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Directed Assembly of Cellulose Nanocrystals in Their Native
Solid-State Template of a Processed Fiber Cell Wall

lina Solala,* Carlos Driemeier, Andreas Mautner, Paavo A. Penttild, Jani Seitsonen,
Miika Leppdnen, Karl Mihhels, and Eero Kontturi*

Nanoparticle assembly is intensely surveyed because of the numerous
applications within fields such as catalysis, batteries, and biomedicine. Here,
directed assembly of rod-like, biologically derived cellulose nanocrystals
(CNCs) within the template of a processed cotton fiber cell wall, that is, the
native origin of CNCs, is reported. It is a system where the assembly takes
place in solid state simultaneously with the top-down formation of the CNCs
via hydrolysis with HCI vapor. Upon hydrolysis, cellulose microfibrils in the
fiber break down to CNCs that then pack together, resulting in reduced pore
size distribution of the original fiber. The denser packing is demonstrated by
N, adsorption, water uptake, thermoporometry, and small-angle X-ray
scattering, and hypothetically assigned to attractive van der Waals

interactions between the CNCs.

1. Introduction

Assembly of nanoparticles (NPs) is a vastly researched field
due to its versatile application potential in, for example,
catalysis, drug delivery and detection, optical devices, bat-
teries, and sensors.'™ Evidently, assembly of nanoparticles
is also ubiquitous in biological systems, and understand-
ing how such systems are constructed has fundamental im-
plications in fields such as molecular biology and diagnos-
tics as well as regenerative medicine.l>®! In addition to the
vast range of available materials,*'? a plethora of assembly

types exist, including ligand-programmed
self-assembly in liquid dispersion,t314
dynamically directed self-assembly through
toggled magnetic or electrical fields,!%)
and liquid phase directed self-assembly
in molten state,'¥ to name a few. How-
ever, the assembly of biologically derived
NPs has received scant attention with
respect to their synthetic counterparts
despite the widespread efforts to uti-
lize natural compounds like DNA or
proteins to assist NP assembly.!7:18]

Here, we demonstrate how rod-like cel-
lulose nanocrystals (CNCs) form and si-
multaneously reassemble inside a solid
template, namely that of a plant fiber cell
wall (Figure 1a), that is, the endemic base
of CNCs. Produced from macroscopic cellulose fibers (Fig-
ure 1b) by acid hydrolysis, CNCs are rigid, rod-like nanoparticles
generally of ~3-20 nm in width and ~100-500 nm in length,
depending on their source.'?! Their applications reach far
and wide, from composite technology to membranes and chiral
inducers.?] The substrate in question is a common Whatman
1 filter paper, consisting of heavily processed cotton linter fibers
that have nevertheless retained the principal structure of the
plant cell (Figure 1a). This type of assembly is conceptually new
and different from, for example, the liquid crystal formation in
CNC suspensions.?!l The ordering of CNCs takes place during
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Figure 1. Cellulose (structure shown in inset (a)) fibers (here, cotton lin-
ters imaged with helium ion microscopy) consist of microfibrils with al-
ternating crystalline and disordered regions (illustrated in inset (b) as the
green/red hexagonal objects and the yellow parts between them); the latter
are more reactive and can be selectively removed by acid hydrolysis. Inset
(c) shows the cross-section of a single microfibril, where the red parts in-
dicate their hydrophobic (200) planes.

their top-down generation via acid hydrolysis with hydrogen
chloride vapor, that is, in a gas/solid system where CNC for-
mation and their self-assembly occur simultaneously. This is
the main difference from other reports on CNC assembly that
generally rely on liquid/solid systems: CNC suspensions that can
be triggered to form different solid assemblies with, for example,
evaporation?!) or freezing.[??! As a result of the simultaneous
formation and assembly of CNCs, a distinct change is observed
in the water uptake capacity of the fibers upon the hydrolysis.
The key here is to take advantage of the amphiphilic character
of the cellulose crystallite (Figure 1c) where attractive van der
Waals forces can be used to trigger the CNC assembly.

2. Results and Discussion

The essential step in CNC preparation involves selective chain
cleavage in the disordered domains in semi-crystalline cel-
lulose microfibrils (Figure 1b). Instead of the conventional
liquid/solid system,[!°) the degradation here was performed in a
gas/solid setup with HCl vapor.[2>2* Despite extensive chemical
degradation as evidenced by gel permeation chromatography
(GPC, Figure 2a; Figure S1 and Table S1, Supporting Infor-
mation), the hydrolyzed filter papers retained their initial
macroscopic fiber structure, ostensibly showing no morpho-
logical changes, as demonstrated previously.?*] The hydrolysis
actually reaches the so-called levelling-off degree of polymeriza-
tion (LODP) after 24 h where all disordered regions in cellulose
microfibrils have been cleaved.?*! In other words, the CNCs
formed by hydrolysis were still trapped within the microfibrillar
morphology of the fiber in an end-to-end connected fashion,
aligned with each other. Only subsequent mechanical dispersion
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Figure 2. a) Molecular weight distributions before and after hydrolysis to
leveling-off DP; all samples shown in Figure S1, Supporting Information.
b) Dynamics of D,O exchange monitored by FTIR showing that the ex-
change slowed down with increased hydrolysis time. Dynamics is revealed
by the scores of principal component 1 (PC1) obtained by principal com-
ponent analysis of the sequential FTIR spectra. c) Cellulose water retention
as a function of hydrolysis time. The method is based on centrifuging a set
amount of wet fiber material and weighing it before and after oven drying,
yielding an estimate of the water holding capacity. d) Water vapor sorp-
tion isotherms for different hydrolysis times. e) Pore size distributions for
samples hydrolyzed for different times. Both datasets determined from
the N, adsorption isotherms. f) Freezing bound water profiles obtained
by thermoporometry.

would truly individualize the CNCs.[2>?*] Unexpectedly, however,
the water uptake of the fibers drastically decreased as the HCI
hydrolysis proceeded (Figure 2c,d), indicating that significant
rearrangements had occurred with respect to the initial struc-
ture. Well in line with this interpretation, FTIR coupled with
deuterium exchange and principal component analysis revealed
that a single component (PC1; >97% of variance) was able to
explain the dynamics of FTIR spectral change during deuterium
exchange.!®! The dynamics is presented in normalized units (0
to 1) in Figure 2b. It shows that exchange is slowed down with
increased hydrolysis time, indicating a slower accessibility of
cellulose OH groups after the treatment.

Structural rearrangements were first characterized by nitro-
gen adsorption and calorimetric thermoporometry in dry and
wet states, respectively. We emphasize that the mass loss during
the HCI vapour hydrolysis was non-existent (in a gas/solid
system) and that only 1% yield loss occurred after exposing
the cellulose substrate to water following the hydrolysis. N,
adsorption showed a decrease in specific surface area from 1.8
to 1.1 m? g=! (Figure S2, Supporting Information). Moreover,
it indicated an overall decrease of 30% in pore volume after
24 h of hydrolysis, and that half of the decrease in pore volume

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Table 1. The center-to-center interfibrillar distance (d) as a function of hy-
drolysis time.

Hydrolysis time [min] d[nm]
0 11.6
30 9.9
120 9.4
240 9.1
360 8.9
1440 8.6

happened already at the earliest stages of hydrolysis (first 30 min,
Figure S2, Supporting Information; Figure 2e). In water-swollen
conditions, thermoporometry revealed an overall decrease of
70% in the freezing bound water (FBW) already after 30 min of
hydrolysis (Figure S3, Supporting Information). It is noteworthy
that thermoporometry gives FBW profiles as a function of pore
diameter (Figure 2f), covering two orders of magnitude in length
scale (1-200 nm). Thus, it was possible to follow the development
of the quantity of FBW to analyze scales smaller and larger than
individual cellulose crystallite lateral dimensions (~7 nm for the
cotton linter fibers used herel?¢l). Interestingly, both showed a
reduction in FBW (Figure 2f), demonstrating that the hydrolysis
treatment reduces water uptake across multiple length scales.
Similarly, the N, adsorption data showed an overall decrease in
pore volume at different pore sizes (Figure 2e), supporting the
view that structural changes had indeed occurred, and that these
changes were present in both wet and dry conditions. We have
recently shown that the reduction in porosity can be retained by
covalent cross linking.[?’]

Further indications of a structural rearrangement were
derived from inverse gas chromatography (IGC), showing a
minor decrease in the total surface energy and especially its
acid-base component after 4 h of hydrolysis (Figure S4, Sup-
porting Information). For additional information on changes
in the microfibrillar level, small-angle X-ray scattering (SAXS)
measurements were carried out in dry and wet state (Figure
S5, Supporting Information). The Kratky plots enabled the
calculation of the distance between microfibrils (see details in
Supporting Information). Table 1 shows that the microfibrils —
or CNCs in the fully (24 h) hydrolyzed sample — came closer to
each other as the hydrolysis progressed.

We postulate that the decreased water uptake and porosity
as well as reduced interfibrillar distance (Figure 2, Table 1) are
all an indication of microfibrillar assembly — and ultimately
CNC assembly when the hydrolysis is complete after 24 h. The
denser packing is hypothetically enabled by the loss of physical
restraint holding the cellulose microfibrils in a strained position
that occurs as the glycosidic bonds get cleaved upon hydrolysis
(Figure 3). Since the shortened cellulose segments already exist
in the immediate vicinity of each other in their native fiber
template, they will now have more degrees of freedom and
therefore less of a hindrance for assembling into an energetically
more favorable state.

The mechanisms of the structural changes are different in
large and small scales. Due to the drying step upon washing
after the hydrolysis, there will be capillary forces collapsing
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Figure 3. The proposed mechanism of CNC self-assembly within the na-
tive fiber template shown schematically.

large pores into a more compact state but drying has occurred
already in the control sample (0 min hydrolysis) because of the
processing of the cotton linter fibers to yield filter paper. Smaller
structural changes, however, take place in the range of a couple
of nanometers, that is, in a regime where attractive van der
Waals forces between the (200) planes of the cellulose crystals
(Figure 1) become significant.

Approximating the individual CNCs as cylinders of radius
3.5 nm, we can estimate the van der Waals interactions of
two parallel CNCs (see Supporting Information). At surface-
to-surface distances <2 nm, the van der Waals attraction is
significantly stronger than at distances >5 nm (Figure 4).
The interfibrillar distances estimated from SAXS data may be
slightly overestimated,?®! but even as such the surface-to-surface
distances between microfibrils vary between 4.6 and 1.6 nm,
meaning that significant van der Waals attraction is a plausible
explanation for the observed nanoscale packing. In addition to
the closer packing quantitatively demonstrated by SAXS, it is
possible that the nanoscopic changes also entail rotations of the
released CNCs in such a way that their hydrophobic planes!?*3]
turn toward one another (exaggerated illustration shown in
Figure 3), thus achieving an energetically more favorable con-
figuration, reminiscent of the assembly of Janus particles into
anisotropic structures.l’32] We point out that the scheme pre-
sented here is simplified because we have not taken into account
the purported twist in CNC (or cellulose microfibrils).3334]

The described directed assembly system for CNCs is unique in
that it takes place in solid state within a 3D plant fiber template.
Reports on templated NP assemblies utilizing solid substrates
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Figure 4. Calculated van der Waals interaction energy for two cylinder-like
parallel CNCs of identical dimensions.
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of various geometries have been reported,>-8] but they rely on
liquid media to proceed, such as in the cases of organic solid—
solid wetting deposition*?! or self-templating assembly of viral
particles“’] that have certain morphological similarities with our
CNC system.

3. Conclusions

In summary, we report that the preparation of cellulose nanocrys-
tals by HCl vapor in a native fiber template results in directed as-
sembly (tighter packing) of the in situ formed nanoparticles, and
that these changes significantly affect the water holding capacity
of the material. Porosity and accessibility measurements as well
as SAXS all confirm a denser packing of cellulose across multiple
length scales, ranging from ~2 nm to hundreds of nanometers.
Densification in the nano-regime was hypothetically attributed to
attractive van der Waals forces between parallel CNCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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