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Controlling the Assembly of Cellulose-Based Oligosaccharides

through Sequence Modifications

Nives Hribernik, Denisa Vargovd, Marlene C. S. Dal Colle, Jia Hui Lim, Giulio Fittolani,
Yang Yu, Junki Fujihara, Kai Ludwig, Peter H. Seeberger, Yu Ogawa,* and

Martina Delbianco*

Abstract: Peptides and nucleic acids with programmable
sequences are widely explored for the production of
tunable, self-assembling functional materials. Herein we
demonstrate that the primary sequence of oligosacchar-
ides can be designed to access materials with tunable
shapes and properties. Synthetic cellulose-based oligom-
ers were assembled into 2D or 3D rod-like crystallites.
Sequence modifications within the oligosaccharide core
influenced the molecular packing and led to the
formation of square-like assemblies based on the rare
cellulose IV}, allomorph. In contrast, modifications at
the termini generated elongated aggregates with tunable
surfaces, resulting in self-healing supramolecular hydro-

gels.
J

N ature generates complex systems via self-assembly of
simpler components, encoding the assembly guidelines in
the primary sequence of biomolecules."! Inspired by nature,
chemists have designed synthetic analogues capable of self-
assembling into beautiful architectures.”! These systems are
mostly based on peptide®™ and nucleic acid® oligomers, that
can be easily synthesized with programmable sequences. By
incorporating variations in the primary sequence, including
non-canonical residues,” it is possible to precisely manipu-
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late the morphology of supramolecular assemblies.”! This
versatility has enabled the creation of fibers,”! particles,®
sheets,”! and more exotic architectures” with nanoscale
control.

In contrast, synthetic carbohydrate supramolecular sys-
tems are mostly based on simple amphiphilic monomers!'"
or polydisperse polysaccharides.'” The assembly of oligo-
saccharides with uniform lengths and programmable sequen-
ces remained unexplored, primarily due to challenges
associated with glycan synthesis."®) Advances in automated
synthetic methods"* have facilitated the rapid generation of
collections comprising both natural and non-natural oligo-
saccharides with controlled sequences. This newly accessible
chemical space prompted us to explore the assembly of
precision oligosaccharides. We postulated that certain
sequences could assemble into well-defined nanomaterials
and that specific modifications to such primary sequences
could effectively govern the aggregation behavior of syn-
thetic oligosaccharides, thus paving the way for program-
mable supramolecular oligosaccharide materials.

Cellulose, the most abundant organic material on earth
that exists in several crystalline allomorphs, served as a
starting point for our investigation.”! We recently observed
that a cellulose hexasaccharide (Ag) self-assembled in
aqueous solution into two-dimensional (2D) colloidal nano-
crystals (Figure 1A)." The oligomers packed in a crystalline
monolayer with the chain axis aligned perpendicularly to the
lamellar plane in an anti-parallel fashion, permitting control
over the crystal height, directly related to the length of the
oligosaccharide chain. Upon drying, these platelets further
aggregated into bundles with intrinsic chiral features. Still,
the crystals were highly heterogeneous in the other
dimensions and constituted only a small fraction of the
entire sample.

To enhance the aggregation of cellulose oligomers and
achieve a more homogeneous material, we employed an
annealing step, a procedure commonly utilized to ensure the
formation of regular structures in peptides and polymers.!"”
Sonicated aqueous suspensions of Ay at different concen-
trations (Figure S5) were heated to 85°C and kept at this
temperature for 15 min, before being slowly cooled to 20°C.
Upon annealing, the 2% (w/w) suspension generated long
rod-like crystals, easily separable from the supernatant by
centrifugation. About 80 % of the starting material was
converted into crystals with length of ca. 1-2 ym and width
of ca. 50-80 nm, while the supernatant contained residual
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Figure 1. Assembly of cellulose hexamer A,. (A) A chemical structure and SNFG™ representation, schematic representation of a 2D crystal, and
TEM analysis of Ag assemblies before and after annealing. (B) AFM image and height (h) analysis indicated the formation of 3D crystals upon
annealing of a 2% (w/w) aqueous suspension of A,. (C) Cryo-EM images and diffraction patterns obtained from the “through” and the “edge”
views in the red circled area confirmed the presence of 3D crystallites with thickness of approximately 13 nm. The crystal structure models on the
left column are in the crystallographic orientations corresponding to the respective diffraction patterns.

solubilized oligomers (Figure S6). Transmission electron
microscopy (TEM) analysis confirmed the improved control
over the lateral growth of the crystallites (Figure 1A).
Atomic force microscopy (AFM) analysis indicated that the
annealing process resulted in the growth of platelets in the
height direction beyond the monolayer limit, leading to the
formation of three-dimensional (3D) crystalline nanopar-
ticles with heights ranging from 9 to 16 nm (Figure 1B and
S8, the expected height of a 2D lamella of a cellulose
hexamer is approximately 4 nm!'"). The 3D nature of the
crystallites was further confirmed by cryo-TEM (Figure 1C).
Diffraction patterns were obtained with an electron beam
perpendicular (through) and parallel (edge) to the lamellar
plane of different crystals in a vitrified ice layer. The
“through” ED pattern demonstrated that the annealed
crystals maintained the cellulose II crystal structure, as also
indicated by XRD analysis!"® (Figure S4). The well-defined
spot diffraction patterns in both views excluded the stacking
of multiple crystalline domains along the thickness direction
that would result in smeared diffraction pattern (Fig-
ure S10). This observation confirmed the single crystalline
nature of the 3D crystals generated upon annealing. Further
crystallographic analysis suggested that the 3D growth might
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be connected to individual chains shifting along the thick-
ness direction, bridging multiple crystalline domains (Fig-
ure S9). This result demonstrates that either 2D or 3D
nanomaterials can be produced from simple cellulose
oligomers by simply changing the sample preparation
protocol.

Equipped with a self-assembling model oligosaccharide
and tools to control the assembly process, we explored
whether systematic variations in the primary sequence could
unlock novel morphologies. We hypothesized that introduc-
ing defects within the core of the cellulose oligomers could
give rise to new allomorphs,” potentially yielding distinct
crystallite shapes. In contrast, modifications at the oligomer
termini should preserve the cellulose stacking core,!' while
impeding three-dimensional growth. The latter would also
influence further supramolecular interactions between crys-
tallites.

For the first approach, single modifications were in-
stalled within a cellulose octamer (Figure2A), as we
previously observed that more intense modifications re-
sulted in amorphous structures.’ Three cellulose-based
oligomers (Figure S3) were synthesized by automated glycan
assembly (AGA) from monosaccharide building blocks

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Synthetic cellulose oligomers with a single-site modification within the core. (A) SNFG representation, powder XRD analysis of
compounds A;CA,, A;A*A, and A;LA, and crystallographic differences between the cellulose Il and cellulose 1V, allomorphs. (B) Characterization of
A;LA, by SEM, TEM, and AFM with height measurement indicating the 3D nature of the crystallites.

(Figure S1 and S2). We analyzed the effect of non-canonical
residues (C), variation in connectivity (A*), and enantio-
meric residues (L) by powder XRD analysis. While some
modifications resulted in amorphous (A3;A*A,) or low
crystalline (A;CA,) materials, the introduction of a single L-
glucose unit led to a cellulose IVy type structure.” In
cellulose IVy, the oligomers maintain the antiparallel
orientation yet with larger intermolecular spacing, with a
consequent formation of an orthorhombic unit cell (Fig-
ure 2A).%! SEM, TEM, and AFM imaging showed that the
2% (w/w) annealed suspension of A;LA, assembled into
nano-squares (Figure 2B), that measured ca. 50-200 nm in
lateral directions. AFM height analysis suggested the 3D
nature of the crystallites (Figure S13) with heights between
8 and 16 nm. The ED pattern of A3;LA, single crystal
showed well-resolved diffraction with a higher resolution (at
near 1 A) than the previous ED patterns obtained from
natural cellulose IV crystals (Figure $16).”! The insertion
of L-glucose residue thus improved the crystalline ordering
of molecules. The refinement of the crystal structure is
currently underway to reveal the molecular details of
cellulose IV} packing. This finding highlights single-site
modification as a valuable approach for guiding the

Angew. Chem. Int. Ed. 2023, 202310357 (3 of 6)

aggregation of oligosaccharides and facilitating the design of
novel morphologies.

The second series of oligosaccharides (Figure 3A) was
designed based on the hypothesis that by introducing non-
canonical residues at the oligomer termini, three-dimen-
sional crystal growth can be hindered effectively, while
preserving the interaction between the cellulose cores.’ We
synthesized a series of oligosaccharides featuring an eight-
glucose unit core, wherein the reducing and non-reducing
ends were modified with different monomers (either a 3,6-
methylated glucose C or a mannose unit M, Figure 3A and
S3).

Powder XRD analysis confirmed the cellulose II type
structures for all three compounds (Figure 3A), proving that
the external modifications did not notably alter the packing
of the molecules within the crystal. Annealing triggered the
formation of elongated platelets (ca. 500 nm long, Fig-
ure 3B) that appeared thinner and more flexible in compar-
ison to the long, rigid crystallites obtained from A, AFM
analysis indicated that the height of the crystals obtained
from all three compounds corresponded to the length of the
single oligosaccharide chain (Figure 3B and S18). This was
additionally confirmed by measuring the thickness of a
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Figure 3. Synthetic oligomers with a cellulose core and modifications at the termini. (A) SNFG representation and powder XRD analysis of
compounds CAgC, MA;M and MA,C. (B) Characterization of compound CAsC by TEM, and AFM height analysis indicating the 2D nature of the
crystallites. (C) Rheometric characterization of the 2% (w/w) hydrogel of CA4C by frequency sweep, sequential step strain sweeps at 25 °C showing
self-healing behaviour of the hydrogel, photo of the 2% (w/w) hydrogel, and cryo-TEM image of the 0.5% (w/w) hydrogel.

single crystal of CA4C in cryo-electron tomography (Fig-
ure S20 and Movie S1). Thus, the modifications at the
termini effectively hindered three-dimensional crystal
growth, promoting the formation of 2D assemblies.

Upon annealing, the 2% (w/w) suspensions of com-
pounds CA4C and MAC transformed into opaque hydro-
gels, as confirmed by rheometric measurements (Figure 3C).
The 2% (w/w) samples of both compounds displayed a
typical gel behavior in a frequency sweep experiment, with
the storage modulus G’ of approx. 10Pa (Figure S21).
Crystal length and hydrogel stiffness could be tuned with the
oligomer concentration, with shorter platelets (around
100 nm) and weaker gels (G’ around 1 Pa) obtained upon

Angew. Chem. Int. Ed. 2023, 202310357 (4 of 6)

annealing of a 0.5% (w/w) suspension (Figure S22). Both
CA4C and MAGC gels showed self-healing behavior after
being exposed to high shear strain in a step strain experi-
ment (Figure 3C and S21). The platelets formed by com-
pound MAGM precipitated out of solution, suggesting that
3,6-methylated glucose unit C on the surface of the platelets
was required for hydrogel formation. This result proves that
oligosaccharide sequences can be designed to assemble into
functional materials with tunable surfaces.

Overall, we demonstrate the programmability of oligo-
saccharide self-assembly through strategic modifications in
the primary sequence of synthetic cellulose derivatives. By
combining specific structural alterations and careful sample

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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preparation procedures, we achieved precise control over
the morphology of the fabricated material, resulting in
tunable 2D and 3D nanostructures. Internal modifications
altered the natural packing of cellulose oligosaccharides and
led to the formation of square-shaped nanostructures, based
on the rare cellulose IV} allomorph. This approach holds
promise for exploring other poorly characterized, or not yet
discovered, polysaccharide allomorphs. Additionally, we
designed sequences that preserved the natural packing of
cellulose oligomers to generate nanocrystals with non-
cellulosic surfaces. The exploration of other oligosaccharide
sequences and assembly procedures will put oligosaccharides
on the map of sequence-programmable oligomers,' side by
side to peptides and nucleic acids, offering new tools to
material scientists and supramolecular chemists.
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Synthetic cellulose-based oligosacchar-  following systematic modifications of
ides were designed to generate carbohy-  the glycan primary sequences. Synthetic

drate assemblies with tunable shapes carbohydrate-based materials could offer
and properties. Rod- or square-like crys-  new tools to material scientists and
talline materials as well as supramolecular chemists.

supramolecular hydrogels were obtained

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UBO1T SUOWWOD BAIES.D 8|gedlidde aup Aq pausenob a1e Sajoe YO ‘88N JO S3INJ 10} ARIqIT BUIUO AB]IM UO (SUORIPUOD-PUR-SLUBY WO A3 IMAelq [ |UO//SONY) SUORIPUOD PUe SWiB L 38U 88S *[£20Z/0T/TE] uo AriqITauluO AB]IM BoURIH B8URIY00D Ad LGE0TEZ0Z @ ILUe/Z00T OT/I0P/W00 A8 |Im" AReiq 1 fpul U0/, SAIY WO} papeojumod ‘0 ‘€LLETZST



