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Abstract

Lignocellulosic biomass is receiving growing interest as a renewable source of
biofuels, chemicals and materials. Lignocellulosic polymers and cellulose nanocrystals
(CNCs) present high added-value potential in the nanocomposite field, but some issues
have to be solved before large-scale applications. Among them, the interaction between
polymers at the nanoscale and the effect of the external parameters on the mechanical
properties have to be more precisely investigated. The present study aims at evaluating
how the relative humidity affects the reduced Young’s modulus of lignocellulosic films
prepared with crystalline cellulose, glucomannan, xylan and lignin and how relative
humidity changes their nanoscale adhesion properties with CNCs. Using atomic force
microscopy and force volume experiments with CNC-functionalized levers, increasing
the relative humidity is shown to decrease the Young’s modulus values of the different
films and promote their adhesion forces with CNCs. In particular, CNCs more strongly
interact with glucomannan and lignin than xylan, and in the case of lignin, the oxidation
of the film promotes strong variations in the adhesion force. Such results allow to better
understand the lignocellulosic film properties at the nanoscale, which should lead to an

improvement in the production of new highly added-value composites.
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1. Introduction



The development of novel and advanced biobased materials has been shown as a
priority to limit the use and dependence on fossil fuels [1]. Material characteristics such
as nonhazardous, lightweight, low cost, eco-efficient and available are expected to
describe suitable alternatives for sustainability. Resource scarcity and global climate
change have recently generated a growing interest in lignocellulosic biomass as a
renewable source of biofuels, chemicals and materials [2]. Lignocellulosic biomass, as
forests, agroresources and agricultural by products, offers high potential as a sustainable
platform to produce a wide variety of chemicals and polymers beyond traditional
applications in various fields (packaging, building materials, paperboard, etc.) [3, 4].

Known examples of applications include the combination of plant fibers from
different sources with a polymer matrix into composite and/or nanocomposite materials
[1] or the use of polysaccharide nanocomposites for new high-value applications [5].
Plant fibers are composed of bundles of highly crystalline cellulosic nano- to
microfibers with diameters from 5 nm to 25 um. The latter structures are embedded by
hemicelluloses and lignin with minor amounts of pectin, extractives and ash [6]. The
mechanical performance of natural fiber composites depends on the interfacial bonding
between not only the fiber surface and the matrix but also the polymers within the fiber
cell wall [7]. For ten years, polysaccharide nanocomposites of cellulose nanocrystals
(CNCs) have been a promising nanomaterial, due to the excellent optical and
mechanical properties of CNCs [8] as well as their homogeneous distribution of sizes
[9, 10]. Their large specific surface area (approximately 465 m? g!) provides the
potential for interfacial load transfers considerably higher than those achieved with
microfibers, thus, enabling a wide range of applications for not only the aforementioned
nanocomposites but also advanced materials such as biomedical products, paints, thin
films, optical and protection coatings, and electronics [11]. For those different
applications, one crucial property of CNCs is their surface chemistry. CNCs are rod-
shape particles fully covered by hydroxyl groups. These —OH groups allow the
formation of intra- and intermolecular hydrogen bonds, which determine the
morphology and reactivity of CNCs. Thus, hydrogen bonding, van der Waals dispersion
forces and electrostatic forces are the key noncovalent interactions between CNCs and
various polymers, mainly hemicelluloses in plant fibers [12] and bioinspired hydrogels
and films [13], lignin and polyelectrolytes in antireflective and anti-UV transparent
films [14, 15]. Moreover, the reactivity of hydroxyl moieties allows the covalent
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grafting of CNCs thanks to numerous chemical processes, as described in the literature
[16]. Thus, understanding the interaction between CNCs and other lignocellulosic
polymers is a topic of broad interest for developing new biobased and sustainable
nanocomposites. Indeed, the final properties of such materials strongly depend on the
structure of the polymers involved and on the strength of the bonds formed between
them, which directly impact the mechanical properties of the final products.

In addition to the structure and intrinsic properties of lignocellulosic materials,
external parameters also play a key role in the final performance of the nanocomposites.
Indeed, the physicochemical properties of lignocellulosic materials depend on the
relative humidity of air and the hygroscopic behavior of the polymers. For example,
hydrophilic polymers as hemicelluloses can uptake a high amount of water molecules,
especially under high relative humidity (RH) conditions, compared to that of
hydrophobic amorphous lignin and crystalline cellulose [17]. As a consequence, RH
variations can lead to changes in the polymer structure, thus, modifying the physico-
chemical, mechanical, and barrier properties of the arising composite films that could
impact their functionality and future performance [18]. Indeed, an increase in relative
humidity can promote the swelling effect due to the uptake of water molecules by
lignocellulosic polymers [17, 19, 20] thereby inducing changes in their mechanical
properties, as shown by experimental studies and atomistic simulations [20-22]. The
sorption of water molecules can induce changes in macromolecular conformation and
noncovalent interactions such as hydrogen bonds between polymer chains. The impact
would be even more complicated for complex assemblies such as nanocomposites made
of crystalline cellulose and amorphous polymers such as lignin and hemicellulose. It is
then of prime importance to initiate relevant experiments to study at a small scale the
RH variation in mechanical properties, such as the adhesion or the Young Modulus
(YM), of lignocellulosic films.

Different biophysical techniques, such as a quartz crystal microbalance (QCM)
or surface plasmon resonance (SPR), can be used to obtain relevant information on the
interactions between cellulosic, hemicellulosic, or lignin-based polymers [23, 24].
However, these are indirect methods for adhesion force measurements and only work at
the liquid/solid interface. Moreover, some effects, such as population heterogeneity,
crowding effects, transient phenomena, among others, can be typically hidden in the
measured average value [25]. For this reason, nanoscale techniques, such as atomic
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force microscopy (AFM), are desired to measure nanomechanical properties. AFM is a
technique where the probe, usually a sharp tip, interacts with an external sample surface
to map the topography of a sample with nanometric resolution. In addition to
determining the topography by performing force-distance curves, it is also possible to
achieve quantitative measurements of the YM or to measure the interaction between
individual biomolecules. Quantitative nanomechanical modes are now commonly used
for different systems, including CNCs and lignocellulosic films [26-29] and allow to get
reliable measurements of the nanomechanical properties. Nevertheless, to perform
adhesion force measurements with functionalized tips, Force-Volume (F-V)
experiments are still preferred[30, 31]. Such experiments are allowed by covalently
attaching the biomolecule of interest to a tipped/tipless AFM lever and then measuring
the adhesion forces involved between the tip and the sample. Many systems including
protein unfolding, antibody/antigen, streptavidin/biotin or even cellulose/hemicellulose
[32] have already been studied. The main issue with adhesion measurements is linked to
the tip or lever functionalization, which remains difficult, especially for cellulosic and
lignocellulosic polymers. Many chemical procedures using linker molecules have been
developed [33], but in regard to functionalization with CNCs (for instance, by using
such protocols), unreacted linker molecules can interfere during the SMFS data
acquisition. To overcome this limitation, Langmuir-Blodgett (LB) technology has been
reported as a suitable method to attach cellulose in the form of rod nanoparticles
(CNCs) and with a controlled coverage [34].

In this study, AFM and its related nanomechanical modes were used to investigate the
effect of RH on the YM of model films based on lignocellulosic polymers (CNCs,
hemicelluloses (glucomannan and xylan), lignin and oxidized lignin) and on the
adhesion values between these films and CNCs. Thanks to the controlled CNC coverage
of an AFM lever, precise adhesion measurements were performed at different RHs, and
the impact of variations in the film YM on the adhesion properties was investigated.
The quantification and characterization of the intermolecular forces driven at the
nanoscale level represent a preliminary step towards promoting the design of new fully

biosourced and performant composites using lignocellulosic polymers.

2. Experimental procedures



2.1 Materials

Reagents and analytical-grade solvents were used following the indications of the
manufacturer. Dioctadecyldimethylammonium bromide (DODA) and sodium hydroxide

(NaOH) were supplied from Sigma Aldrich, France.

2.2 Film preparation

CNCs films: CNCs were prepared from bleached ramie (Boehmeria nivea) fibers
(Stucken Melchers, Germany). Small fragments were treated with a solution of 2 %
NaOH (w/v) at 20°C for 48 h before performing hydrolysis overnight with 65 % (w/w)
H>SO4 at 35°C under constant stirring. The resulting suspensions were washed with
water until neutral pH and dialyzed using a 6 000 molecular-weight-cutoff regenerated
cellulose membrane. The resulting CNC suspensions were diluted to an appropriate
concentration, sonicated for several mins using a Sonics vibra-cell (750 W, Fisher-
Bioblock, France) and stored at 4°C before use. The mean value crystal dimensions
(section of 5-6 nm and length of 130 nm + 50 nm) were estimated from AFM images by
statistical analysis of the cross section profiles on single rods of dilute nanocrystal
suspensions deposited on a silicon wafer [35]. CNC films were prepared by casting the
mixtures in glass Petri dishes via pouring 2.25 mL of 1.8 % CNC and incubating at

room temperature overnight.

Hemicellulose films: Konjac glucomannan (GM, low viscosity, Megazyme) and xylan

(XYL) isolated from oat spelt [17] were suspended in water/ethanol absolute grade
(97:3, v/v) before heating at 100 °C with mild stirring until complete solubilization (15-
20 min). The solution was cooled to room temperature, and the volume adjusted with
water to obtain solutions of 10 g/L. (w/v). The solutions were centrifuged at 10 000
revolutions per minute (rpm) for 10 min at room temperature. The stock solutions were
stored at 4 °C before use. GM and XYL films (30 um * 2 um) were prepared by casting
stock solutions in a Petri dish or in a rotating Teflon tube under a nitrogen flux,

respectively, at ambient temperature for 24 h.

Lignin films: Lignin was isolated from maize stalks (Zea mays L.) using a mixture of

dioxane and 0.2 M hydrochloric acid (9/1 v/v), according to the procedure described by
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Monties [36]. The chemical and structural characteristics were detailed in a previous
work [37]. Lignin was dissolved at 10 g/L in aqueous dioxane (9/1, v/v), and 30 uL of
this solution was spin-coated onto a silicon wafer (slide of 1 cm?) using a commercial
spin-coater (Speedline Technologies, USA) at 4 000 rpm. Prior to coating, the silicon
wafer was cleaned in a freshly prepared Piranha solution for 30 min., rinsed with
ultrapure water exhaustively and placed in a jar for silanization with APTES (3-
aminopropyltriethoxysilane, Sigma-Aldrich, France) in the vapor phase for 3 h after the
elimination of ambient air. The lignin-coated wafer was then dried by heating under
vacuum at 70°C for 1 h to drive off the dioxane. In the particular case of lignin films,
knowing that lignin is sensitive to the oxidation, an oxidative pretreatment was
performed by laccase-oxidized ABTS to increase the stability of the film by the
oxidation of phenolic groups to quinones without a detectable change in the molecular
weight distribution [33]. Some of lignin-coated wafers were treated with 1 mM oxidized
ABTS (2,2’-azinobis  (3-ethylbenzethiazoline-6-sulfonate, Sigma-Aldrich) via
incubation with laccase from Pleurotus ostreatus (E.C 420-150-4, Sigma-Aldrich)
according to Kent’s method. Following the treatment, the samples were rinsed
thoroughly with ultrapure water (resistivity of 18 mQ.cm) and dried before AFM and
force volume measurements. The thicknesses of the native lignin (LIG) and oxidized
lignin (OX-LIG) films were determined by spectroscopic ellipsometry rendering similar

thickness of 57.0 £ 0.9 nm.

2.3 Langmuir-Blodgett functionalization of CNCs

Tipless AFM levers were treated with a UV-ozone exposure (Bioforce Nanosciences,
USA) for 30 min before their use to expose the silicon dioxide chemistry (SiO2). The
LB technology was exploited as reported elsewhere [34]. A DODA chloroform
amphiphilic solution (1 mg. mL!) was spread on the CNC suspension (0.05 %, w/v)
freshly prepared and poured into a KSV mini-trough [KSV Technology, 75 x 330 mm
minitrough, Finland] [35]. The surface pressure (TT mN/m) was monitored using a
Wilhelmy balance to control the formation of the CNC layer at the air/water interface.
Three values of m were defined to transfer the CNC layer onto the AFM levers at three
different densities (5, 15 and 30 mN/m). The film compression and further vertical
dipping rates were fixed at 2.0 mm/min and 0.1 mm/min, respectively, with a constant

temperature of 25 £+ 1 °C. Finally, the remaining DODA molecules were eliminated with
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subsequent chloroform, dilute NaOH and MiliQ water washes (3 x 5 min) [11]. The
functionalized AFM tipless levers with CNCs were stored under a protected atmosphere

until their use.

2.4 Atomic Force Microscopy

All experiments were performed with a Multimode-8 AFM setup from Bruker (Santa
Barbara, CA, USA). The different experiments, including adhesion measurements, were
willingly performed in air. Indeed, as the objective of the study was to mimic the
interaction between lignocellulosic polymers for application in composite materials, the
proper medium is the ambient environment. Furthermore, measurements in aqueous
media could lead to wrong results as the water could change the structure of the
different lignocellulosic films and even dissolved them. To be as close as possible of the
applications, the RH was the key parameter that was changed during the measurements.
A specific setup was mounted to precisely control the RH during all the AFM
experiments. A sealed chamber was used to isolate the AFM head, and the RH inside
the chamber was controlled by a Wetsys system (Setaram Instrumentation, France). A
Tynytag device (Gemini Data Loggers, UK) monitored the RH for all image
acquisitions with a negligible error for the whole setup of 0.3 % RH. RHs of 15, 45, 65,
and 95 % were used for the different experiments. Topography AFM images were
acquired using PeakForce tapping mode in air [38-41]. This operational mode benefits
of the accurate control of tip-sample interaction forces measured by the bending of the
AFM cantilever, preventing lateral forces due to intermittent contact with the sample.
Continuous force-distance curves were executed at a constant frequency of 1 kHz
enabling acquisition rates from 0.7-0.9 Hz.. Silicon ScanAsyst air triangular levers with
a nominal spring constant of 0.4 N/m (Bruker Probes, USA) and ultrasharp tips (a
nominal tip radius of curvature of 2 nm) were used for topography measurements.
Representative AFM images of 5 um x 5 um from each lignocellulosic film were
analyzed by using the root mean square roughness parameter (Rq). The Rq parameter
was measured for at least three representative AFM images that came from different
areas of each film, and at least three different samples for each film were studied. The
resolution of all AFM images were of 512 x 512 data points All raw images were

rendered using Nanoscope analysis 1.8, with exception to quantitative determination of



the coverage of CNCs on AFM levers which has been performed with Gwyddion [42]
software.

The reduced YM was determined for all the films using the Peak Force Quantitative
Nanomechanics (PFQNM) mode of the AFM. This mode displays a force-distance
curve at each image pixel, and the treatment of the curves allows the measurement of a
reduced YM for each pixel. For the PFQNM measurements, AFM TAPS525 tips were
used (Bruker probes, USA) with a nominal spring constant of 200 N/m and a nominal
resonance frequency of 525 kHz. The vertical AFM probe oscillation frequency was 1
kHz. The high nominal spring constant of 200 N/m was in consonance with the
expected YM previously reported on the order of a few GPa [28]. The deflection
sensitivity was calibrated by running force-distance curves on a clean hard sapphire
surface in at least 3 different areas to obtain an average value. The feedback loop was
adjusted using the Sync distance parameter calibrated on a sapphire surface provided by
Bruker. The AFM lever spring constant was estimated using the Sader method [43]. The
tip radius was determined by scanning a sharp-edged titanium roughness sample (model
RS-15M, Bruker Probes, USA). The tip radius was tested before and after each
measurement to visualize potential broadening effects that might have occurred during
image acquisition [44]. The applied force was 200 nN. To extract the reduced YM,
mainly three models exist, the Hertz [45], the Johnson, Kendall and Roberts (JKR) [46]
and the Derjaguin, Muller and Toporov (DMT) [47]. Regarding the characteristics of
the tips and the adhesion properties of the different films, the more appropriate model is
the DMT (eqn. 2); it takes into account the role of van der Waals forces that act along

the contact area perimeter, being not negligible for sharp tips.
F =§E* R +F, (2)

where F is the applied force, 1 is the indentation depth, Faan is the adhesion force of the
AFM tip from the substrate surface, and R" is the reduced radius that is correlated with
the AFM apex tip radius (Rindenter) and the radius of the measured surface (Rsurface) (€Qn.
3).
1 1 1
T = + 3
R R )

indenter Rsmface

where E” is the reduced elastic modulus, which serves to calculate the YM from the

sample of interest (E) (eqn. 4).
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including the modulus of the tip (Eip), and the Poisson ratios (v and vip for sample and
tip, respectively). According to previous work on plant cell walls, v is defined as 0.3
[48]. We considered the use of E* to be more accurate, given the anisotropic
composition of cellulose [49]. For the PFQNM mapping of each film, a scan size of 5
pum x 5 um was defined. Mappings of 512 x 512 pixels were performed at a scan rate of
0.4 Hz. At least three different films for each type of polymer and three areas for each
film were studied. All pixels from the DMT channels were taken into consideration for
the analysis of each image, allowing for more than 500 000 analyzed curves for each
YM measurement. The final average YM value was deduced from the maximum of the
Gaussian distribution associated with the measurements [28]. Typical YM distribution
are shown in Fig. SI 2 for different humidities. The R? parameter of each distribution

was systematically calculated for each distribution and superior to 0.9.

For the adhesion measurements, the functionalized levers (as described in a previous
paragraph) were used. Three different coverages of CNCs on the AFM lever (17.6 £5.5
%, 32.8 £ 6.9 % and 55.8 = 5.5 %) were used in this study corresponding to 3 different
values of 7 (5, 15 and 30 mN/m). A typical image showing the lever prepared at 15
mN/m is shown in Fig. SI 1 and the full procedure to characterize the different
functionalized AFM levers could be found in [34]. The deflection sensitivity and spring
constant of the AFM levers functionalized with CNCs were acquired as previously
described. The functionalization has a negligible effect on the spring constants of the
levers with values varying from 0.388 to 0.395 N/m whatever the CNC coverage. As
preliminary experiments have shown that the adhesion forces between then CNCs and
the different lignocellulosic polymers were not rate dependent, the small variation of the
spring constant does not affect the measurements. The intermolecular forces between
lignocellulosic films and AFM levers functionalized with CNCs by LB at 3 different
values of 7 (5, 15 and 30 mN/m) were determined for increasing values of RH (15, 45,
65 and 95 %). As the capillary forces between the functionalized AFM tip and the
external sample surface can depend on several parameters such as contact angle, size of

the object, temperature [50] and RH [51], all the parameters were kept constant except
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the RH. Unmodified AFM levers were also tested as negative control on the
lignocellulosic films for the same values of RH showing no specific adhesion (Fig. SI
5). The experiments were carried out with the same equipment described above,
working in Force-Volume mode (F-V) in air. F-V allows for real-time mapping of local
areas providing quantitative adhesion forces between the functionalized AFM lever and
the external substrate surface. The topography and adhesion force maps were acquired
simultaneously. As with the previous AFM experiments, at least three samples for each
polymer were studied, and three different areas were scanned on each sample.
Representative areas with scan sizes of 5 um x 5 um and 2 um x 2 pm are shown in the
paper. The forward and reverse tip velocity was fixed at 636 nm/s for all films. All
SMFS measurements were defined at 48 pixels per line, allowing for more than 2 300
force curves in each image. All AFM analysis of the lignocellulosic films were
performed after 2 h at each RH. This aspect serves to ensure that the lignocellulosic
films have reached the equilibrium state given to previous work on sorption isotherms
[17]. The topography of each of the three functionalized AFM levers was recorded
before and after F-V mapping to check that the CNCs remained attached and maintained
their integrity. The mean rupture force values were obtained by plotting histograms
fitted by Gaussian distributions as the typical ones shown in Fig. SI 5. For each
distribution the R? parameter was calculated and was generally superior to 0.90 except
for scattered data as we observed for force-distance curves of unmodified AFM levers
(Fig. SI 7). To serve as a control, unmodified AFM levers were also tested in the same
conditions than CNC-functionalized AFM levers. The adhesion forces of unmodified
AFM levers with lignocellulosic films were significant greater than with CNC-
functionalized levers due to a higher load contact area between both surfaces (Fig. SI
6). The force distributions were broad and difficult to be fitted by Gaussian equation

(Fig. SI 7) showing unspecific interactions.

3. Results and discussion

3.1 Characterization and morphology study of the different lignocellulosic films at

different RHs

The topographies of the different films were acquired to analyze their morphologies.
Topography AFM images provide three-dimensional information (X, y and z) including

the roughness values of the films. Representative AFM images from CNC,
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glucomannan (GM), xylan (XYL), lignin (LIG) and oxidized lignin (OX-LIG) films at
45 % RH are depicted in Fig. 1. The morphology of CNC rods was found to be similar
to what has been previously described [34], where the mean values of length and height
were 180.9 + 12.5 nm and 6.3 = 0.4 nm, respectively (Inset, Fig. 1 A). GM films
showed long filaments on their surface (Inset, Fig. 1 B). These fiber features have been
previously observed by electron microscopy and AFM [28, 52]. In contrast, XYL did
not exhibit these structures (Inset, Fig. 1 C), as previously described [28]. LIG films
displayed randomly distributed nodules (Inset, Fig. 1 D) [15]. Finally, although the
OX-LIG films displayed a similar nodular morphology, some cracks could be observed.
(Inset, Fig. 1 E). The root mean square (Rq) parameter was calculated for each film at
45 % RH (Fig. 1 F). The XYL film presented the highest value of Rq with 23.6 + 1.8
nm, followed by OX-LIG, LIG, GM and CNC films (20.1 = 1.7 nm, 10.0 = 0.5 nm, 9.1
+ (0.7 nm and 6.2 + 0.2 nm, respectively). On average, the Rq roughness values obtained
for LIG films (10.0 £ 0.5 nm) were higher than previous values reported for lignin
isolated from spruce, wheat straw and eucalyptus (5.4 + 0.2, 4.2 £ 0.1 and 2.1 £ 0.1 nm,
respectively) [53]. This variation can be due to the morphology of the LIG features,
which is dependent on the lignin source and method of isolation, as well as the
techniques used in the film preparation. OX-LIG nodular features show higher heights
(Fig. 1 G) in comparison to LIG layers (Fig. 1 H). We hypothesize that this observation
is based on the expansion produced when the nodular lignin features crack after
oxidation process (Fig. SI 2 A). The evolution of the roughness of
cellulose/hemicellulose/lignin films was also monitored in the RH range from 15 to 95
% (Table 1). Negligible modification of the Rq parameter was observed for XYL, LIG
and OX-LIG films; the Rq variations are lower than 0.1 % for XYL, 1.0 % for LIG, 0.5
% for OX-LIG, 3.2 % for CNC and 5.6 % for GM films. Further analyses of the
nanomechanical properties of the different films is required to discern whether they are

affected by RH.

3.2 Effect of relative humidity on the reduced YM of cellulose/hemicellulose/lignin
films.

The reduced YM values of the cellulose/hemicellulose/lignin films were
determined at RH varying from 15 to 95 %. At RH of 45 %, the reduced YM values of
CNC, GM, XYL, LIG and OX-LIG were 10.3 £ 0.9 GPa, 5.1 £ 0.4 GPa, 6.4 £ 0.2 GPa,
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6.3 + 0.4 GPa and 11.0 £ 1.6 GPa, respectively (Fig. 3). Under this environmental
condition, the reduced YM values of OX-LIG and CNC films were higher than those of
the remaining lignocellulosic films. This observation can be related to the nature of each
film; CNCs presented highly crystalline rods, while the OX-LIG film showed entangled
nodular features.

Representative images of the DMT maps from these films obtained by increasing the
RH are shown in Fig. 2. The reduced YM values of CNC, GM, XYL, LIG and OX-LIG
films at different RHs are depicted in Fig. 3, indicating the formation of a homogeneous
distribution of each polymer at the film surface shown in the topography images (Fig.
1). For all plant cell wall polymers, the reduced YM of the films decreased with
increasing RH values. However, the extent of variation between RH 15 and 95 % for
CNC (from 10.9 GPa to 9.2 GPa, 15.6 % decrease) and LIG films (from 6.7 GPa to 5.8
GPa, 13.4 % decrease) was considerably weaker than that for XYL (from 7.6 GPa to 5.1
GPa, 32.9 % decrease), GM (from 9.4 GPa to 4.3 GPa, 54.2 % decrease) and OX-LIG
(from 13.8 GPa to 6.5 GPa, 52.9 % decrease) films (Fig. SI 3). The rather weak
sensitivity of CNC films to increasing relative humidity can be explained by the crystal
structure of the nanocrystals and the high aspect ratio of CNCs causing more points of
contact with other surrounding rods. These two physical characteristics produce two
main effects: i) greater reduced YM values due to the high compaction of CNC
nanorods inside the film and ii) lower water adsorption and/or immobilization of water
molecules probably due to the existence of some hydrophobic faces of cellulose
nanocrystals exposed to air [54] or of fewer interstitial voids between CNC rods (as
shown for CNCs films [17]).

The reduced YM values for GM and XYL hemicellulosic films (5.1 + 0.4 GPa and 6.4 +
0.2 GPa at 45 % RH, respectively) are in accordance with that of previous studies [22,
28, 55, 56]. The GM and XYL films exhibited strong decreases (54.2 % and 33.0 %
respectively) in the reduced YM between 15 % and 45 % RH. It is known that
hemicelluloses are polymers capable of high moisture sorption in comparison with other
plant cell wall polymers [17, 20]. Thus, the difference between GM and XYL reduced
YM values (9.4 = 0.6 GPa and 7.6 + 0.3 GPa, respectively at RH 15 %) can be
explained by the difference backbone substitutions (20 % arabinose for XYL and less
than 5 % for GM) as well as by their different molecular weights (45 kDa and 60 kDa
for XYL and GM, respectively) [17] inducing different intramolecular interactions

13



between the chains. In addition, GM contains three —OH moieties per glucose/mannose
unit, whereas XYL only retains two hydroxyl groups per xylose monomer. Therefore,
more water molecules can interact with GM than with the XYL polymer. Moreover,
XYL contains a weak amount of residual lignin (4 %) [17], which can be exposed at the
outer surface during film preparation. This residual lignin can interact physically and
covalently with the xylan backbone, yielding a tight lignin-carbohydrate network [6] to
provide a barrier against water.

In the case of the LIG films, increasing RH did not have significant impact on
the reduced YM (6.7 GPa and 5.8 GPa from 15 to 95 %, 13.4 % decrease). This result is
in agreement with a recent study on the hygromechanical properties of lignin [57] and
can be attributed to the hydrophobic nature of lignin, which can hinder the penetration
of water into the inner structure of lignin nodules [57-59]. However, the OX-LIG films
displayed a very distinct pattern. The first difference involved the elastic modulus,
which for OX-LIG (13.8 + 1.5 GPa) was twice that of the LIG films at 15 % RH (6.7 +
0.5 GPa). Such an observation can result from the formation of cross-linked lignin
structures by laccase-oxidized ABTS [60]. Accordingly, the formation of an oxidized
lignin network has been shown to enhance the tensile strength and mechanical
properties of colloidal materials [61]. Moreover, the mechanical properties of OX-LIG
films were drastically reduced with the increase in RH (from 13.8 + 1.5 GPa to 6.5 £ 0.6
GPa for 15 to 95 % RH), which was in contrast with the behavior of the LIG films. This
behavior is not due to change in the structure of the OX-LIG with RH increase as the
rugosity and the topographic features remain the same with the RH increase (Table 1).
As mentioned previously, the lignin network formed by the oxidation of the film surface
exhibit more cross-linkage between monomer units, with nodular structures connected
between them as 2D coil structures (Fig. SI 2). One difference between the LIG and
OX-LIG films is the fact that some cracks are appearing in the nodule surfaces and thus,
it could be assessed that when the RH is increasing, water molecules could penetrate to
the inner OX-LIG substrate through the cracks. As water acts as a plasticizer of lignin, it
explains the decreasing mechanical properties. Notably, the reduced YM is lowered
near the cracked areas due to the water uptake (Fig. SI 2 B). For all
cellulose/hemicellulose/lignin films, we observed the Rq roughness parameter as not
having a significant influence on the reduced YM. However, the RH can not only
influence the reduced YM of analyzed cellulose/hemicellulose/lignin films but also the
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adhesive properties between the films and CNC-functionalized AFM levers. A thorough
analysis of how RH impacts the interactions of CNCs with the rest of lignocellulosic

polymers is shown.

3.3 Effect of relative humidity on the adhesion properties between CNC-
functionalized AFM levers and the different films.

The intermolecular interactions between CNCs and pure
cellulose/hemicellulose/lignin films were assessed at the nanoscale using LB to
functionalize CNC rods on AFM levers. The AFM levers functionalized with CNCs at
= 15 mN/m were used and provided 32.8 + 3.4 % coverage of CNCs on the AFM lever
[34] (Fig. SI 1). The coverage percentage was expressed as the surface of the external
face of CNC rods per unit of AFM lever area. Although coverage of the AFM lever was
precisely controlled, SMFS experiments under air conditions can be affected by
capillary forces [62]. This phenomenon occurs when a water meniscus between both
surfaces forms by the condensation of air humidity [63]. Indeed, RH can affect
molecular bio-recognition by promoting hydrogen bond formation, and thus, adhesion
forces between an AFM probe and substrate, which is pronounced for polar polymers
(such as lignocellulosic components). Knowing that moisture also enhances the
hydrogen bonding between both materials of interest [64], the effect of RH on the
intermolecular forces between CNCs and cellulose/hemicellulose/lignin films was then
examined. Figure 4 shows the maps corresponding to the topography and the adhesion
forces between CNC-functionalized AFM levers and the CNC, GM, XYL, LIG and
OX-LIG films at 45 % RH. Representative force-distance curves for CNCs with the
cellulose/hemicellulose/lignin films are displayed in Fig. SI 4. Comparing the different
polymer films, the results show that adhesion forces between CNCs:GM and CNCs:LIG
are stronger than CNCs:CNCs, CNCs:XYL and CNCs:OX-LIG (25.7 £ 2.6 nN, 24.9 +
8.4 nN, 8.4 £ 0.5 nN, 8.8 + 4.8 nN and 8.4 + 2.2 nN, respectively at RH of 45 %, Table
2). Relative SD of adhesion forces is higher for XYL, LIG and OX-LIG substrates (54.5
%, 33.7 % and 26.2 %, respectively at RH of 45 %) in comparison with CNC and GM
films (6.0 % and 10.1 %, respectively at RH of 45 %), which could be explained by the
high roughness of these films compared to CNCs and GM (Table 1) and nodular
morphology. Surface geometry and roughness play a key role in the adhesion force
measurements and influence on the adhesion distribution [65].
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From these results, two distinct groups of lignocellulosic polymers differ from each
other: one with strong intermolecular adhesion forces with CNCs (between 20 and 35
nN) for GM and LIG films, and second with weaker intermolecular adhesion forces
(between 7.5 and 12.5 nN) for CNC, XYL and OX-LIG. These data are consistent with
previous work reporting strong interactions between konjac glucomannan and cellulose
[66]. Tensile strength, thermal stability, as mechanical properties are improved when
GM is blended with cellulose [67]. Concerning LIG films, the highly hydrophobic
nature of this polymer may promote the formation of ultrathin water layers at their
external surface. Water molecules could have detrimental effects on force volume
experiments directly interacting with the CNCs attached on AFM levers. That could
explain the high interaction between CNCs and LIG. In contrast, the situation differs
with OX-LIG. The laccase-oxidized ABTS pretreatment induces a decrease in the
content of phenolic OH groups, meanwhile increases the content in carboxylic groups
[68, 69]. These modifications seem to induce a decrease in adhesion forces between
CNCs and OX-LIG. Moreover, the other detrimental factor at the expense of stronger
interactions with CNC-functionalized AFM levers is the high roughness of OX-LIG
films (Fig. 1 F). The second example of weak interactions is CNCs:XYL film which is
in agreement with previous study reporting that XYL is not as closely associated with
cellulose as GM in plant [12]. XYL used in our study contained a weak percentage of
nonpolar phenolic compounds, which may prevent formation of hydrogen bonds if they
are located at the external film surface. Finally, CNCs:CNCs intermolecular adhesion
forces revealed to be weaker in air environment compared to CNCs interactions with
LIG and hemicelluloses films. It was expected to observe higher adhesion force values
due to the large number of potential hydrogen bonds that can be formed between CNCs
[70]. Short-range repulsive steric forces seems to dominate the interaction between
CNCs:CNCs surfaces due perhaps to the presence of ester sulfate groups negatively
charged at CNC surface (0.7 % w/w), even in the controlled humidity of the AFM
chamber, rendering the electrostatic and van der Waals bonds less important [71]. This
fact is due to hydrogen bonds based on permanent dipoles due to the significant
difference of electronegativity between the atoms which form the bond, while
electrostatic and van der Waals interactions the dipoles are temporary and thus, making
weaker and short-lived interactions. Other feasible explanation could be related to the
crystal structure of CNCs [28].When an external force is exerted by the functionalized
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AFM probe, CNCs from the film will suffer minor degree of deformation than the other
studied amorphous polymers, being thus no able to make contact with the lateral faces
of the CNCs rods which are present on functionalized AFM lever.

Once the impact of RH on adhesion properties at defined coverage of CNC-
functionalized AFM levers have been analyzed and show how their interaction with
cellulose/hemicellulose/lignin  films increases with RH. This observation is in
agreement with larger number of hydrogen bonds formed between both surfaces at high
values of RH. Now, we will focus on the effect of the CNCs coverage on intermolecular
interactions with cellulose/hemicellulose/lignin films modifying the contact area

between both surfaces.

3.4 Impact of CNCs coverage on the interaction with the different films

Finally, the effect of CNCs coverage on functionalized AFM levers on adhesion
properties with cellulose/hemicellulose/lignin films is also addressed at several values
of RH. Functionalized AFM levers with CNCs coverage of 17.6 £ 2.7 %, 32.8 £ 6.9 %
and 55.8 = 2.6 % were prepared by LB at Ttof 5 mN/m, 15 mN/m and 30 mN/m,
respectively [34]. As a general trend the data show that for all complexes, adhesion
forces were greater working with functionalized AFM levers with upper values of ©
whatever was the CNCs coverage of AFM lever (Fig. 5). Comparing the different
polymer films, the results show that adhesion forces between CNCs:GM and CNCs:LIG
are stronger than CNCs:CNCs CNCs:XYL and CNCs:0OX-LIG at 45 % RH for CNC-
functionalized AFM levers with a © of 5 mN/m; similar to what was previously shown,
higher values were obtained using a lever functionalized at 15 mN/m. The adhesion
forces increased up to 14.7 £ 1.5 nN, 42.6 £ 4.1 nN, 11.4 £ 2.5 nN, 48.0 + 17.5 nN and
16.8 + 4.8 nN when using the AFM lever functionalized at a © of 30 mN/m. In addition,
increasing the air RH induced significant changes in the intermolecular adhesive
interactions using AFM levers functionalized with a high CNC coverage (a m of 15
mN/m and 30 mN/m), whereas similar force values were achieved at a low CNC
coverage (a m of 5 mN/m). This phenomenon can be interpreted as the global
contribution of the external and lateral sides of CNC rods when the polymer complex
takes place. The quantity of available CNC lateral and outer sides was significantly
higher in the case of the AFM lever functionalized at a © of 30 mN/m. These results are
in agreement with recent data on hemicellulose films [34] and provide new insights on
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CNCs:CNCs, CNCs:LIG and CNCs:OX-LIG intermolecular interactions. The relative
SD of the adhesion force maintained similar values for the tested CNC-functionalized
AFM lever at a w of 5 mN/m (13.0 %, 6.0 %, 8.8 %, 5.8 % and 13.0 % for CNC, GM,
XYL, LIG and OX-LIG films, respectively at RH of 45 %). The relative SD reached
10.2 %, 9.6 %, 21.9 %, 36.4 % and 28.6 % for the same substrates when a CNC-
functionalized AFM lever at a m of 30 mN/m was used at the same aforementioned
value of RH. AFM levers with less coverage of CNCs expose less points of contact with
the cellulose/hemicellulose/lignin substrate, which minimizes not only the adhesion
between both surfaces but also the SD force distribution. All data regarding CNC-
functionalized AFM levers by LB at a © of 5 mN/m and 30 mN/m are recorded in Table
2.

3.5 Relation for the reduced Young modulus vs adhesion forces

To conclude, RH leads to a decrease in the YM of cellulose/hemicellulose/lignin films
to different degrees depending on the nature and structural state of the plant cell wall
polymer and promotes adhesion forces between CNCs and the other polymers. To
evaluate the relation between the reduced YM of a film and its adhesion properties with
CNC-functionalized levers, the case of LIG and OX-LIG films at different RHs is
illustrated (Fig. 6). A high coverage of CNCs (n = 30 mN/m) enabled discrimination of
the interactions between CNC-functionalized AFM levers and both lignin films. From
RH 15 to 95 %, the LIG film showed a small decay in the reduced YM (from 6.72 GPa
to 5.79 GPa, -13.8 %), but it showed increase interactions with the CNC-functionalized
AFM lever (from 43.6 nN to 54.0 nN, +23.8 %). The thickness of the water layer
deposited on the LIG film might have been greater at high RH, thus, causing greater
adhesion force events between both surfaces. The elastic deformation of the LIG film at
high RH could promote the interaction between the LIG film and the lateral CNC rod
faces. On the contrary, when the RH ranged from 15 to 95 %, the OX-LIG film
displayed a significant decrease in the reduced YM (from 13.8 GPa to 6.5 GPa, -52.9
%), whereas a constant increase in adhesion forces (from 15.8 nN to 17.1 nN, 8.2 %)
was evident. These findings suggest that the relation between Young’s modulus and
adhesion forces according to RH can be changed after simple oxidation of lignin by
ABTS. We can hypothesize that either the oxidation makes lignin more sensitive to

water in the core of nodules with some change in the distribution of chemical groups on
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the surface which induce increase in Young’s modulus without change in adhesion
properties in the studied RH range. High-level water uptake was already observed after
the oxidative reaction by Fenton’s reagent of films made of cellulose and lignin [37,
72]. Thus, the change in adhesion properties on OX-LIG in comparison with that on the
LIG film can yield important applications for the production of nanocomposites with
novel properties [61].

Finally, an overview of how the variation in the effect of RH impacted the YM
values of the lignocellulosic polymers and the adhesion forces using CNC-
functionalized AFM levers at a ® of 5 mN/m, 15 mN/m and 30 mN/m is shown in Fig.
SI 8. When the coverage of CNCs on the AFM lever was low (17.6 £5.5 % at am of 5
mN/m), no strong relation existed between the adhesion forces and YM values of the
films. This fact is linked to the low differences in intermolecular forces formed between
both surfaces. At higher coverages of CNCs on the AFM lever (32.8 £ 6.9 % and 55.8 +
5.5 % at a m of 15 and 30 mN/m, respectively), two regions exist where it is possible to
discriminate the films studied. As previously shown, the LIG and GM films were
located at the upper region in their opposition with cellulose, while the XYL and OX-
LIG films where are placed at the lower region of Fig. SI 8. Thus, it is important to
point out that controlling the coverage of the polymer of interest on the functionalized
AFM lever is a key factor when addressing interactions with the analyzed

lignocellulosic films.

4. Conclusions

Here, we studied the impact of RH on the adhesion properties between five
lignocellulosic films (GM, XYL, CNCs, LIG and OX-LIG) and AFM levers
functionalized with different coverages of CNCs and how RH affects to the reduced
YM of these films. The reduced YM of the lignocellulosic films are impacted by
increasing the RH. The variation in the reduced YM with respect to RH is more
remarkable for the GM, XYL and OX-LIG films, which is in agreement with the water
sorption capacities of these polymers. However, strong differences are observed
between the LIG and OX-LIG films. The LIG film better conserves the YM property
with varying RH, proving to be an excellent moisture barrier. In the case of OX-LIG,
the morphology of its nodules, where extensive cracked regions are observed, could

serve as a trigger factor to induce water uptake in this film. Moreover, the interaction
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forces between AFM levers functionalized at different coverage of CNCs and
cellulose/hemicellulose/lignin  films at different RH were measured. We provide
evidence that CNCs partake in stronger interactions with the LIG and GM films with
respect to CNC, XYL and OX-LIG substrates. The increase in RH promotes
interactions between the CNC-functionalized AFM tipless levers and
cellulose/hemicellulose/lignin films. This observation is a consequence of the increased
number and increased strength of the chemical bonds involved in the complex.

Conditions of high RH enable the formation of hydrogen bonds.

We hope that our promising SMFS study can shed light on how lignocellulosic
polymers interact among one another at the single molecule level. Our findings can
provide a better understanding of the mechanism behind how these plant cell wall
polymers interact with each other, which can elucidate the mechanism that governs the
adhesion processes. The quantification and characterization of the intermolecular forces
driven at nanoscale level represent a preliminary step towards promoting the design of
new fully biosourced and performant composites using lignocellulosic polymers. Our
measurements could lead to a better understanding of the interaction between different
type of fibers (wood, hemp, flax...) and different polar or non-polar matrices. Such
knowledge can be exploited by industries involved in food packaging, surface-based
polymer-polymer interaction biosensors or the fabrication of novel nanocomposites
made by these polymers with improved properties, such as tensile strength, endurance,
permeability, and solubility, among others.
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Tables

Rq (nm) at Rq (nm) at Rq (nm) at Rq (nm) at
RH=15% RH =45 % RH =65 % RH=95 %

CNGCs 6.2+0.2 6.2+0.2 6.3+0.3 6.4+0.2

GM 89+0.5 9.1+0.7 9205 9.4+0.6
XYL 23.5%1.5 23.6+1.8 235+1.4 235+1.4
LIG 10.0£0.4 10.0£0.5 10.1+£0.4 10.1 £0.5
OX-LIG 20.1 1.8 20.1 1.7 202+ 1.7 202+1.9

Table 1. Evolution of the Rq roughness parameter with RH.

T RH CNCs:CNCs CNCs:GM CNCs: XYL CNCs:LIG CNCs:0X-

(mN/m) (%) (nN) (nN) (nN) (nN) LIG (nN)
—————— 15.0 75.8+24.1 - - - -
—————— 45.0 86.6+25.5 - - - -
—————— 65.0 91.0+239 - - - -
—————— 95.0 96.7+26.3 - - - -

5 150 43+04 6.4+04 3.1+£0.2 82+0.5 5207
5 450 4.6=x0.6 6.7+0.4 34+03 8.6+0.5 54+0.7
5 65.0 49+0.5 6.8+0.3 4205 8.7+0.6 59+0.8
5 95.0 5106 6.8+0.3 43 +0.6 89+0.6 6.1 +0.8
5 150 43+04 6.4+04 3.1+£0.2 82+0.5 5207
15 450 8305 25.7+£2.6 8.8+4.38 249+84 8422
15 65.0 8.1+04 329+3.1 100+£44 27.0+£83 10420
15 95.0 13.7+£1.7 32.1+3.1 108+45 28.8+82 13720
30 150 14.7+£1.0 37.5+45 88+15 43.6+x17.1 158+49
30 450 147+3.0 42.6 £4.1 11.4+£25 48.0+£175 16.8+4.38
30 65.0 16.1+1.5 479 £5.7 11.5£35 474+£180 174%5.0
30 95.0 16.7+2.1 51.7+4.7 11.8+£28 54.0+£182 17.1x54
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Table 2. Comparison of adhesion forces between AFM levers with functionalized CNCs by LB
at values of @ of 5, 15 and 30 mN/m and the CNC, XYL, GM, LIG and OX-LIG films at
different values of RH.

Figure captions

Figure 1. Representative AFM topography images for cellulose/hemicellulose/lignin films: (A)
cellulose nanocrystals, (B) glucomannan, (C) xylan, and (D) lignin before and (E) after laccase
enzyme-mediated oxidation films at 45 % RH. The scan size for all images is 25 um?. The inset
figures represent magnifications of the studied cellulose/hemicellulose/lignin films. The scan
sizes and scale bars for all insets are 1 um? and 200 nm, respectively. (F) The root mean square
(Rq) roughness parameters for all cellulose/hemicellulose/lignin films is at 45 % RH. (G) and
(H) Crossection profiles from LIG and OX-LIG AFM images, respectively.

Figure 2. Reduced Young modulus mapping at different RHs for CNC, GM, XYL, LIG and
OX-LIG films (from the first to the fifth row). DMT channels (Size: 5 um x 5 um) are at RHs of
15 %, 45 % and 95 % are indicated going from the first to the third column. The inset figures
depict magnifications of the studied cellulose/hemicellulose/lignin DMT maps. The scale bars

for all insets are 200 nm.

Figure 3. Changes in the reduced YM of cellulose/hemicellulose/lignin films with respect to
RH. Numbers 1, 2, 3, and 4 correspond to 15, 45, 65, and 95 % RH, respectively. Mean values
of Young’s modulus are significantly different concerning the RH (student’s t test statistically

analysis, p<0.05).

Figure 4. Force volume experiments with a CNC-functionalized AFM lever by LB at © = 15
mN/m. The topography channel and adhesion force map concerning CNC, GM, XYL, LIG and
OX-LIG films. The scan size is 4 pum? for the CNC casting film and 25 pum? for

hemicellulose/lignin films. RH is fixed at 45 + 0.3 %.

Figure 5. Adhesion forces versus relative humidity for CNC-functionalized AFM levers
obtained by LB at a w of 5, 15 and 30 mN/m with CNCs, GM, XYL, LIG and OX-LIG. The

information related to the error bars of the adhesion force measurements appears on Table 2.
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Figure 6. Correlation of the adhesion forces on the CNC-functionalized AFM lever at a & of 30
mN/m and the reduced YM of LIG and OX-LIG films at different RHs.

Supplementary information (SI) captions

Figure SI 1. AFM image of the functionalized CNC-lever by LB procedure at © of 15
mN/m (CNCs coverage of 32.8 £ 6.9 %).

Figure SI 2. YM properties of the OX-LIG film. (A) Topography map. (B) DMT
channel. The scan size is 4 pmz, and RH is fixed at 45 + 0.3 %.

Figure SI 3. Histograms of the reduced Young’s modulus of LIG films for all tested
RH values.

Figure SI 4. Representative force-distance curves for unmodified AFM lever with
CNGC:s film and CNC-functionalized AFM levers at a = of 15 mN/m and CNCs, GM,
XYL, LIG and OX-LIG. RH =45 %.

Figure SI 5. Force distribution of CNC-functionalized levers at © of 15 mN/m with

CNGC:s films at RH of 15 %, 45 %, 65 % and 95 %.

Figure SI 6. Force volume experiments with unmodified AFM lever (negative control). The
topography channel and adhesion force map concerning CNC, GM, XYL, LIG and OX-LIG
films. The scan size is 4 um? for the CNC casting film and 25 um? for hemicellulose/lignin

films. RH is fixed at 45 + 0.3 %.

Figure SI 7. Force distribution of unmodified AFM levers with CNCs and LIG films at
RH of 15 %, 45 %, 65 % and 95 %.
Figure SI 8. Correlation of the adhesion forces on CNC-functionalized AFM levers at ©

of 5, 15 and 30 mN/m with the reduced YM of the cellulose/hemicellulose/lignin films.
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