotomed
young poplar is described. In Section 3, the operating principle
of AM-AFM, QFM, MSAFM/HPFM modes are described and
their use to extract structural, mechanical, and chemical informa-
tion through the process of delignification is illustrated through
examples.

2. DELIGNIFICATION PROCESSES

The extraction of cellulose, while abundant in the secondary
plant cell walls, is particularly hindered by the presence of lignin.
Lignin is a complex organic polymer widely recognized for play-
ing a role in the structural integrity of plants. As a compound, it
is mostly inert and nonreactive, and thus makes a good material
candidate for manufacturing and industrial applications (e.g.,
see lignin-based carbon fibers and nanofibers; Fang et al., 2017).
Lignin removal has been a central key issue where a whole variety
of complex processes, also referred to as delignification processes,
have been developed (Singh et al., 2014). Controlling this pro-
cess requires the understanding of the relationship between the
chemical composition, the structural aspect, the biological infra-
structure, and the mechanical properties of the PCW. The many
delignification strategies have been based on various approaches
(Singh et al., 2014) such as (1) physical treatments including
mechanical (Cadoche and Lopez, 1989), pyrolysis (Chen et al.,
2016), and steam processes (Tian et al., 2017), (2) chemical using
organosolv (Erdocia et al., 2014), acid and alkaline hydrolysis
(Singh et al., 2015; Carlos Martinez-Patino et al,, 2017), or
saccharification and fermentation (Healey et al., 2015), and (3)
biological (Asina et al., 2016) and enzymatic (Al-Zuhair et al.,
2015; Tian et al., 2017) treatments. To illustrate the complexity
of delignification, an example based on a multistep chemical
protocol, is given in Figure 1, resulting in a set of samples to be
investigated using AFM techniques (Farahi et al., 2017).

The chemical processing of the biomass, here in the form of
cross-sections (left image of Figure 1), was intended to remove
lignin and other compounds to facilitate a more efficient extraction
of the cellulose. The samples were received, frozen, and sectioned
into 20 um thick sections with a cryotome using a disposable
blade that allowed minimal structural damage. For the untreated
samples, the cross-section were washed with deionized (DI)
water and dried between glass slides, referred as the untreated
raw biomass or fresh Populus (UR). Next the extractive-free
(EF) Populus were prepared by removing extractives (inorgan-
ics: K, Ca, Mg, P, E Na, Si, S, Mn, etc. and organics: terpenes,
fats, waxes, flavanoids, tannins, stilbenes, etc.) by refluxing with
dichloromethane and then dried between glass slides to preserve
the morphology of the sample and avoid contaminations. The
removal of extractives allowed for the cellulose and lignin to be
detected with less contamination on the surface when using ToF-
SIMS, Raman, AFM, and other characterization methods (Farahi
et al, 2017). The EF sample is then subject to glacial acetic acid
combined with sodium chlorite resulting in the extractive free
holopulped (EH) sample with most of the lignin removed. Finally,
hydrochloric acid treatment is imposed on the EH sample to keep
only the cellulose by removing hemicellulose and residuals of
lignin (EHA sample). See details of the protocols in Farahi et al.
(2017). The presented delignification process results in sets of
four samples to be investigated.

3. DELIGNIFICATION INVESTIGATION BY
ATOMIC FORCE MICROSCOPY

3.1. Amplitude Modulation AFM (AM-AFM):
Structural Properties

AFM is based on measuring the interaction between a sharp tip
(radius of curvature of a few nanometers), mounted on a canti-
lever spring (0.01 N/m < k < 150 N/m), and a surface; when the
tip is raster-scanned across the surface, a high spatial resolution
topographical image may be obtained (Binnig et al., 1986). As the
tip comes near the surface, interaction forces induce a bending
of the cantilever, which for small amplitudes follows Hooke’s law.
Depending on the environment, the tip/sample distance and the
mode of utilization, the forces associated with AFM include van
der Waals, electrostatic, magnetic, capillary, contact mechanical
forces, chemical bonding, etc. Forces as small as few tens of picone-
wton have been measured. AFM offers the possibility of imaging
the surface of any material (hard, soft, insulators, heterogeneous)
in a variety of environments (solution, air, vacuum, or gas). Among

Young poplar Untreated raw (UR)

Extractive-free (EF)

Holopulped (EH) Acid treated (EHA)

e Cellulose,
Lignin, cellulose, Hemicallulase Cellulose
hemicellulose > SR >
some lignin
Cryotomed Deionized water Dichloromethane Gladalacticado Hydrochloricacid
20 pm thick Sodium chlorite

FIGURE 1 | Chemical steps for delignification process starting from a cryotomed young poplar. AFM studies are carried out at each step of the process, i.e., on
untreated raw (UR), extractive-free (EF), holopulped (EH), and acid-treated (EHA) samples (adapted from Farahi et al. (2017)).
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the basic modalities of AFM, amplitude-modulation atomic force
microscopy (AM-AFM) (Martin et al.,, 1987; Zhong et al., 1993;
Garcia and Perez, 2002; Garcia et al., 2007), also called tapping
mode, has provided large improvements to soft materials imaging
in general due to its non-invasive and non-destructive operation,
and molecular resolution. Lateral resolution is mostly determined
by the tip radius of curvature while subnanometric vertical
resolution is provided by the piezoelectric modulus and feedback
regulation used to control vertical displacements. In AM-AFM, the
cantilever is mechanically excited near or at its intrinsic resonant
frequency (typically in the range from a few tens to a few hundreds
of kHz) with a given amplitude. When the tip is brought to within
a few nanometers above the surface, the tip-sample interaction
changes the resonance frequency of the cantilever and leads to a
decrease of its oscillation amplitude whether the forces involved
are attractive or repulsive. To measure the force intensity and its
nature (attractive or repulsive), a laser beam (in most systems)
is generally positioned at the apex of the cantilever and reflected
to a position-sensing photodiode. The bending of the cantilever
induces a deflection of the laser resulting in a displacement of the
reflected beam on the photodiode. The new position is then used
to apply a retroactive feedback to maintain the amplitude of oscil-
lations (referred as a setpoint) of the cantilever.

AM-AFM has been successful in characterizing biomass
(Kirby et al., 1996; Salvadori et al., 2014; Farahi et al., 2017) and
in particular the architecture of plant cell walls at the molecular
level which in turn is essential in improving lignocellulosic feed-
stock properties (Zhang et al., 2013b, 2017; Keplinger et al., 2014;
Torode et al., 2018). AM-AFM mapping of cellulose topography
revealed the right-handed twisted nature of microfibrils and the
periodic distribution of glucose and fiber unit along the microfi-
brils (Hanley et al., 1997). Near-atomic resolution of the cellulose
structure was reached, revealing the triclinic structure of I crystal
phase (Baker et al., 2000). AM-AFM has also been useful in meas-
uring surface morphology and roughness changes after treatment
(Medeiros et al., 2007; Zhang et al., 2013a; Nanda et al., 2015).

In Figures 2A-D, the structural changes (morphology and
wall thickness) undergone by the PCW were revealed at each
chemical step of the delignification process detailed above. The
sharper and well-contrasted PCW appearance after exposure to
dichloromethane (EF image of Figure 2B) could be explained
by the removal of organics, leaving the sample surface cleaned
(Farahi et al, 2017). The UR and EF samples appeared very
similar with well-defined PCW preserving the cell structure and
having an average thickness of 3 um. However, the structures of
EH and EHA samples underwent considerable changes with an
average PCW thickness around 2 pum. With the lignin content
removed in EHA, the PCW started to collapse and the overall
cell sizes became smaller and compressed. The decrease in the
average thickness of PCW (Figure 2E, gray) along the process
was in agreement with the lignin removal.

3.2. Quantitative Force-Volume Mapping
(QFM): Mechanical Properties

Force measurements using AFM (Zdunek and Kurenda, 2013)
and derivative technologies such as quantitative force-volume

mapping (QFM) (Radmacher et al, 1996) and peak-force
(Adamcik et al, 2011) allow nanomechanical mapping with
nanometer scale lateral resolution, and measurements of forces
down to few piconewtons. These techniques are currently used
for mechanical characterization in cell biology (living cells) and
structural biology, including testing of cartilage (Heu et al., 2012),
bones (Spitzner et al., 2015), soft tissues (Burgert and Keplinger,
2013), and wood (Farahi et al., 2017). Similar to nanoindentation,
the main principle of force measurements is to calculate hardness
and elastic modulus from a load-displacement curve recorded
during a local indentation (Figures 3B,D-F).

In a single force curve, a local force measurement is realized
at a given position, corresponding to one pixel of the image, by
only recording the corresponding loading and unloading curves.
In quantitative force-volume mapping (Radmacher, 1997), single
force curves are measured at points on a 2D grid. Tip-sample
force is controlled by discrete force triggering at each point. Peak-
force is an advanced version of QFM in which the force curves
are acquired simultaneously with the topography mapping
(Adamcik et al., 2011; Durkovic et al., 2014).

During an indentation measurement, laser deflection versus
vertical (z) displacement is recorded continuously. In order to
extract useful quantities, the data are converted into force versus
tip/sample distance curves. The cantilever is approximated as a
linear elastic spring and its bending, D(2), is related to the applied
loading force of the indentation, P, and k the spring constant of
the cantilever according to Hooke’s law, P = —kD(z).

Nanomechanical information extracted from analysis of
force curve measurements include elastic and dissipative
components. Young’s modulus, E, can be calculated from the
slope of the unloading curve (Pharr et al., 1992) (Figure 3E)
using a suitable model, which depends on the tip shape and
dimensions (Bulichev and Alekhin, 1987), sample dimensions
(flat, spherical) and whether or not dissipative components
such as plastic deformation, adhesion, or viscosity are present
(Johnson et al., 1971; Derjaguin et al., 1975; Butt et al., 2005).
Dissipative components such as plastic deformation and adhe-
sion hysteresis are included in the force measured in quasi-
static equilibrium and can be extracted from a force—distance
curve. Determination of non-conservative or velocity-dependent
components requires dynamic force measurements (Herruzo
etal., 2014).

In addition to the Young’s modulus, a plasticity index (PI),
including plasticity and viscosity components, can be extracted.
From each indentation curve, the area comprised between the
loading and the unloading curves above the zero force line, A, isa
measure of the energy needed for the deformation and dissipated
into the sample, whereas the sum A, + A; is the maximal energy
that could be stored in the sample during the indentation (Butt
etal., 2005), with A, being the area below the unloading curve (see
Figure 3F). The plasticity index can then be defined as PI = A,/
(A1 + A) and can be used to discriminate components with dif-
ferent viscoplasticity. If PI = 1, the material is fully viscoplastic. If
PI = 0, it indicates a perfectly elastic behavior. Finally, adhesion
energy can also be extracted for the unloading curve as illustrated
in Figure 3E, where the A0 area shows the presence of adhesion
between the surface and the AFM probe.
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FIGURE 2 | Examination of poplar samples through the delignification process steps. (A-D) AM-AFM topographic images of untreated raw (UR), extractive-free (EF),
holopulped (EH) and acid-treated (EHA) samples showing the structural changes along the delignification process (image size 50 x 50 pm?). The average PCW
thicknesses extracted from the topographic images are plotted in (E) (gray curve). (e) Images: Young’s modulus (GPa) mappings for each type of samples extracted
from quantitative force-—volume mappings. Image size is 5 um x 5 um. The corresponding average Young’s moduli values (E) are reported in red. Blue triangles:
Average values of the plasticity index (Pl) extracted from the quantitative force-volume mapping. Data from Farahi et al. (2017), revisited.

Examples of E (Figure 3B) and PI (Figure 3C) mappings
extracted from an untreated raw poplar sample were correlated
with the topography image in Figure 3A (Farahi et al., 2017). The
E mapping showed strong Young’s modulus heterogeneity. Force
curves shown in Figures 3D-F are discrete curves measured
at the marked points in Figure 3A. They were chosen at three
regions of the sample to illustrate different mechanical behaviors.
In Figure 2D, the loading and unloading curves were super-
imposed showing a perfectly elastic behavior. In Figures 3E,F,
the unloading curve is below the loading curve, translating into
viscoplastic properties. In addition, adhesion between the tip and
the surface during unloading (orange region) was observed in
Figure 3E. The PI values in the mapping of Figure 3C varied
between 0 and 1, therefore indicating regions with strong elastic
or viscoplastic behaviors.

Quantitative force-volume mapping has been used to study
the nanomechanical properties of plant cell walls at every step of
the delignification process (Peaucelle, 2014; Farahi et al., 2017).

As illustrated in Figure 2, the Young’s moduli varied toward
lower values as the lignin was removed with a decrease from
4.7 +0.7 GPafor UR to 0.34 + 0.07 GPa for EHA therefore suggest-
ing total removal of the hemicellulose and lignin from the sample.
Interestingly, the average values of PI (blue curve in Figure 2E)
evolving around 0.5 for the UR, EF, and EH samples, revealed an
important difference after acid treatment (EHA) showing a nearly
perfect elastic behavior which did not seem to be directly related
to delignification but mainly to the removal of hemicellulose.

3.3. Mode Synthesizing Atomic Force
Microscopy (MSAFM) and Hybrid Photonic
Force Microscopy (HPFM): Chemical
Composition

Chemical composition is another sought-after parameter when

investigating plant cell walls or biological samples. Simultaneous
mechanical and chemical mapping have been obtained using
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FIGURE 3 | Topographic (A) and associated mechanical imaging (B,C) (Young’s modulus (E) and plastic index (Pl) mappings) (scale bar 1 um) obtained on an
untreated raw poplar cell wall. (D-F) Discrete force curves extracted at the marked localizations on the topographic image (A). Red and black curves correspond to
the loading and unloading during tip indentation [inset (D)], respectively. (D) gives an illustration of elastic behavior and (E) of plasticity with adhesion (AQ). S, the
slope obtained by fitting the beginning of the unloading curve, is used to calculate the Young’s modulus. A1 and A2 in (F) are two parameters used to access the

mode synthesizing atomic force microscopy (MSAFM) (Tetard
et al., 2008, 2010, 2011) and the additional spectroscopic capa-
bilities of hybrid photonic nanomechanical force microscopy
(HPEM) (Tetard et al., 2015; Farahi et al., 2017). Capitalizing on
the nonlinear probe-sample forces, microscopy with MSAFM
offers a way to image soft samples and probe nanostructures that
are below their surfaces (subsurface imaging). Briefly, in MSAFM
multiple mechanical excitations (e.g., with megahertz frequencies)
introduce small mechanical actuations within the sample and
the probe, resulting in a coupled probe-sample dynamics. This
intended coupled dynamics assumes that the system possesses
suitable mechanical dispersion and supports a propagation mode
in the megahertz spectrum. In a typical example such as consid-
ered here, two forcings, that is, driving forces with frequencies m,
and o, respectively, are delivered to the probe via piezoelectric
elements driven by waveform generators (Farahi et al., 2017).
In both MSAFM and HPFM, the specific type of driving of the
sample and the probe is selected based upon the specific applica-
tion and the need for accessing subsurface, topographical, or
chemical information. In general, both the probe and sample can
be driven (Tetard et al., 2008) via any number and combination
of waveform. In either case, the probe-sample interaction via the
van der Waals force allows for synthesis of new oscillation modes
in the system. For the case considered, two modes in the first
order coupling are generated: a sum frequency of w; = @, + o
and a difference frequency of m- = o, — w,|. The response signal
at o- is of greater interest since it can be set in the kHz range
and be readily monitored with phase-locked loop techniques. In
general, from the effect of various interactions (elastic, dissipa-
tive, etc.), a measurement of the amplitude and phase properties

of the probe at the difference frequency, o- (or other selected
frequencies), high-resolution subsurface images formed by the
contrast due to the variations in elasticity, mechanical losses, etc.,
of the surface and subsurface material domains are constructed.
Thus, the contrast measured from the dynamics of the probe can
be used to obtain morphological and chemical distinctions in the
examined materials. To achieve specific compositional informa-
tion, HPFM introduces amplitude modulated infrared light with
a wavelength A to the sample at the difference frequency, creating
yet another mechanical actuation based on the photothermal
absorption of the sample. Mid-IR quantum cascade lasers (QCL)
are useful excitation sources since they can be modulated and set
at a wavelength to maximize composition-dependent absorption.
The induced photothermal effect is exploited, where the absorp-
tion of light decays into heat, which in turn is conducted away as
it dissipates. The resulting thermal expansion and relaxation is
the source of a third mechanical actuation by photonic excitation
at Wocr — ., which is associated with the absorption properties
of the sample.

HPFM and MSAFM were used in conjunction with confocal
Raman microscopy to characterize the distribution of chemical
species at the nanoscale on poplar cross-sections (Tetard et al.,
2015). Confocal Raman microscopy was first performed over the
cell wall to spatially identify the cellulose-rich and lignin-rich
regions (Figure 4A). Simultaneous AFM (Figure 4B), MSAFM
(Figure 4C), and HPFM (Figure 4D) were then carried out over
the same region. With the MSAFM image, new detail was found
in the lignin-rich region compared to the AFM image, such as the
structures within the dashed circled regions. The MSAFM signal
was also able to detect substructures in the cellulose-rich region.
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FIGURE 4 | Demonstration of HPFM compared to confocal Raman, AFM, and MSAFM on EF (extractive-free) poplar cell wall. (A) Confocal Raman image showing
lignin-rich (pink) and cellulose-rich (blue, green) regions. (B) Simultaneous AFM image showing only topography. (C) MSAFM image at difference frequency,

o_ = 26 kHz, brings additional clarity to the lignin structures indicated by the dashed circled regions. (D) HPFM image at photonic actuation, oac. = o_ = 26 kHz,
reveals additional detail of the near-surface cellulosic globules shown outlined. Adapted from Tetard et al. (2015).

The cellular ultrastructure was further revealed with HPFM with
the addition of modulated infrared light at A = 10,200 nm at
Wocr = ®- = 26 kHz. Cellulose and lignin both absorb light at
A = 10,200 nm, but at different absorption intensities, resulting
in contrasted signal (Figure 4D). The surface and subsurface
structures disclosed remarkable detail, especially in the cellulose-
rich region and the small grain-like structures outlined in black
were interpreted to be cellulosic microfibril aggregates (globules),
which are known to be located in the secondary cell wall (Salmén,
2004). MSAFM was also used to study the effect of holopulping
treatment on holocellulose poplar sections. It was reported that
the holopulping process, intended to oxidatively remove the
lignin network in the cell, appeared to affect mostly the middle
lamella as well as the cell corner regions (Tetard et al., 2011).

4. CONCLUSION

From the review of the reported case studies, we conclude that the
AFM based measurement science and technology for exploring,
manipulating, understanding, and relating the different proper-
ties of plant cell walls constitutes an emerging area of research
within the plant biological material characterization. Given
the current state of the understanding of the plant cells, there
is a tremendous need for innovative approaches to microscopy
and spectroscopy that can aid, for example, the development of
efficient protocols for polysaccharides extraction in plants and
further bioethanol production. From the considered studies to
date, it is not difficult to form the opinion that understanding
how the different molecular components of the plant cell walls
are intermingled and distributed and how these impacts the
mechanical properties of the plants will help in developing opti-
mized process for overcoming recalcitrance. Indeed, the AFM
techniques, being nondestructive and amenable to operation
under ambient conditions with specimens in their native states,
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