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Supramolecular architectures, based on synthetic peptides or DNA, are the essence of modern
bionanotechnology. Carbohydrates, the most abundant biopolymers in Nature tend to form hierarchical
architectures. Limited access to pure and well-defined carbohydrates hampered the molecular level
understanding of polysaccharides, preventing the production of tailor-made materials. Automated
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polysaccharides help to establish structure—property correlations to guide the development of novel
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1. Introduction

Natural polymers are a reservoir of renewable and biocompatible
materials with minimal environmental impact. Nanotechnology
based on rationally designed peptide and oligonucleotide
sequences that assemble into supramolecular architectures has
found applications in the medical and energy fields."™ Chemical
modifications that induce particular conformations gave rise to
new materials with defined morphologies, such as particles,
fibers, and gels.* Automated synthesis technologies, computa-
tional methods, and analytical techniques, were key to these
advances.>®

Carbohydrates comprise 80% of biomass and have a strong
tendency to aggregate into hierarchical architectures with
different physical properties that renders them ideal bio-
materials.” The versatility of carbohydrate materials has
resulted in nanomaterials for tissue engineering and cell
growth® as well as in bulk industrial production in the paper
and textile industries.’ However, polysaccharide materials have
some major drawbacks. Complex polysaccharides are less well
understood at the molecular level than other biomaterials and
tailor-made carbohydrate materials are still beyond reach
(Fig. 1). Isolation from natural sources often requires extensive
purification and harsh treatments resulting in poly-disperse
samples, making the analysis, reproducible production, and
quality control of such materials very difficult (Fig. 2). Chemical
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modification, commonly used to tune physical and mechanical
performance, is only poorly regioselective and increases the
sample polydispersity even further. Few detailed structure-
function correlations have been established.

A better understanding of polysaccharides at the molecular
level is key to overcome the drawbacks of traditional extraction
and processing methods. New means to better control poly-
saccharide modifications, in terms of degree and substitution
patterns, are essential for biological experiments, where batch-
to-batch reproducibility and quality control are essential. The
structural diversity resulting from the different monosaccharide
units and different connectivities poses a severe bottleneck.
Branching and structural flexibility render polysaccharides
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Fig. 1 Schematic representation of three major classes of biomolecules,
their conformation, and their application in materials science. The DNA
origami structure was reproduced from ref. 5 with permission from
Science.
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Fig. 2 Comparison of extraction and chemical synthesis used to produce polysaccharide materials.

versatile molecules, but makes them difficult to study. Chemical
synthesis can help to overcome issues with polysaccharide purity,
but until recently has required immense efforts by specialists.
Synthetic carbohydrates have been used mainly as tools to explore
biological and medical applications, where small quantities are
sufficient.

Here, we discuss the synthesis, structural characterization,
and supramolecular assembly of carbohydrate materials.

2. Synthesis of polysaccharides

The standard approach for the creation of polysaccharide
materials follows a ‘“post-functionalization” approach, whereby
chemical reactions are performed using native polysaccharides
(Fig. 2). Poor control over the degree and pattern of substitution
yields mixtures of ill-defined compounds'® such that polymeriza-
tion or enzymatic reactions are attractive alternatives.'’™* Still,
the production of modified cellulosic materials by biosynthetic
engineering in bacteria is limited due to poor product solubility
and narrow substrate scope. Total synthesis offers a unique
opportunity to access well-defined structures, has a broader
reaction scope, but is too laborious to provide analogues for
systematic studies.

Automated Glycan Assembly (AGA) enables rapid access to a
multitude of biologically relevant glycans, reducing effort and
time.*"” AGA relies on the iterative coupling of monosaccharide
building blocks (BBs) on a solid support. Each BB is equipped
with a leaving group and a temporary protecting group that is
easily removed after glycosylation to release a free hydroxyl group
that serves as the new glycosyl acceptor in the next coupling
cycle. Long purification processes are replaced by simple wash-
ing steps to decrease the synthesis time (each elongation step
requires 1.5 h)."® Upon completion of the assembly, the pro-
tected glycan target is released from the solid support, before
subsequent final deprotection affords the desired product. The
step-wise elongation results in well-defined polysaccharides.
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The automated assembly of a 50-mer'®'® and most recently a

100-mer polymannoside (achieved in four and eight days respec-
tively) set the stage to explore the properties of well-defined
carbohydrate materials. A collection of oligo- and polysaccharides,
including natural and non-natural structures, provided the ideal
starting point to study fundamental properties of carbohydrates
(Fig. 3).*° Polysaccharides of different lengths (hexamer and
dodecamers) were prepared from different monosaccharide units
(.e. mannose, glucose, and glucosamine). Interestingly, for parti-
cular oligomers longer than six units, the formation of insoluble
compounds during post-AGA manipulations poses a severe bottle-
neck, resulting in low isolated yields. Differences in aggregation
tendency and solubility are associated with the conformations
adopted by the different oligosaccharides in solution. Molecular
dynamics (MD) simulations and NMR experiments revealed that
some polymers form helices (e.g. B-1,6 oligoglucosides), while
others adopt rod-like structures (e.g. B-1,4 oligoglucosides).
Notably, the lack of a rigid three-dimensional structure
observed for polymannosides is associated with the highest
isolated yields. Modifications in specific positions of the oligo-
saccharide chains permitted tuning of three-dimensional struc-
tures and properties (i.e. solubility), simplifying the synthetic
process. In particular, the introduction of a single mannose
unit in the oligoglucoside chain distorted the helical conforma-
tion, resulting in much more soluble analogues.

Similarly, tailor-made methylated, deoxygenated, and deoxy-
fluorinated cellulose analogues, in addition to well-defined
carboxymethyl cellulose, were synthesized by AGA to tune the
otherwise rigid three-dimensional structure of cellulose. The
compounds were prepared with full control over the length,
pattern and degree of substitution (Fig. 4).' The unnatural
modifications were designed to selectively disrupt hydrogen-
bond networks and/or alter the electronic properties, aiming to
improve the poor solubility of cellulose and establish structure-
properties correlations. Such systematic hydrogen bond mani-
pulations tuned the geometry and flexibility of the oligomer with
significant improvements in the isolated yields. All unnatural

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 AGA of a collection of well-defined oligosaccharides revealing that some polymers form helices (B-1,6 glucosides), some adopt rod-like
structures (B-1,4 oligomers), while others lack a defined conformational structure (a-1,6 mannosides). Isolated yields after AGA, deprotection, and

purifications are shown.

hexasaccharide analogues were obtained in yields of 24-72%
compared to the 18% yield for the natural analogue Aq. Analogues
with the same degree of substitution, but different substitution
patterns, showed remarkably different geometries, stressing
the importance of a synthetic approach to establish definitive
structure-property correlations.

3. Structural characterization

Large collections of well-defined polysaccharides are the basis
for their characterization at the molecular level. Still, the
intrinsic complexity of polysaccharides and the lack of suitable
analytical techniques, renders the structural characterization of
glycans extremely challenging.?* Sufficiently large single poly-
saccharide crystals are hard to obtain limiting the use of X-ray
crystallography. Moreover, the conformation of most poly-
saccharides in solution remains elusive, as the intrinsic flexibility
of polysaccharides limits the use of conventional techniques, that
produce averaged information. MD simulations can help the
prediction of oligosaccharide conformation in water,>® but a lack
of validation standards has slowed down the development of
reliable simulation packages. In recent years, new force fields,

This journal is © The Royal Society of Chemistry 2020

optimized for carbohydrates, have become more accurate and
user friendly.”* Still, MD analyses are not used routinely in the
synthetic laboratory to guide carbohydrate syntheses as most force
fields do not support non-natural modifications.

The most common strategy to study glycan conformation
remains NMR spectroscopy. Scalar J-couplings and residual
dipolar couplings (RDCs) could be extremely informative®®
and chemical shift degeneracy of polysaccharides can be over-
come elegantly with the introduction of isotopic labels (i.e. **C
and '’F)*° or paramagnetic lanthanide complexes.”® To this
end, synthetic analogues that bear labels or tags are particularly
valuable to simplify the NMR analysis.”” The specific substitu-
tion of some hydroxyl groups with the isosteric fluorine shed
light on the role of the replaced hydroxyl group in the overall
conformation stabilization®® and interaction with protein
receptors.”® The targeted OH/F substitution is a tool to map
the hydrogen bonds required to stabilize a particular conforma-
tion. On the other hand, deoxyfluorination can also tune the
oligosaccharide interactions with water molecules, suggesting
that OH/F substitutions can have a profound effect on the
glycan conformation. The combination of MD simulations with
NMR experiments is often the best solution for structural
analysis at the molecular level. Synthetic oligosaccharide

Mater. Horiz., 2020, 7, 963-969 | 965
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Fig. 4 AGA of a collection of tailor-made cellulose derivatives. Modifications were designed to disrupt particular H-bonds and alter the rigidity of natural

cellulose oligomers.?!

collections followed by MD and NMR analyses confirmed that a
particular conformation (i.e. a full helical turn) was essential for
good interaction with the antibody, with important implica-
tions in vaccine design.?

4. Polysaccharide materials

Synthetic chemistry can manipulate the conformation of oligo-
saccharides at the molecular level. From a material science
standpoint, it is important to understand the effect of a defined
chemical substitution on the overall material properties. To
this end, electron microscopy (EM), atomic force microscopy,
X-ray powder diffraction, and solid state NMR analysis are
valuable tools for the biophysical characterization of carbo-
hydrate materials and their mechanical properties.**** To date,
such techniques are mainly applied to natural polysaccharide
materials, where large quantities are readily available. A molecular
level understanding of how synthetic carbohydrate materials are
formed is required to make tunable materials. For example, a
systematic hydrogen bond manipulation helped to create un-
natural cellulose materials with increased water-solubility and
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reduced crystallinity as single site substitutions disrupted the
natural cellulose conformation.?! The industrial production of
cellulose derivatives, such as cellulose esters and ethers,
resulted in dramatic changes in the material properties.*?
Limited control over the degree of modification prevents
detailed structure-property correlations to be established and
generates unreproducible results. Synthetic well-defined poly-
saccharides allowed for definitive correlations between the
increased flexibility of the single chain and the reduced aggre-
gation, precipitation, and regular packing upon drying. Impor-
tantly, not only the nature but also the pattern of substitution
plays a crucial role, with a higher cellulose-like character
observed for the regularly substituted analogues as compared
to randomly functionalized structures (Fig. 5). Such precision
substitution could only be obtained following a synthetic
approach.

Next, fundamental insights can guide the creation of novel
synthetic oligosaccharides materials. Much like peptides and
oligonucleotides, oligosaccharide self-assembly can generate
synthetic materials for nanotechnology applications. Recently,
self-assembly of synthetic oligosaccharides was first observed
into nanostructures with distinct morphologies, depending on

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Methylated cellulose oligomers exhibit different solubility and aggregation tendencies depending on the methylation pattern, as suggested by MD
simulations and confirmed by XRD analysis. Reproduced from ref. 21 under the terms of the Creative Commons Attribution License. Copyright 2019
Y. Yu et al. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

chain length and modifications (Fig. 6).>*> The combination of modifications drove the supramolecular assembly. Different
hydrogen bonding and n-n interactions involving benzyl ether assembly conditions produced remarkably diverse morphologies.
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(scale bars: 100 nm) of sample prepared with dialysis (9—14a), SEM images (scale bars: 2 um) of samples prepared by solvent-switch method (9—-14b).
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Supramolecular aggregation induced by slow dialysis resulted
in spherical particles for all of the studied compounds (Fig. 6,
9-14a). A much faster aggregation process, based on solvent-
switch, showed much more diversity. Fibers, gels, or spherical
particles are obtained depending on the length and modifica-
tion pattern (Fig. 6, 9-14b). These differences likely are a
consequence of the different conformations adopted by the
oligosaccharides in solution. Unexpected excitation-dependent
intrinsic optical properties are also observed, as a consequence
of supramolecular aggregation.

5. Conclusions and perspective

Reliable automated techniques grant unprecedented access to
well-defined oligo- and polysaccharides as important tools for
fundamental studies of polysaccharides structure and proper-
ties. The field of synthetic carbohydrate materials is still in its
infancy, yet synthetic oligomers have helped to gain funda-
mental insights into the forces that guide polysaccharide
aggregation in nature. Fine-tuning of single molecule confor-
mations will enable the creation of designer supramolecular
materials with adjustable mechanical and physical properties,
with applications in drug delivery and tissue engineering. Systems
mimicking the extracellular environment, a key area for cellular
interaction and communication, can be imagined. The systematic
approach outlined here will have to be brought to bear on more
naturally occurring polysaccharides and their derivatives.
The introduction of charges is crucial to exploit polysaccharide
materials to their full potential. Synthesis scale up will have to
be addressed for the production of these synthetic materials.
Supramolecular materials, based on the self-assembly of simple
peptides, have found applications in nanotechnology, due to their
intrinsic dynamic nature.>** Synthetic oligosaccharide materials
are expected to combine the benefits of dynamic supramolecular
materials and biocompatible polysaccharides, with important
implications in nanotechnology.
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