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The consequences of using saccharides versus
tetra(ethyleneglycol) chains as water-compatible moieties on the
morphology and dynamics of supramolecular polymers in aqueous
solutions is investigated. The saccharides form many H-bonds with
other saccharides within the polymer and with water, increasing

the hydration of the fiber and changing its dynamics.

Saccharides are ubiquitous in Nature and fulfil important
regulatory, recognition and signal transduction functions.! In
chemistry, saccharides have been attached to covalent
polymers, fatty acids, peptides, dendrimers, and a variety of
nanoparticles with the aim to achieve selective and efficient
interactions with saccharide-binding proteins.2-10 |n addition,
saccharides attached to water-incompatible moieties impart
excellent water compatibility, affording biocompatible
hydrogels and surfaces.’"23 Since molecular interactions
involving saccharides are generally weak, multivalency plays an
important role to increase their interaction strength. Recently,
self-assembling scaffolds with peripheral saccharides have
been investigated as an alternative method to create
multivalent systems.* Such systems have the advantage of
remaining responsive, guarantee easy accessibility, and permit
to combine different ligands through mixing of building blocks.
In addition, water-compatible supramolecular polymers attract
increasing attention due to their potential as biomaterials.>
The responsive nature of self-assembled systems is directly
linked to the dynamic exchange of monomers between
different aggregates. The rate of exchange and stability of the
system strongly depend on the molecular interactions encoded
in the chemical structure of the monomers,-19 and on the
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interactions with the solvent.20-22 The exchange of molecules
between aggregates has been tracked by attaching bulky
probe molecules to the molecule of interest,16:17.23 put recently
hydrogen-deuterium exchange (HDX) followed by mass
spectrometry (MS) emerged as a powerful tool to study the
exchange processes in supramolecular systems.24

We recently disclosed self-assembling, amphiphilic, discotic
compounds based on the benzene-1,3,5-tricaboxamide unit
comprising tetra(ethyleneglycol) (TEG) chains (EG-BTA,
Scheme 1). We elucidated the importance of a sufficiently
large hydrophobic spacer in amphiphilic BTA assemblies on the
stability of the aggregates formed,?> and with the help of HDX-
MS we measured the dynamic exchange of monomers
between aggregates in water.?* However, reports of
hypersensitivity to, and early degradation of ethyleneglycol-
based materials stimulated us to explore alternative units.26
We recently replaced the TEG chains by various
monosaccharides, including bp-glucopyranoside (GIlu-BTA,
Scheme 1), functioning as both a water-compatible periphery
and as a biological recognition motif.?”

In this contribution, we present a systematic comparison
between supramolecular assemblies decorated with b-
glucopyranosides (Glu-BTA) and our previously reported EG-
BTA-based assemblies. We here study in detail the influence of
the water-compatible periphery on the morphology of the
assemblies and investigate if and how the nature of the
periphery affects the dynamic nature of the assembly
properties using a combination of molecular dynamics (MD)

simulations, HDX-MS, static light scattering (SLS), UV-Vis
spectroscopy and 'H-NMR spectroscopy.
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Scheme 1 Chemical structure of the investigated EG-BTA and Glu-BTA.
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First, the morphologies of the BTA assemblies were
compared. SLS and small angle X-ray scattering (Fig. S1, ESIT)
both point towards the formation of anisotropic assemblies of
roughly the same dimensions. Closer inspection of cryogenic
transmission electron microscopy images of EG-BTA and Glu-
BTA confirms that both form long, narrow fibres of
micrometres in length and that the diameter is in both cases
around 5 nm (Fig. 1). Apart from forming similar morphologies,
the FT-IR spectra of EG-BTA and Glu-BTA in D,O show the
amide | vibration at identical positions (v = 1634 cm),
indicative for the presence of intermolecular H-bonds between
the core amides of both assemblies (Fig. S2, ESIt). These
results indicate that both types of BTAs form H-bond stabilised
| I

supramol ers in wate

E‘_ ¥
Fig. 1 CryoTEM images of EG-BTA (c = 0.58 mM) and Glu-BTA (c = 0.67 mM) in water.

Apart from similarities, the two BTA systems also show
differences. The EG-BTA assemblies are characterized by a UV-
Vis spectrum with maxima at 212 and 226 nm, while the UV-
Vis spectrum of Glu-BTA shows a more pronounced maximum
at 213 nm and a small shoulder at 225 nm (Fig. S3A, ESIT). The
increased absorbance around 213 nm in the spectrum of Glu-
BTA is attributed to the presence of the 1,2,3-triazole moiety
that absorbs around the same wavelength (Fig. S3B, ESIT). In
addition, upon cooling down from 90 °C to 20 °C, Glu-BTA
shows a transition from 55 to 43 °C (Fig. S4B, ESIt) in the UV
absorbance of the BTA chromophore. As expected, there is no
cloud point (Fig. S4C, ESIT). For EG-BTA, a cloud point is
observed at 72 °C (Fig. S5C, ESIt), due to the lower critical
solution temperature behaviour of ethyleneglycol.?22 From 50
to 38 °C, an additional, sharp transition occurs in the UV
absorbance of the BTA chromophore (Fig. S5B, ESI). Additional
studies with SLS and 'H-NMR at elevated temperatures
suggest that the transition around 50 °C in Glu-BTA originates
from the conversion of small aggregates into long, ordered
supramolecular polymers upon cooling (Fig. S6 & S7, ESIT). The
situation for EG-BTA is more complex: above 72 °C, very large
aggregates exist due to the increased hydrophobicity of TEG at
those temperatures. Also in this case, the transition observed
around 50 °C originates from the conversion of disordered
aggregates into long, ordered supramolecular polymers (Fig.
S8 & S9, ESIt). In contrast to previously studied water-
compatible BTAs that comprised either stereogenic centres in
the aliphatic chains?4252° or were connected to a proline
derivative,3° no CD effect was observed in case of Glu-BTA,
indicating that no present in
supramolecular polymers.?’ Finally, we assessed the presence
of a hydrophobic pocket around the core of the BTAs using the
solvatochromic dye Nile Red.3! Adding Nile Red to the
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supramolecular polymers showed a Amax of 612 nm for
assemblies of EG-BTA and a Amax of 628 nm for assemblies of
Glu-BTA (Fig. S10, ESIt). Interestingly, whereas all previous
results at low temperatures point towards similar
morphologies for assemblies of EG-BTA and Glu-BTA, the Nile
Red experiments suggest structural variances between the
assemblies; the environment surrounding the Glu-BTA core is
less hydrophobic as compared to that of the EG-BTA
assemblies.

To obtain a molecular insight into the subtle
hydrophobicity differences between EG-BTA and Glu-BTA and
their interactions with water, we performed all atom
molecular dynamics (MD) model of
supramolecular polymer of Glu-BTA using the same procedure
applied for EG-BTA fibres.3? We started from a model of an
ideal fibre composed of 48 pre-stacked and initially extended
Glu-BTA units. The atomistic model for the Glu-BTA fibre was
built and parameterised following the same procedure used
for EG-BTA (see ESIT for computational details).32 The initial
extended configuration for the atomistic Glu-BTA fibre model
replicates along the main axis of a simulation box filled with
explicit water molecules by means of periodic boundary
conditions, effectively modelling the bulk of an infinite Glu-
BTA supramolecular fibre (Fig. S11A, ESIT). The starting
geometry of the Glu-BTA fibre is thus identical to that of the
previously studied EG-BTA. This fibre was then equilibrated in
water through 400 ns of MD simulation at 20 °C (see ESIt for
simulation details). During this time the Glu-BTA fibre model
reached the equilibrium in the atomistic MD regime.

During the simulations, the initially extended Glu-BTA fibre
structurally reorganises to optimise the interactions between
the monomers and with the solvent.32 After equilibration, the
Glu-BTA fibre side chains appear more extended than those of
EG-BTA (Fig. S11A & S11B, ESIt). Previous MD simulations of
EG-BTA fibres revealed that the flexible EG-Ci> side chains
collapse around the core of the fibre to reduce the
hydrophobic area exposed to the solvent (primary folding).
After this phase significant hydrophobic regions along the fibre
were still in contact with water. Consequently, the EG-BTA
fibre was seen to undergo (secondary) folding along the main
fibre axis to further reduce the exposed hydrophobic area.3?2
Such a secondary folding process is not observed along the MD
run in case of the Glu-BTA fibres. This is reflected into a higher
persistence/order of the core-core stacking in the equilibrated
Glu-BTA fibre when compared to EG-BTA. The radial
distribution functions (Fig. S11C, ESIT) demonstrate higher g(r)
peaks at stacking distances ¢ (= 3.4 A), 2¢, 3¢, etc. The higher
the g(r) peaks, the higher the stacking persistence, indicating a
higher probability for finding cores at stacking distance in case
of Glu-BTA.32 In general, the Glu-BTA fibre deviates less from
the extended fibre configuration during the MD simulation
compared to the EG-BTA fibre (see Fig. S11).

When analysing the organisation of the glucose moieties at
the surface of the fibres in more detail, numerous H-bond
interactions between the glucose moieties are observed.
Closer inspection of the MD trajectories shows that these H-
bonds can be direct (saccharide-saccharide) or even indirect,

simulations on a
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involving bridging by water molecules (saccharide-water-
saccharide). Quantitative analysis of the H-bonding in these
fibres demonstrates that the H-bonds involving glucose
residues in Glu-BTA (either direct or indirect) are way more
numerous than those between the core amides. In the case of
the GIu-BTA fibre, the average number of H-bonds (per
monomer) between the core amides (Fig. 2: green) is in the
same range of those of the EG-BTA fibre3? (~2.1 per monomer
on average), while those between the saccharides in Glu-BTA
(Fig. 2: purple) are about twice in number (see Table 1).
Moreover, the indirect H-bonds involving bridging by water
molecules in Glu-BTA — j.e., “wet” H-bonds (Fig. 2: cyan) — are
one order of magnitude more numerous than the core ones
(Table 1).

The surface of the Glu-BTA fibre thus appears as a
hydrogel-like structure, in which water molecules can be
involved in H-bonding and immobilised by the glucose residues
(Fig. 2). In general, the MD simulations indicate that the
additional H-bond interactions between the surface glucose
residues make the periphery of the fibre more hydrated
compared to EG-BTA. This increased hydration of the
periphery and core in Glu-BTA also matches with the increased

Amax reported with Nile Red experiments.
Glu-BTA

"
# 4 W 400 ns
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Fig. 2 Details of H-bond interactions in the equilibrated Glu-BTA fibre. At the MD
equilibrium (400 ns), the saccharides form clusters (in red in the top image) on the fibre
surface. Glu-BTA cores are coloured in black, side chains in grey and saccharides are
shown as grey filled rings (periodic image in green). Core-core hydrogen bonds through
the amides are coloured in green, saccharide-saccharide direct H-bonds in purple and
indirect ones involving water molecules (red and white) in cyan.

Table 1. Average number of H-bonds per-monomer calculated from the
equilibrated phase MD simulations (last 100 ns).

Assembly Core-corel® End-end® Total “dry”t Wetd
EG-BTA3? 2.2 - 2.2 8.0
Glu-BTA 2.1 3.8 5.9 21.1

lalaverage number of H-bonds between the core amides. [PlAverage number of H-
bonds between the saccharides of Glu-BTA or the TEG terminal units of EG-BTA.
ldSum of the core-core and end-end H-bonds. [WAverage number of H-bonds with
water molecules.

To evaluate if the exchange of BTA monomers between
different fibres is affected by a better hydration of the
peripheral groups, we conducted HDX-MS on Glu-BTA and
compared the results to those of EG-BTA. With HDX-MS, the
exchange of labile hydrogens for deuteriums from the
surrounding D0 is probed as a function of time. Both access
of D0 to the core amides within the fibres as well as the
exchange of monomers between fibres may contribute to the

This journal is © The Royal Society of Chemistry 20xx

H/D exchange rate. First, we confirm with UV-Vis that diluting
a sample of Glu-BTA 100 times does not influence the
morphology of the assemblies (Fig. S12, ESIT). Glu-BTA has 15
labile hydrogens, 12 OH of the glucose and 3 NH of the amide
core, which can be exchanged for deuteriums during the HDX
process. The ESI-MS spectrum of Glu-BTA taken 1 h after
diluting the sample into D,O, shows more than one isotope
distribution (Fig. S13B, ESIT): one corresponding to BTAs with
only the alcohol hydrogens exchanged (Glu-BTA12D) and one
corresponding to all labile hydrogens exchanged for
deuteriums (Glu-BTA15D). This clearly indicates that not all
amide hydrogens are exchanged. As a reference, the ESI-MS
spectrum was recorded in the presence of acetonitrile (Fig.
S13A, ESIt), in which the BTAs are molecularly dissolved. In
this case, only an isotope distribution corresponding to Glu-
BTA15D was found. After 3 days of H/D exchange in DO the
intensity of the peak corresponding to Glu-BTA15D has
increased at the expense of the peak corresponding to Glu-
BTA12D (Fig. S13C, ESIt), suggesting that more BTAs became
accessible to the solvent.

In addition, the percentage of BTAs with non-exchanged
amide hydrogens was plotted as a function of time (BTA-3NH
in Fig. 3, corresponding to EG-BTA3D and Glu-BTA12D). After
72 hours, 24% of EG-BTA3D and 13% for GIu-BTA12D is
present, indicating that for the latter more BTAs exchanged all
labile hydrogens with D,O. Globally, this suggests that the BTA
amides are less shielded from D,O in fibres of Glu-BTA as
compared to EG-BTA. In addition, the decay curve in Fig. 3 of
Glu-BTA was fitted to a tri-exponential decay, in which a very
fast, initial exchange process, a fast, and a slow one are
distinguished.?* The three exchange processes are quantified
by both a rate constant as well as a relative contribution of
each of the HDX processes (Table 2). Comparing the rate
constants of each of the three processes for both fibre types
shows that Kinitial and kfast are higher for Glu-BTA, contributing
to a faster initial exchange of Glu-BTA monomers (Fig. S14,
ESIT). In contrast, the slow process shows a lower rate
constant ksow and contributes significantly less in case of Glu-
BTA. Analysis of the percentage of BTAs with only one or two
amide hydrogens exchanged for deuteriums permits a better
understanding of the origin of the H/D exchange (Fig. S15,
ESIT). If individual D,O molecules access the BTA amides inside
the fibres, H/D exchange will occur one single amide-NH at a
time, whereas the release of a single BTA molecule from the
fibre would exchange all three amide-NH to amide-NDs at the
same time. In both assemblies, a small percentage of amide-
IND and amide-2ND is observed during the first 60 min of the
HDX experiment (see Fig. S15, ESIt). The presence of these
intermediate populations indicates that the accessibility of the
amides to DO molecules contributes to the H/D exchange in
the early stages. At later stages of the HDX process, only
amide-3NH and amide-3NDs are observed, indicating that H/D
exchange is dominated by monomer exchange between fibres.
The lower ksow for Glu-BTA suggests that monomer exchange
occurs slower, and indicates that the fibres are more static in
terms of exchange of monomers. In contrast, the higher values
for Kinitial and kgst in case of Glu-BTA may be related to the
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water hydration layer around the saccharides. The exact origin
of rigidity of the fibres over time is currently unclear and topic

of further investigations.
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Fig. 3 The percentage of BTAs with non-exchanged amide hydrogens (BTA-3NH) for EG-
BTA (black) and Glu-BTA (red) assemblies as a function of time after diluting a 500 uM
BTA solution 100 times into D,0, at room temperature. The squares represent the
average percentage and the error bars represent the standard deviation both

calculated from three independent measurements. All data was fitted to a tri-

0 10 20

exponential fit.

Table 2. Rate constants, &, and relative contributions of the H/D exchange process as
obtained from the tri-exponential fitting of the data in Fig. 3.

Rate constants (h) Contributions (%)

Kinitial FKtast Ksiow Initial Fast Slow
EG-BTA 25 079  89x10 47.0 83 447
Glu-BTA 70 6.6 6.9X1073 61.0 17.2 21.8
In  summary, supramolecular building blocks with
saccharides as the water-compatible periphery form

supramolecular polymers in aqueous solution at 20 °C with
morphologies and dimensions that appear at first very similar
to those previously reported for supramolecular motifs with
TEG chains, but possess a less hydrophobic interior. In
addition, a higher extent of H/D exchange was observed on
short time scales whereas the fibres are more static in terms of
exchange of monomers on longer time scales compared to EG-
BTA. MD-simulations reveal that the surface saccharides of
Glu-BTA are more exposed on the fibre surface and that there
are numerous H-bonding interactions between the
saccharides, both direct and through bridging by water
molecules. This research not only emphasizes the importance
of a careful consideration when designing the periphery of a
supramolecular motif, but it also opens the door to
multivalent, water-compatible supramolecular polymers for
biological recognition.
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