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Abstract: A comprehensive molecular understanding of
carbohydrate aggregation is key to optimize carbohy-
drate utilization and to engineer bioinspired analogues
with tailored shapes and properties. However, the lack
of well-defined synthetic standards has substantially
hampered advances in this field. Herein, we employ a
phosphorylation-assisted strategy to synthesize previ-
ously inaccessible long oligomers of cellulose, chitin, and
xylan. These oligomers were subjected to enzyme-
triggered assembly (ETA) for the on-demand formation
of well-defined carbohydrate nanomaterials, including
elongated platelets, helical bundles, and hexagonal
particles. Cryo-electron microscopy and electron diffrac-
tion analysis provided molecular insights into the
aggregation behavior of these oligosaccharides, estab-
lishing a direct connection between the resulting
morphologies and the oligosaccharide primary sequence.
Our findings demonstrate that ETA is a powerful
approach to elucidate the intrinsic aggregation behavior
of carbohydrates in nature. Moreover, the ability to
access a diverse array of morphologies, expanded with a
non-natural sequence, underscores the potential of
ETA, coupled with sequence design, as a robust tool for
accessing programmable glycan architectures.

Carbohydrates surpass all other biomacromolecules on
Earth in both abundance and diversity.[1] In natural settings,

these biomolecules undergo self-assembly, leading to the
formation of diverse morphologies that contribute to the
development of hierarchical structural materials.[2] A com-
prehensive molecular understanding of these architectures is
crucial for optimizing carbohydrate utilization and for
engineering bioinspired analogues with tailored shapes and
properties.[3] However, the molecular description of these
complex architectures is hampered by a lack of standards
with well-defined composition,[4] attributed to the intricacies
of glycan synthesis and purification.[5] Consequently, the
field of synthetic carbohydrate materials lags behind that of
peptides[6] or nucleic acids,[7] whose structures and aggrega-
tion tendencies are better comprehended. To date, research
on carbohydrate self-assembly has been centered on simple
non-natural amphiphilic structures[8] or polydisperse poly-
saccharide systems.[9]

Synthetic oligosaccharides with well-defined sequences
represent a valuable resource for elucidating the intricacies of
glycan aggregation in nature[10] as well as important building
blocks for the development of programmable glycan
architectures.[11] These compounds can be synthesized through
either chemical or enzymatic methods; however, both ap-
proaches encounter challenges as the glycan length increases.[12]

Chemical synthesis of oligosaccharides heavily relies on
protecting group strategies, which can be difficult to remove,
leading to the formation of ill-defined aggregates.[13] Enzymatic
synthesis bypasses the need of protecting groups, yet often
lacks precise control over oligosaccharide length due to partial
precipitation and aggregation of the chains during formation,
finally leading to ill-defined mixtures of oligosaccharides.[14]

Recent advances in solid support-based automated glycan
assembly (AGA) have allowed for expedited and simplified
synthesis of complicated glycan chains.[15] In particular, the
incorporation of a solubilizing phosphate group at the end of
the AGA process has successfully addressed the challenge of
premature aggregation of a cellulose oligosaccharide.[16] The
subsequent traceless removal of the phosphate group by
alkaline phosphatase (ALP) triggered aggregation of cellulose
oligomers into platelets.

Expanding upon these initial findings, we postulated that
enzyme-triggered assembly (ETA) could serve as valuable
strategy to 1) elucidate the intricate mechanisms underlying
oligosaccharide aggregation and 2) induce the on-demand
formation of carbohydrate nanomaterials (Figure 1). Herein,
we showcase the efficacy of ETA in shedding light on the
assembly of well-defined long oligomers, representative of
natural cellulose, chitin, and xylan. ETA enables us to initiate
the aggregation of both natural and non-natural oligosacchar-
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ide sequences and explore the chemical space accessible with
synthetic carbohydrate assemblies.

We first explored the ETA of cellulose oligosaccharides of
different length. Non-phosphorylated cellulose oligomers
proved insoluble in aqueous environment already at the
hexasaccharide level, generating crystalline platelets, limiting
access to longer analogues.[10] Thus, these oligomers are ideal
substrates to evaluate the potential of the ETA approach.

ETA requires the following steps: AGA of the target
carbohydrate sequence, solid-phased phosphorylation,[18] post-
AGA steps (i.e. methanolysis and hydrogenolysis) to liberate
the phosphorylated glycan, and ALP-mediated
dephosphorylation.[16] The latter releases the native glycan,
triggering its self-assembly into a nanomaterial.

The cellulose backbones were prepared by AGA with full
control over the oligomer length (see SI). Phosphorylation was
strategically planned at the non-reducing terminal C-4
hydroxyl group to circumvent the instability issues associated
with primary phosphate esters (i.e. at C-6) during the
methanolysis step in post-AGA,[18] while still allowing for rapid
dephosphorylation. With this strategy, the phosphorylated
cellulose 6-mer (P-A6) was obtained in a 47% overall yield
(Figure 2A), confirming the chemical stability of the phosphate
group during the post-AGA step. Next, we targeted the

synthesis of the monophosphorylated 10-mer and 12-mer (P-
A10 and P-A12). Optimization of hydrogenolysis and purifica-
tion steps was necessary to ensure the efficient isolation of the
target compound. Centrifugation, instead of filtration, proved
effective in removing the majority of the Pd/C catalyst,
preventing clogging issues. Size-exclusion column chromatog-
raphy afforded the pure P-A10 and P-A12 in 6% and 38%
yield, respectively (Figure 2A, the relative low yield for P-A10

was attributed to issues during the AGA step, see SI).
Following the same procedure, the monophosphorylated
cellulose 18-mer (P-A18) was isolated in 8% yield. All
oligomers formed transparent and stable suspensions in water.
In contrast, the monophosphorylated cellulose 21-mer (P-A21)
showed substantial aggregation that drastically reduced its
isolated yield (1%), identifying the length limiting value for
this approach.

X-ray diffraction (XRD) analysis revealed the cellulose II
type of aggregation for all monophosphorylated cellulose
derivatives in the solid state upon drying (Figure S4). As the
oligomer length increased, a noticeable lower-angle shift of the
1–10 reflection was observed, indicating the formation of a
cellulose II hydrate allomorph.[19] Thus, the presence of
phosphate groups destabilized the intermolecular interactions
between the hydrophobic ring stacking in the cellulose II
crystals. Cryo-TEM analysis of the phosphorylated oligomers
in aqueous solutions showed the presence of small poorly
crystalline colloidal aggregates for P-A10, P-A12 and P-A18

(Figure S7, S8, S9 and S10), while no aggregates were observed
for P-A6 (Figure S5). We hypothesize that, while the hydro-
philic phosphate moiety impeded extended regular organiza-
tion, some intermolecular interactions, such as hydrophobic
stacking of the glycosidic rings, may still occur when the
saccharide part reaches a certain size.

Next, we studied the formation of cellulose-based nano-
materials via ETA. First, we proved that ALP performed
efficiently also on a secondary position (C-4). Dephosphoryla-
tion using ALP proceeded smoothly for P-A6, with quantita-
tive conversion to the native A6 as confirmed by MALDI-TOF
analysis (Figure S11). The same procedure was applied to
longer phosphorylated cellulose analogues, releasing the native
cellulose oligomers of defined lengths (A10, A12, A18, A21) and
allowing us to investigate the effect of chain length on cellulose
assembly (Figure 2B). Upon ETA of a 2.0% (w/w) solution,
A6 formed rigid rod-like platelets that precipitated out of
solution. In contrast, when ETA was performed with longer
oligosaccharides (P-A10, P-A12, P-A18), we triggered the
formation of colloidal thin fibrillar structures (Figure S23 and
S24). The assemblies obtained for A10, A12 and A18 were
significantly larger than the phosphorylated counterparts,
confirming the crystal growth triggered by ETA (Figure S21).
Electron diffraction (ED) analysis revealed that all crystals
adopted the cellulose II type molecular packing (Figure S13–
S20), with the oligomers aligned in an antiparallel manner
along the fiber thickness direction (Figure 2C). However, the
morphology of the assemblies was dramatically affected by
oligomer chain length, with longer chains resulting in thinner
and less defined in shape aggregates.

To verify whether the kinetics of the dephosphorylation
reaction influenced self-assembly and potentially the final

Figure 1. Enzyme-triggered assembly (ETA) as strategy to unveil the
mechanism of oligosaccharide aggregation in nature and produce
carbohydrate nanomaterials on-demand. Monosaccharide residues
used in this work represented following the Symbol Nomenclature for
Glycans (SNFG).[17]
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assembly morphologies, we analyzed the two steps of the ETA
process (Figure 3, S25–27). In situ 31P NMR spectroscopy
revealed that the dephosphorylation step was completed within
12 min after addition of ALP. In contrast, cryo-TEM detected
non-crystalline aggregation with only a small fraction of
crystalline platelets even after 1 h of reaction time. The
formation of mature crystalline A6 platelets was observed after
24 h, demonstrating that the kinetics of self-assembly are not
affected by the dephosphorylation step. The slow crystalliza-
tion kinetics resulted in extended highly ordered structures for
A6. The initial concentrations of P-A6, had a bigger impact on
the assembly morphology, with small platelets that formed
twisted bundles upon drying at 0.1% (w/w) and large rigid
platelets at 2.0% (w/w) (Figure S22).

Similar differences in the rate of dephosphorylation and
assembly were observed for P-A12, even though, fibrillar
aggregates similar to the mature fibrils were visualized already
after 1 h (Figure S26). These aggregates were shorter than the
mature ones, indicating the continuous growth of aggregates
after initial fibril formation (Figure S26). Upon ETA, the poor
solubility of the A12 oligomers at the dephosphorylated stage
contributed to the faster assembly. This tendency, exacerbated
for A18, could be connected to the formation of multiple
irregular crystallites. For these long analogues, no substantial
differences in the size of the assemblies were observed when
ETA was performed at different concentrations (Figure S23
and S24). Taken together, these observations demonstrated
that ETA reveals the intrinsic aggregation behavior of

Figure 2. (A) AGA of cellulose analogues P-A6, P-A10, P-A12, P-A18 and P-A21 using building block BB1 and ALP mediated dephosphorylation. (B)
Cryo-TEM images and electron diffraction of crystallites of A6, A12 and A18 (scale bars 200 nm). (C) Three-dimensional molecular model of the
platelets composed of cellulose oligomers arranged in antiparallel fashion according to the cellulose II crystal structure.
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oligosaccharides and it is not influenced by the dephosphor-
ylation step.

We then extended the application of ETA to investigate
the aggregation of other glycans and explore the chemical
space achievable with synthetic glycan assemblies. Besides
cellulose, chitin[20] (β-1,4-N-acetylglucosamine) and xylan[21] (β-
1,4-xylose) are abundant natural polysaccharides known to
form nanoarchitectures. Similar to cellulose oligomers, the
poor solubility of chitin and xylan oligomers has posed
challenges to their synthesis,[22,14b] thereby hindering their
utilization for the production of well-defined, tailor-made
nanomaterials. We synthesized a monophosphorylated chitin
6-mer (P-N6), following AGA conditions developed for non-
phosphorylated analogs.[22–23] Compound P-N6 was isolated in
14% yield (Figure 4A). In contrast to the phosphorylated
cellulose structures, P-N6 showed high crystallinity in powder
X-ray diffraction (Figure S28) and reduced solubility in water
(<4 mg/mL) compared to the non-phosphorylated chitin 6-
mer (13–17 mg/mL).[24] However, AFM and TEM analysis of
P-N6 showed no ordered assemblies with well-defined mor-
phology (Figure S29). ETA afforded N6, which was precipi-
tated with isopropanol and diluted with water right before
analysis (see Supporting Information for detailed procedure).
Fibrous assemblies that came together in left-handed twists
were observed in AFM and (cryo)-TEM (Figure 4A and S30–
32). ED analysis showed that N6 was crystallized into the α-
chitin allomorph,[25] with the oligomer chains aligned in an
antiparallel manner along the transverse direction of the fibers
(Figure 4A).

Next, we turned our attention to xylan.[21b] Enzymatically
synthesized xylan polydispersed oligomers were shown to form
solid nanoparticles, with the insoluble fraction detected to be

around 18 monosaccharide units.[14a] The limited solubility of
xylans could be alleviated with permanent chemical modifica-
tions, such as methylation, simplifying their synthesis, but
precluding comparison to natural glycans.[14b] Thus, we set out
to synthesize phosphorylated xylan oligomers to study their
properties and self-assembly upon ETA. As narrowness of
molecular weight distribution decreases water solubility,[26] we
targeted a hexamer (P-Y6) and a dodecamer (P-Y12). P-Y6 and
P-Y12 were synthesized in 10% and 8% yield, respectively
(Figure 4B). XRD profiles showed amorphous features for
both derivatives (Figure S33), which appear highly soluble in
water. After ETA, poorly defined aggregates were observed
for Y6 (Figure S34), indicating that this chain length is
insufficient for the formation of ordered assembly. In contrast,
TEM observation of Y12 precipitated in isopropanol revealed
presence of hexagonal assemblies, along with a minor part of
the material forming right-handed twist-like assemblies (Fig-
ure S35). ED of the hexagonal assemblies identified the xylan
hydrate crystal structure, where the oligomers were packed in
a hexagonal unit cell and aligned along their thickness
direction[27] (Figure 4B and S36).

To broaden further the scope of nanomaterial morpholo-
gies achievable through ETA, we explored the assembly of a
non-natural glycan sequence. Recently, we demonstrated that
chemical modifications in the core of cellulose chains could be
leveraged to access different morphologies.[11b] By incorporat-
ing an enantiomeric residue (i.e. L-glucose) in the middle of a
D-glucose sequence (A3LA4), we altered the packing of the
molecules within the crystal to generate a rare cellulose IVII

allomorph characterized by crystals with a distinctive square
geometry.[28] We synthesized the phosphorylated analogue P-
A3LA4 in a 13% overall yield (Figure 4C). The presence of the

Figure 3. Schematic representation of ETA exemplified for a cellulose oligomer. The process includes an ALP mediated dephosphorylation step that
releases the native glycan and trigger its assembly into a nanomaterial. 31P NMR analysis showing that the first step of the ETA process (i.e.
dephosphorylation) is completed within 12 min. In contrast, TEM analysis showed much slower kinetics for the assembly step, with mature
aggregates formed after 24 h (scale bar 500 nm). These results are exemplified for P-A6, the same analysis for P-A12 can be found in Figure S26.
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phosphate moiety disrupted crystalline organization (Fig-
ure S37), resulting in a substantial increase in water solubility
compared to the non-phosphorylated counterpart. Upon ETA,
the typical cellulose IVII square-like geometry was observed in
TEM. The high water solubility of P-A3LA4 allowed us to
conduct ETA at 2.0% (w/w), leading to square and rectangular
crystals with lateral dimensions exceeding 1 μm (Figure 4C and
S38), in contrast to previously obtained self-assembled aggre-
gates of 50–200 nm.[11b] The resolution of the electron
diffraction was much higher than in previously studied
cellulose IVII crystals, being well beyond 1 Å (Figure S39 and
S40). Such resolution offers opportunities to solve the structure

of cellulose IVII, a lesser-known cellulose allomorph, at atomic
resolution based on single crystal electron crystallography.

In conclusion, we successfully synthesized previously
inaccessible long oligomers of cellulose, chitin, and xylan
taking advantage of a phosphorylation-assisted strategy. A
single phosphate ester installed at the non-reducing terminus
of aggregating oligosaccharide sequences allowed us to readily
disperse in aqueous solution oligomers with length up to 21-
mer (for non-phosphorylated cellulose oligomers the synthetic
limit is 6-mer[10]). We speculate that this approach could be
further expanded including multiple phosphate esters,[16] push-
ing the limit of synthetic polysaccharide chemistry.

Figure 4. Synthesis of phosphorylated oligosaccharides and ETA to trigger the formation of nanomaterials based on (A) chitin, (B) xylan, and (C) a
glycan unnatural sequence. Conditions used for each ETA process can be found in the Supporting Information section 2.1. General methods. Upon
ETA, each sample was characterized with (cryo)-TEM and ED (scale bars: 1 μm). For each assembly, the schematic model (top view) is reported.
The crystallographic information is summarized in Table S1.
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Through ETA, we induced the formation of well-defined
carbohydrate materials, whose morphology is encoded in the
oligosaccharide primary sequence. These samples served as
models to investigate the aggregation of natural
polysaccharides[2a] and shed light on the intrinsic chain length
dependent aggregation behavior of cellulose molecules. Cryo-
(EM) and ED analysis provided molecular insights into the
arrangement of the oligosaccharide chains within cellulose,
chitin, and xylan nanomaterials. This behavior was exploited to
access a diverse array of morphologies, including elongated
platelets, helical bundles, as well as hexagonal particles. The
collection of nanomaterials was expanded with a non-natural
glycan sequence, opening the way to a square-like geometry.
These findings underscore the potential of ETA, coupled with
sequence design, as a robust tool for accessing programmable
glycan architectures on-demand. Such carbohydrate-based
materials expand the portfolio of nanostructures achievable
with other biopolymers such as peptides[29] and nucleic acids,[30]

with implications in materials science and nanotechnology.[31,3c]
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