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A supramolecular toolbox approach for multivalent ligand-receptor recognition was established based
on B-cyclodextrin vesicles (CDVs). A series of bifunctional ligands for CDVs was synthesised. These
ligands comprise on one side adamantane, enabling the functionalisation of CDVs with these ligands,
and either mannose or sulphate group moieties on the other side for biological receptor recognition.
The physicochemical properties of the host—guest complexes formed by B-cyclodextrin (3-CD) and
adamantane were determined by isothermal titration calorimetry (ITC). Ligand—lectin interactions were
investigated by surface plasmon resonance experiments (SPR) for the mannose ligands and the lectin
Concanavalin A (ConA). Microscale thermophoresis (MST) measurements were applied for sulphate-
dependent binding to L-selectin. In both cases, a multivalent affinity enhancement became apparent
when the ligands were presented on the CDV scaffold. Furthermore, not only the clustering between
our supramolecular mannosylated complex and Escherichia coli (E. coli), expressing the lectin FimH, was
visualised by cryo-TEM, but also the competitive character to detach bound E. coli from a cell line,
representing the uroepithelial cell surface, was demonstrated. In summary, a facile and effective
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Introduction

In biological systems, cell-linked carbohydrates generate the
glycocalyx, which is involved in diverse fundamental processes,
such as cell-cell recognition and downstream signalling in
living organisms."” The interactions, e.g., carbohydrate-lectin
binding, are usually weak and non-covalent. A multivalent
display of ligands and receptors on complementary surfaces,
however, is a well-known concept in nature to realise higher
specificity and stronger relative binding affinities.? For instance,
the adhesion of bacteria to cell surfaces requires multivalent
protein-carbohydrate interactions.*” In particular, the adhesion
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supramolecular toolbox was established for various ligand—receptor recognition applications.

of uropathogenic E. coli (UPEC) to uroepithelial cells in the
urinary tract is mediated by the binding of a-p-mannosides,
presented on cell surface proteins, to the bacterial lectin FimH of
type I pili of UPECs.® In this specific case, urinary tract infections
(UTI) are mostly caused by antibiotic resistant E. coli strains’® and
therefore alternative treatment options are badly needed.

To achieve an effective inhibition of bacterial colonisation of
tissues, synthetic multivalent scaffolds as binding competitors
are a promising option. Different variables including valency,
topology, density and cluster effects of carbohydrates at synthetic
scaffolds are currently under investigation.'™* Biomimetic
materials have obtained increasing interest in this regard in
recent years. Glycoconjugates and supramolecular self-assembled
glycoclusters have been used to generate multivalent systems,'®
including liposomes,'® glycopeptides,’”” dendrimersomes,'® and
fluorescent glycoprobes.”® The development of a toolbox system,
mimicking the glycocalyx and being easily variable by adapting
different suitable ligands is therefore of high interest.

Bilayer vesicles are dynamic supramolecular structures that
can be used as mimic for the glycocalyx by functionalising the
surface of the vesicles with carbohydrates.>® Cyclodextrins are
cyclic oligosaccharides, containing p-glucopyranose as repeating
units. The special orientation of glucopyranose units in cyclodextrins
shapes a conical structure with a hydrophobic cavity. In addition, the

This journal is © The Royal Society of Chemistry 2018
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hydroxyl groups on both sides at the open ring allows for further
functionalization.** By amphiphilic functionalisation with alkyl
chains and oligo(ethylene glycol) chains, the formation of bilayer
vesicles was reported.”” Depending on the number of glucopyranose
units (6 for o-, 7 for B- and 8 for y-cyclodextrins), the size of the
hydrophobic cavity ranges from 5.7 to 9.5 A, thus enabling the
formation of inclusion complexes with different hydrophobic guest
molecules in water.>® For B-CD, adamantane is known to be a well-
fitting inclusion guest (K, ~ 10 M"). By choosing different guest
conjugates, the self-assembled cyclodextrin vesicles (CDV) are
versatile scaffolds for various applications.”*>® A similar host-
guest system based on amphiphilic cucurbit[6]uril and spermidine
derivatives was reported for Concanavalin A (ConA) recognition®
and photoresponsive capture and release of lectins could be achieved
by introducing azobenzene motifs*® into the ligand structure.

The enhanced development of a toolbox scaffold system that
enables diverse variation of its ligands and the investigation
of subsequent ligand recognition were the aims of this work.
The versatility concept was demonstrated by a few examples.
Therefore, CDVs were non-covalently functionalised with two
different kinds of lectin-recognising ligands. Mannose-presenting
ligands were chosen for the binding to ConA and FimH expressing
E. coli, whereas sulphate-presenting ligands were used to show
L-selectin binding. ConA is a plant lectin, homotetrameric at
neutral pH and has four carbohydrate recognition domains for
mannosides. L-selectin is an adhesion protein that supports
the attachment of leukocytes to endothelial cells during the
inflammation process.>*** PSGL-1 is one of the physiological
ligands for L-selectin, bearing an anionic sulphotyrosine residue,
which binds to the positively charged region of L-selectin.**** Due
to this electrostatic interaction, sulphated ligands with a high local
anionic charge density have been reported previously for the
effective binding to L-selectin®® including derivatives of heparin®®
and dendritic polyglycerol sulphates® (dPGS), which were block-
ing the interaction between leukocytes and endothelial cells.

To enhance the binding affinity of ligands towards the CDV
surface, also divalent adamantane anchoring moieties were
considered.*®?° In addition, we synthesised ligands with different
amounts of mannosides and sulphate groups, respectively, to
investigate the influence of ligand density on CDVs in terms of
target recognition. Therefore, interactions with the desired lectins
were investigated by surface plasmon resonance (SPR) and micro-
scale thermophoresis experiments (MST) as well as turbidimetric
analysis of rising aggregates (OD,). Furthermore, all host-guest
complexes were analysed regarding their physicochemical properties
by ITC measurements. In a second step, binding of mannose-
decorated CDVs to FimH expressing E. coli was investigated by
cryo-TEM experiments and studied in a competitive binding
assay to the uroepithelial cell line RT4.

Results and discussion
Synthesis

In order to explore the multivalent supramolecular binding
of cyclodextrin vesicles (CDVs), seven different ligands were
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Scheme 1 Schematic representation of the synthesised adamantyl ligands
with mannose and sulphate motifs and amphiphilic cyclodextrin vesicles.

synthesised, four of them bearing mannosides and three with
sulphate group functionalisation. The valency of the ligands
included mono-, tri- and octavalent mannosides as well as tetra-
and octavalent sulphates in order to study the effect of multi-
valent ligand-receptor binding. The ligands were designed so
that on one side of the structure a motif of one or two adamantyl
residues allowed for the complexation to B-cyclodextrins (3-CD)
at the surface of CDVs. Adamantyl groups are known to form
inclusion complexes with B-CD with an affinity constant of
around K, ~ 10* M~" for monovalent 1:1 binding. Divalent
binding with two adamantane residues per ligand, however, can
lead to an apparent affinity constant of up to K, ~ 10’ M~ " plus
additional kinetic stabilization of the complex.*® On the opposite
side of the ligands, either mannose or sulphate groups were
introduced. The synthetic ligands are shown in Scheme 1 and
their detailed synthesis procedures are described in the ESL}

The octavalent mannoside ligand Ad,Mang was synthesised
as shown schematically in Fig. S4 (ESIt). A polyglycerol-based
dendron was synthesised according to published procedures*'
and coupled to a two-adamantane precursor by amide bond
formation. Afterwards, the acetal-protection groups of the
dendron were cleaved off using Dowex™ resin. The free hydroxyl
groups were then converted into terminal alkyne groups by the
addition of 4-pentynoic acid via esterification. Subsequently,
azido-mannosides were clicked onto the dendron’s terminal
alkyne groups via copper-catalysed azide-alkyne cycloaddition
(CuAAC) under optimised conditions. The reaction was stirred
for four days at elevated temperature (50 °C). The addition of a
piece of copper wire** along with CuSO, and sodium ascorbate
turned out to facilitate the reaction drastically and led to full
octavalent functionalisation. Sulphate-adamantyl conjugates
were synthesised in a similar procedure. Here, the terminal
hydroxyl groups were sulphated using a sulphur trioxide
pyridine complex.

Amphiphilic B-cyclodextrins functionalised with alkyl and
polyethylene glycol chains were synthesised according to
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previous reports.** B-Cyclodextrin vesicles (CDV) were obtained by
extrusion, yielding vesicles with diameters between 100 and 200 nm.

Physicochemical characterisation

In order to investigate the vesicle’s size and morphology,
dynamic light scattering (DLS) and cryogenic transmission
electron microscopy (cryo-TEM) experiments were carried out.

Cryo-TEM images show mono- and multilayered vesicles
with diameters of (177 + 40) nm (Fig. 1A). These values closely
correlate with the range of 140 to 180 nm obtained by DLS
measurements (Fig. 1D), regardless of the solvent used (Milli-Q,
HEPES, PBS+/+). Even after addition of mannoside ligands, the
shape and size of the vesicles remained similar as can be seen
in Fig. 1B and C.

The host-guest interaction was investigated between adamantane
mannoside ligands (Ad;Man,, Ad,Man,, Ad,Man;, and Ad,Mang)
and B-CD as non-aggregated (-CD allows unhindered inclusion
complex formation with adamantane. Measurements were carried
out by isothermal titration calorimetry (ITC) using 1:1 complexes of
adamantane and B-CD (Table 1). Each titration was performed with
a 10-fold higher host concentration in relation to the guest molecule.
All ligands showed association constants in the range of 10* M7,
which are in the typical range of adamantane to f-CD binding and
are in line with previous results.® The thermodynamic parameters
of Ad;Man,, Ad,Man,, and Ad,Man; are consistent (negative AH and
positive AS), while for Ad,Mang the change in entropy (AS) is slightly
negative and the change in enthalpy (AH) is slightly increased.
We attribute this behaviour to the bulky and strongly hydrated
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Fig. 1 Cryogenic transmission electron microscopy of CDVs in water:
(A)1mM CDV; (B) 100 uM CDV + 25 uM Ad,Many; (C) 100 uM CDV + 25 uM
Ad,Mang. Scale bars represent 150 nm in all figures. The displayed cryo-
TEM images are representative and show uni- and multilamellar vesicles as
well as their structural stability even after the addition of mannoside
ligands. (D) Size distribution of CDVs in different aqueous media measured
by dynamic light scattering.
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Table 1 Summary of physicochemical properties for adamantane-
mannose ligand complexes determined by ITC

Ligand AH AG AS

at CDV (Kmol™) (Kmol™) (K 'mol™ KM
Ad;Man, —16.7 ~26.0 31.0 3.55 x 10
Ad,Man,  —18.1 —26.3 17.6 1.24 x 10
Ad,Man,  —18.4 236 17.5 1.38 x 10
Ad,Man, 252 ~23.3 —6.1 1.23 x 10

octavalent mannose dendron, which will significantly reduce
the entropic bonus of releasing hydration water from the
adamantane. Instead, it will be first solvated by the dendron
and then included by the B-CD, so that the net gain in entropy
due to the desolvation is minimal or even negative. In addition,
AH is higher assumingly because of multiple weak but favour-
able hydrogen bonds between the dendron and the B-CD.
However, the resulting association constant K, lies within the
same range of the other ligands, which results in a stable
inclusion complex formation for all ligands. Furthermore, due
to the divalent binding of the ligands Ad,Man,, Ad,Man; and
Ad,Mang to the membrane of CDVs, increased binding affinities
(K, ~ 10" M ") and additional stabilization effects for the
complexes can be assumed as shown by Huskens et al.>* Additional
titration plots including fitting curves are given in ESL (Fig. S5-57).

In a second set of experiments, the non-covalent interactions
between B-CD and the sulphated adamantyl ligands were
investigated by ITC. Additionally, the non-sulphated analogues
(OH-group terminated) were included in this assay to examine
the effect of sulphation on the thermodynamic parameters.
Again, reasonable binding affinities (K, ~ 10* M ") for adamantane
to B-CD were observed for all ligands (Table 2). In the case
of Ad,OHg, a binding affinity comparable to the mannose-
functionalised ligands (¢f Table 1) was obtained. A similar
effect as before could be observed, i.e., a negative change in
entropy and an increased change in enthalpy, which we again
attribute to the strongly hydrated and bulky octavalent dendron
in combination with two adamantane moieties. By comparing
the titrations of Ad,OHg and Ad,Sug, an unexpected behaviour
was observed, i.e., the sulphated ligand showed not only a lower
heat rate change by a factor of five than Ad,OHg, but also
reached the thermal equilibrium already after three titrations
(Fig. S7, ESIt). This observation suggests that a self-assembled
structure of Ad,Sug was present as the amphiphilicity of Ad,Sug
increased due to the sulphation of the highly branched head-
group in comparison to the uncharged Ad,OHg. Thus, the

Table 2 Summary of physicochemical properties for adamantane-
dendron and sulphate complexes determined by ITC and zeta-potential ()

Ligand AH AG AS

at CDV (K mol™) (kY mol™") J K *mol ™) K, M) {(mV)
B-CcDV — — — — —10.0 + 1.7
Ad,OH, —17.4 —25.9 28.5 3.45 x 10 —9.5 + 0.4
Ad,Su, -16.8 —25.2 28.1 2.59 x 10* —14.6 + 1.1
Ad,OHg —18.0 —25.1 23.6 2.46 x 10 —8.5 + 0.9
Ad,Sug —17.3 —24.1 22.6 1.66 x 10* —16.3 + 2.4
Ad,OHg —25.9 —23.6 —-7.6 1.38 x 10* —5.3 4+ 0.2

This journal is © The Royal Society of Chemistry 2018
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adamantane groups were hindered from binding to -CD. For
all other ligands, this behaviour was not observed.

Zeta-potential measurements were carried out to investigate
the charge of CDVs after the complexation with neutral and
sulphated ligands at the CDV surface (Table 2). For the dendritic
neutral ligands, Ad;OH, and Ad,OHg, the zeta-potential remained
unchanged after addition of the ligands in comparison to the bare
CDVs ({ = —8-10 mV), which also contain ethylene glycol side
chains at the vesicle surface.

In contrast, the decoration of CDVs with the sulphated
ligands Ad,;Su, and Ad;Sug led to an increased negative zeta-
potential ({ = —14-16 mV), as the negatively charged ligands
changed the surface environment after their complexation
to CDVs.

In the following, supramolecular complexes, consisting of
CDVs and mannose-functionalised or sulphated adamantyl
ligands, respectively, were investigated regarding their binding
affinities towards lectins.

Lectin binding

Surface plasmon resonance (SPR). SPR were performed to
analyse the binding affinities of mannose-functionalised CDVs
to the lectin Concanavalin A (ConA). ConA originates from
the jack bean Canavalia ensiformis and forms homotetramers
above pH 7 and in the presence of Ca*>" as well as Mn>" ions."
The carbohydrate recognition site is specific for mannose and
glucose, which has turned ConA into a well-studied model
system for mannose-binding.

In this assay, the aim was to compare binding affinities
between the synthetic mannose-functionalised ligands as well
as the respective ligand-functionalised vesicles to ConA. Therefore,
ConA-biotin was immobilised on a streptavidin-functionalised SPR
sensor chip, whereas mannose ligands and ligand-functionalised
vesicles, dissolved in HEPES bulffer, were run in a continuous flow
over the sensor chip (Fig. 2A). In a kinetic titration series, binding

ConA-

SPR chip

0,
0= 5 ® = Mannose ’( = ConA
B
'54” 5’ 1500
3 [
> 300 @
2 2 1000
%200 ;.5'
& & 500
e Kp =50 uM Kp =9 pM
0 2.0x104 4.0;10" 6.0x104 0 1.0;10'5 2.0x10° 3.0x10°
Concentration [M] Concentration [M]
Fig. 2 (A) Schematic depiction of SPR experiment setup. (B) Determina-

tion of binding affinities for mannoside functionalised ligands (left) as well
as ligand functionalised vesicles (right) to ConA. (C) Corresponding binding
isotherms are shown exemplary for Ad,Mang.
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Table 3 Binding affinities obtained from SPR of mannose-conjugates and
mannose-functionalised CDVs

Kp (uM)
Ligand Bare ligand Ligand displayed on CDVs
Ad,Man, 234 89
Ad,Man, 50 7
Ad,Man, 69 13
Ad,Mang 50 9

measurements were conducted with increasing concentrations of
the respective sample. Subsequently, K, values for each sample were
determined by single cycle kinetics and the resulting binding
isotherms (Fig. 2B, C and Fig. S10, S11, ESI{). The results are
summarised in Table 3.

Due to non-specific binding of dissociated adamantane to
the dextran layer on the SPR chip, additional cyclodextrin was
added to the SPR running buffer. In order to efficiently shield
the adamantyl moiety, f-CD and y-CD were added as surfactants
to the buffer during the measurements with mannoside ligands
and ligand-decorated vesicles, respectively. Further information
about the experiments, showing that the system was not
affected by the additives, is given in the ESL

At first, binding affinities of mannose-functionalised conjugates
(Ad;Man,, Ad,Man,, Ad,Man; and Ad,Mang) to ConA were
measured. The determined K, values ranged from 50-234 pM
(Table 3).

Subsequently, CDVs were decorated with the ligands through
the formation of adamantane-B-CD inclusion complexes. The
concentrations of ligands were chosen such that full decoration
of the vesicles by complexation of every cyclodextrin was
theoretically enabled (referred to as 100% surface coverage).
Here, determined Ky, values ranged from 7-89 uM. By comparison
with the corresponding values for the conjugates itself, the binding
was strengthened by a factor of approx. three to seven through the
multivalent display of ligands at CDVs, highlighting the effectivity
of multivalent organisation of ligands. However, differences in the
binding affinities resulting from different carbohydrate valences
(one to eight) could not be discriminated at that point.

The obtained values are comparable to recent studies also
using SPR.***® However, in contrast to the present approach,
these works used covalently synthesised glycoclusters and glyco-
polymers. By using a supramolecular multivalent approach, a
facile adaption to different targets in terms of e.g. valency and
type of ligand is enabled. Additional aggregation experiments
with turbidimetric measurements (OD,o,) investigated the
optimisation of the surface coverage of vesicles with mannoside
ligands by altering the ratio of ligand to host moiety. Here, a
threshold of 20% surface coverage was identified for effective
aggregation for all ligands (Fig. S8 and S9, ESI). Further details
of the experiments can be found in the ESL¥

L-selectin binding analysis using label-free microscale thermo-
phoresis (MST). In order to demonstrate the versatility of our
toolbox system, the sulphated ligands and respective CDV
sulphate complexes were applied in a L-selectin binding assay.
Here, the dissociation constant was determined by microscale

J. Mater. Chem. B, 2018, 6, 4216-4222 | 4219
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Fig. 3 MST dose-response curves of sulphated ligands Ad;Sug (A) with-
out vesicles and (B) with vesicles and Ad;Sug (C) without vesicles and
(D) with vesicles. All systems are titrated against L-selectin (100 puM).
Sulphated ligands without vesicles show no interaction with L-selectin,
whereas in the presence of vesicles significant binding was observed. Each
graph displays data merged from three independent experiments.

thermophoresis experiments (MST). MST is a powerful technique
to study the interaction between proteins and small molecules in
solution with low sample consumption.*” The technique makes
use of molecular migration due to an applied temperature
gradient.”® Binding affinities are evaluated from the changes in
the thermophoretic behaviour resulting from binding of the ligand
to the protein.*®

The sulphated ligands Ad;Su, and Ad;Sug without CDVs
showed randomly fluctuating values for the MST response
throughout the ligand titration range. However, likewise to
the mannose-functionalised ligands, an optimised binding
behaviour due to multivalent display of the ligands on CDVs was
observed. In the presence of vesicles, characteristic s-shaped and
mirrored-s-shaped sigmoidal binding curves could be obtained
(Fig. 3). The different appearances of the binding curves can be
attributed to different thermophoretic movements of the
respective ligands.”® From these experimental data, Ky values
of 34 uM for Ad;Su, and 25 uM for Ad,Sug were determined.
These values are in the same range of those observed from
mannoside-ConA binding experiments (¢f. SPR experiments)
and underline the broad and easy applicability of non-covalently
functionalised CDVs in biological binding approaches by simply
changing the functionalised ligands.

In vitro assay - bacteria binding. Mannose-functionalised
CDVs were further studied in a competitive in vitro assay. Here,
the ability to remove bound E. coli bacteria (ORN178, FimH")
from the human uroepithelial cell line RT-4 was investigated.
The adhesion of UPECs to uroepithelial cells, subsequent
biofilm formation in the urinary system, and further bacterial
invasion can lead to a severe inflammation.”**" Strategies to
prevent or disrupt the initial adhesion process are of increasing
importance especially due to an increasing number of antibiotic
resistant strains.’® The adhesion is mediated by the recognition
and binding of the lectin FimH at the Type 1 pili of UPECs to
carbohydrates at the glycocalyx of epithelial cells. FimH bears a
carbohydrate recognition domain, which is specific for a-p-mannose.

4220 | J. Mater. Chem. B, 2018, 6, 4216-4222

View Article Online

Paper

In this context, mannose-functionalised synthetic structures with
high binding affinities towards FimH are highly promising anti-
adhesive drug candidates.

The potential of our system to detach UPECs from uroepithelial
cells was investigated using an in vitro assay. Uroepithelial RT-4
cells were incubated with E. coli strain ORN178 for 1 h. Afterwards,
mannose-functionalised vesicles were added and incubated for
15 min together with cells and bacteria. In case of successful
competitive binding, the vesicles would detach the bacteria
from cell surfaces. The assay principle is depicted in Fig. 4A.
Subsequently, the supernatant with detached bacteria was harvested
and plated in serial dilutions on agar plates. Colonies were counted
after overnight incubation at 37 °C and the detaching ability was
calculated as relative activity in relation to PBS buffer solution as
negative control. All bi-adamantane ligands, carrying one, three and
eight mannose residues were tested (Ad,Man,, Ad,Man;, Ad,Mang).
Furthermore, ligand concentrations were chosen such that both
half and full coverage of the vesicles was achieved. For comparison,
also the monovalent methyl-o-p-mannopyranoside (Me-Man) was
included. The non-carbohydrate ligand Ad-TEG-OH served as a
control to exclude unspecific binding. As can be seen in Fig. 4B,
tri- and octavalent mannoside ligands were able to release
significantly more bacteria from RT-4 cell layers than the mono-
valent and control ligands. Furthermore, Me-Man and Ad,Man,
did show the same or even less detaching activity compared to
the inactive control ligand Ad-TEG-OH.

In the following, different coverage densities of the vesicles
with ligands were tested. As can be seen in Fig. 4B, the coverage
density, i.e., half and full coverage with ligands on the CDV’s
surface, had no influence on the detaching efficiency. These
findings seem to be non-intuitive at the first glance, i.e., one
would expect a direct dependence between the detaching
efficiency and ligand density. However, the above-described
results can be interpreted by considering the effect of local
density of binding sites. The pili of the UPECs exhibit only a
single mannose-binding site, which is located at the outermost
protein, ie., FimH. At the beginning of our cell experiments, this
binding site was bound to the mannosides at the uroepithelial RT4
cell membrane. By adding the functionalised vesicles, alternative
mannosides were offered for binding. Since binding is a dynamic
process, binding and debinding occurs occasionally. If an alter-
native binding site other than the natural mannosides at the cell
membrane were present during debinding, FimH may bind to
these alternatives. Binding to these alternatives becomes even
more favourable, if they are arranged in multivalent clusters. If
this is the case, they exhibit a high local concentration of binding
sites. An increase of the high local concentration of binding sites
leads to a decreased dissociation rate>*** and statistically favoured
rebinding. Hence, FimH stayed bound to the dendritic mannoside
clusters. These mannoside clusters are present in the tri- and
octavalent mannose ligands, explaining the increased detaching
efficiency compared to the monovalent mannosides and the
inactive ligand. Thus, multivalency is an important aspect for
enhancing binding efficiencies in biological systems.

In addition, cryo-TEM images of UPECs and CDVs were
taken (Fig. 4C-E). Here, CDVs were functionalised with either

This journal is © The Royal Society of Chemistry 2018
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(A) Schematic presentation of the bacteria-detaching assay. Left, FimH pili of E. coli bind to the mannosylated surface proteins of RT-4 cells; right,

mannose-functionalised CDVs are added and competitive binding liberates E. coli. (B) Detaching ability of different functionalised vesicles to disturb
cell-bacteria interaction. Representative cryo-TEM micrographs show mannose-dependant CDV binding to E. coli cells. (C) Control: E. coli + CDV +
Ad-TEG-OH; (D) control: close-up picture of cell membrane and pili. (E) E. coli + CDV + Ad;Mang. Scale bars are 300 nm for (C and E) and 100 nm for (D).

the inactive ligand Ad-TEG-OH or the octavalent mannoside
ligand Ad,Mang. For UPECs incubated with CDVs plus the
inactive Ad-TEG-OH ligand, no binding of vesicles to the pili
of the bacteria could be observed (Fig. 4C and D). However,
vesicles, functionalised with Ad,Mang ligands, show clear
co-localization to the bacteria and their pili (Fig. 4E), supporting
the above results from the in vitro assays. Furthermore, the cryo-
TEM images prove that binding occurs to the functionalised
vesicles and not to free and non-complexed ligands in solution.

Conclusion

In conclusion, we performed a thorough study on multivalently
functionalised CDVs for lectin binding. Functionalisation of
the vesicles was realised by novel carbohydrate and sulphate
ligands, namely mono-, tri- and octavalent mannosides as well
as tetra- and octavalent sulphates. These different ligands were
used in a toolbox approach to demonstrate enhanced lectin
binding through multivalent display of the ligands at the
vesicle’s surface. Our toolbox approach easily allowed addres-
sing different biologically relevant receptors by modifying the
supramolecular system with corresponding ligands, i.e., manno-
sides for ConA binding as well as sulphated ligands for L-selectin
binding. Finally, we demonstrated in an in vitro assay that our
mannose-functionalised vesicles are an efficient system for
detaching E. coli from uroepithelial cells. FimH antagonists as

This journal is © The Royal Society of Chemistry 2018

anti-adhesive compounds reduce the bacterial load and therefore
could be further developed for wash out strategies as a treatment
option with respect to antibiotic resistant UPEC strains. In the
future, new strategies to target different pathogens using the
toolbox approach presented in this work will be anticipated.
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