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Multivalent glycosystems are potential candidates for anti-adhesive therapy, a non-lethal approach against the ever
www.rsc.org/ increasing antibiotic resistance of pathogenic bacteria. In order to fine tune the glyconanomaterials size and shape for
selective bacterial cell agglutination, herein we report the synthesis of sugar-coated dynamic and polymeric 3D-micelles
and 1D-carbon nanotubes. The reported shot-gun like synthetic approach is based on the ability of diacetylenic-based
neoglycolipids to self-assemble into micelles in water and to hierarchically self-assemble in hemimicelles on single-walled
carbon nanotube surface. The affinity of the nanosystems was preliminary assessed by enzyme-linked lectin assay (ELLA)
using the mannose-specific Concanavalin A lectin as a model receptor. Relative binding potency enhancements, compared
to methyl a-D-mannopyranoside used as control, from 10-, to 25- to 975-folds in sugar molar basis were observed when
passing from 3D dynamic micelle to static micelle, to 1D-mannose coated carbon nanotubes, respectively, ,indicative of a
significant cluster glycoside effect. Importantly, these results were confirmed in vivo showing that the 1D-glyconanoring-
coated carbon nanotubes efficiently and selectively regulate the agglutination and proliferation of the enterobacteria
Escherichia coli type 1 fimbriae. These findings highlight the potential of sugar coated nano-materials as novel and
effective tools in the control of bacterial pathogenesis.

cells.® In addition, carbohydrates play an important role in the
1 Introduction. early stages of cell infection by pathogenic bacteria through
specific lectins, the so-called adhesins. Synthetic compounds
blocking these adhesins have the potential to inhibit the

adherence of bacteria to epithelial cell walls, preventing

The relevance of the physiological and pathological processes
involving carbohydrates has put research on glycobiology in
research.’

the frontline of pharmaceutical and medical

. . . . 8 .
Interactions between carbohydrate ligands and carbohydrate infection. This strategy, so-called anti-adherent therapy,” is
binding proteins (lectins) are at the origin of fertilization,

immune response, cell adhesion and tumor cell metastasis,

particularly relevant as a possible alternative to antibiotics that
are prone to bacterial resistance.’ Because lectin blockers are
generally not internalized, it is less likely that the bacteria
develop resistance against them. Even assuming that this
would be the case, the bacteria would possibly lose their
ability to adhere to the cell surface and therefore, their
virulence.

The development of an anti-adhesive therapy has been
hampered because the structure of the majority of functional
carbohydrates remains unknown and high structural
complexity of known carbohydrates structures constrains their
synthesis.m In addition, adhesin- and in general protein-
carbohydrate interactions are characterized by low affinity

among others.” Many infections by pathogens and toxins,
including some of the most virulent and dangerous viruses, are
also mediated by carbohydrate-lectin For
instance, influenza virus displays hemagglutinins (sialic acid
binding lectins) for adhesion to target cells,® while HIV* and
Ebola® viruses express high-mannose chain glycoproteins that
are able to bind a C-type lectin (DC-SIGN) on immune cell
populations that are predominantly comprised of dendritic

intercations.
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(usually in the millimolar range), high affinity interactions in
nature being achieved by organizing carbohydrates as
multivalent structures or glycoclusters.11 Therefore, synthetic
multivalent surrogates for the adequate recognition of
carbohydrate receptors based on the so called “cluster
glycoside effect””? would be a major advance in the
development of anti-adherent therapies.

Given the accessibility and facility in functionalizing scaffolds
such as metal nanoparticles, dendrimers, calixarenes,
fullerenes, and cyclodextrins, the majority of the multivalent
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systems obtained so far have spherical shapes.13 Recent
studies have shown that the geometry of glycocoated
nanosystems has a significant impact on their abilities to
generate networks, and to interact with specific lectins present
in biological membranes.® Thus, synthetic designs allowing
the divergent synthesis of functionalized multivalent
nanosystems with varied morphologies, preferentially from a
common intermediate, with no additional synthetic cost are
therefore highly desirable.”® The sequential approach -ligating
monomeric or block species in a step-wise manner- usually
followed is highly challenging, time consuming and clearly not
suitable for this enterprise.

Supramolecular self-assembly mediated by non-covalent
forces, such as hydrogen bonding, m—-mnt stacking, electrostatic
and charge-transfer interactions,” is the most appropriate
approximation to induce self-assembling glyco-monomers into
multivalent systems with diverse topology, composition, and
assembly dynamics.16 Such multivalent systems may then be
further manipulated in the supramolecular state in order to
endow the glyconanomaterials  with needed
physicochemical stability.
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Figure 1. Procedure for SWCNT/1 nanoassembly formation (A) i) )
Sonication-promoted supramolecular self-assembly of neoglycolipid 1 in
concentric hemi-micelles around SWCNTs in water. iii) Intermolecular
photo-polymerization of neoglycolipid 1 hemi-micelles into homogeneous
(GNRs). Above, TEM SWCNT/1

glyconanorings micrograph  of

nanoassemblies.

Diacetylenic amphiphiles are well suited for the above
endeavour as they can undergo, upon UV-irradiation or
thermal stimuli, a clean photo-polymerization via a 1,4-
addition reaction, affording functional polydiacetylene (PDA)-
nanomaterials with enhanced stability and interesting
chromatic properties.17 Accordingly, we have recently reported

2. Results and discussion

2.1 Chemistry

2.1.1.
glyconanomicelles (NP1 and NP2)

Synthesis and characterization of mannose-coated 3D-

2 | J. Mat. Chem. B, 2015, 00, 1-10

that lactose-based neoglycolipid 1 was capable of self-
assembled on single wall carbon nantube (SWCNT)18 surfaces
in a supramolecular fashion, resulting in rings made of rolled-
up half cylinders (Figure 1, step i). Photo-polymerization of the
diacetylene function upon ultraviolet irradiation (254 nm)
afforded a conjugated polydiacetylene backbone of alternating
enyne groups (step ii) which rigidified the inner core of each
hemi-micelle, resulting in robust polymerized glyconanorings
(GNRs) around the nanotube in an abacus-like geometry.19
Further studies unraveled that neoglycolipid 1 first self-
organizes into micelles in aqueous solution, and then undergo
a hemi-micellar arrangement on the solid surface of the
SWCNTs.” Interestingly, we found that both micelles and
glyconanotubes are multivalent systems exposing a large
number of carbohydrate ligands on their surface. Moreover,
the three-dimensional structure of the micelles and
monodimensional structure of glyconanotubes offer an
excellent opportunity to study the topology significance on the
cluster glycoside effect at the nanoscale.”

Here we report the synthesis of mannose-coated dynamic and
static micelles from diacetylene-derived mannopyranosyl
glycolipids. In the presence of single walled carbon nanotubes
(SWCNTs), the dynamic micelles hierarchically self-assemble
onto the nanotube surface in form of rings made of rolled-up
half cylinders, affording stable water soluble 1D-
nanoconstructs. The structure and shape of the 3D and 1D-
nanomaterials produced have been investigated by nuclear
magnetic resonance (NMR), near infrared spectroscopy (NIR),
transmission electron microscopy (TEM), atomic force
microscopy (AFM), dynamic light scattering (DLS), and Raman
spectroscopy. The sugar content in the neoglycolipid
aggregates and in the mannosyl-coated SWCNT has been
determined by the anthrone method and by
thermogravimetric analysis. Finally, we determined the ability
of the new glyconanomaterials to specifically interact with
lectins by the so-called Enzyme-linked Lectin Assay (ELLA).
Using the mannose-specific lectin Concanavalin A, strong
glycoside cluster effects were observed, demonstrating the
availability of the sugar epitopes at the surface of micelles and
carbon nanotubes to participate in multivalent molecular
recognition processes. To validate these observations in vivo,
we verified the potency and selectivity of these nanomaterials
to aggregate the enterobacteria Escherichia coli (E. coli) type 1
fimbriae (Figure 2). Taken together, we report a proof-of-
principle for the use of supramolecular glyconanomaterials as
a tool for anti-adhesive therapies.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: Short-gun convergent synthesis of multivalent mannose-coated
3D-micelles and 1D-glyconanotubes used for the regulation of bacterial cells
agglutination (Scale bars, 10um).

Binding of multivalent mannose constructs to the plant lectin
Concanavalin A (ConA) has been profusely studied, providing
an excellent model to test the performace of the newly
synthesized mannose coated nanomicelles and
glyconanotubes in molecular recognition events.”> Moreover,
multivalent mannosides are able to specifically aggregate uro-
pathogenic fimbriated bacteria by interacting with FimH lectin,
which allows further probing the influence of variations in the
geometrical parameters of the glyconanosystems in a model of
therapeutic interest.” For the purpose of this work, we have
chosen to work with neoglycolipid 2 having a mannose head
group, a long ethyleneglycol chain and a 25 carbon-based fatty
acid containing a photopolymerizable diyne function (Scheme
1).

Scheme 1. Procedure the synthesis of dynamic (NP1) and static (NP2)
mannose-coated nanomicelles i) ) Sonication-promoted supramolecular
self-assembly of neoglycolipid 2 into micelles in water. ii) Intermolecular
photo-polymerization of neoglycolipid 2 into homogeneous static micelles
(NP2).

Neoglycolipid 2 was obtained in four steps starting from 2-
aminoethyl 2,3,4,6—tetra—O—acetyI—a—D—thiomanopyranoside[lga]
and fully characterized (see Sl). The amphiphilic neoglycolipid
2 showed a critical micellar concentration (CMC) in water of
2.78 UM as determined by fluorescence using pyrene as a
probe.24 Formation of the nanomicellar system NP1 was
carried out by a simple dispersion of the neoglycolipid 2 in

This journal is © The Royal Society of Chemistry 20xx
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water at a concentration above the CMC. The photo-
polymerization of the diacetylene function upon ultraviolet
irradiation (254 nm) afforded a conjugated polydiacetylene
backbone of alternating enyne groups (Scheme 1), which
rigidified the inner core of the micelles resulting in robust
polymerized micelles, NP2.

The characteristic size and morphology of nanomicelles NP1
and polymerized nanomicelles NP2 were determined by DLS
and TEM. The size distribution histogram of the non-
polymerized micelles NP1 in aqueous solution gives a
multimodal distribution with a hydrodynamic diameter of 8.25
nm and a narrow polydispersion with a polydispersion index
(PDI') of 0.17 (Figure 3A). The static micelles NP2 (Figure 3B)
were also obtained with narrow polydispersity (PDI = 0.10),
and with a small change in the hydrodynamic diameter (7.2
nm), as a consequence of shrinking caused by the
photopolymerization. The morphology of the supramolecular
3D-micelles visualized by TEM is shown in Fig. 3C and 3D. The
neoglycolipid self-assembles in agueous solution into spherical
micelles with a diameter similar of that obtained with DLS
measurements. Interestingly, these results also indicate that
the size of self-assembled micelles derived from neoglycolipid
2 suits the size of nanomaterials currently used as nanovectors
for intracellular drug delivery.

Size Distribution

L'\_l by Number [ﬂ

Size Distribution
by Number
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Figure 3. Micelle’s size determination. Representative size distribution of no-
polymerized, NP1 (A) and polymerized micelle, NP2 (B) determined by DLS.
Representative TEM images of no-polymerized, NP1 (C) and polymerized
micelle, NP2 (D)

2.1.2 Synthesis and characterization of mannose-coated

SWCNTSs (1D-glyconanotubes, NP3)

Next, we synthesized 1D-mannose-coated SWCNTs following
recently reported covalent/non-covalent
functionalization of carbon nanotubes.”® Briefly, after
sonication (30 min) of SWCNTs (1 mg) in the presence of an
aqueous solution of lipid 2 (1 mg), the mixture was irradiated
by a simple laboratory UV lamp (254 nm) for 12 h. A series of
successive centrifugations allowed the elimination of excess of
nanotube lipid micelles and other impurities such as
amorphous carbon and catalysts.

our mixed

J. Mat. Chem. B, 2015, 00, 1-10 | 3
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Scheme 2. Procedure for the synthesis of SWCNT/2 (NP3) nano-assembly.
(A) i) Mix of neoglycolipid 2 at its critical micelle concentration in water with
SWCNTs. i) Sonication-promoted supramolecular self-assembly of
neoglycolipid 2 in concentric hemi-micelles around SWCNTs. i)
Intermolecular photo-polymerization of neoglycolipid 1 hemi-micelles into
homogeneous glyconanorings-coated carbon nanotubes. (B) TEM
micrograph of SWCNT/2 nanoassemblies

The obtained nanomaterial NP3 was highly stable in water and
in  physiological medium, presenting an interesting
biocompatibility profile. The corresponding UV-Vis/NIR
absorbance spectrum was indicative of good dispertion and
preservation of the electronic structure of the carbon
nanotubes. Raman spectroscopy confirmed the absence of
defects on the aromatic structure of the carbon nanotubes,
supporting that the nanotube surface is totally roofed by the
neoglycolipid.25 TEM images (Scheme 2B) show striations that
covered the complete surface of the nanotube in a similar way
to that of pearls on an open necklace.

Quantification of the carbohydrate content in the
nanomaterial NP3 was determined by spectrophotometry
using the anthrone method.”® A 15+1% of D-mannose was
found in the hybrid nanomaterial SWCNTs-2, thus indicating a
total percentage of 88+5% (0.83 mmol/g) of the corresponding
glycolipid. Additionally we studied the weight loss by
thermogravimetric analysis (TGA). The percentage mass loss
for SWNTs-2 at 600 °C (under a stream of N, at a heating rate
of 20°C / min) was 52%. This loss is correlated with the stability
of the starting glycolipid 2 at 600 °C, for which the decrease in
mass was 60%. Given these values, the total mass loss was
estimated to 8615% for glycolipids 2, in agreement with the
anthrone result.

2.2. Quantification of the multivalent binding of mannose-coated
3D-micelles and 1D-glyconanotubes

4 | J. Mat. Chem. B, 2015, 00, 1-10
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Figure 4. Schematic representation of ELLA used for the quantification of
ConA HRP-to-mannan binding in the presence of NP3.

Binding of multivalent mannose constructs to the plant lectin
Concanavalin A (ConA) studied and provides an
excellent model to test the performance of the newly

is well

synthesize mannose coated glyconanomicelles and nanotubes
in molecular recognition events.”
coated polyvalent structures are known to competitively
inhibit Concavalin A (ConA) binding to yeast mannan.?® ConA is
a lectin obtained from jack bean (Concavalis ensiformis) known
to selectively recognize
glucopyranoside and to a lesser extent a-N-acetylglucosamine

For example, mannose-

o-mannopyranoside, a-

motifs, but not B-pyranosides.27 The ConA monomer is a 26
kDa protein with one carbohydrate binding site. In the pH
range of 5.0-5.6, ConA exists as a dimer, whereas at higher pH
of 7.4 ConA dimer associate into tetramer containing four
spatially well separated binding (6.5 nm) for
oligosaccharides.28 The molecular recognition of mannose-
coated diacetylenic lipid 2 self-assembled into multivalent
micelles (NP1 and NP2) and hierarchically self-assembled in
hemi-micelles onto the nanotube surface (NP3) were analyzed

sites

by using an enzyme-linked lectin assay (ELLA).>® Experiments
using horseradish peroxidase labelled concanavalin A (ConA-
HRP) as the lectin and yeast mannan as the immobilized

polymeric ligand were performed in 96-well plates as
illustrated in Figure 4.
After  pre-incubation of ConA-HRP  with different

concentrations of non-polymerized micelles NP1, polymerized
micelles NP2, mannose coated 1D-nanotube NP3, or methyl o-
D-mannopyranoside as monovalent reference compound,
binding of ConA-HRP to mannan-coated plates was measured
(Figure 5). The ConA-HPR activity converts a pro-dye substrate
into a green dye, whose intensity is proportional to the
concentration of retained lectin and inversely proportional to
the affinity of the (multivalent) ligand towards the lectin. As
shown in Figure 5A, NP1-NP3 binding to ConA-HRP inhibits
attachement of the later to mannan in the well, decreasing
conversion of the pro-dye substrate and allowing determining
the half-maximal
glyconanoparticle (Figure 5).

inhibitory concentration (ICsy) of each

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Inhibition of ConA-HRP binding with NP1-NP3. Graphical (A) and
table (B) showing the ICs, (blue) and the potency (red) relative to the
monovalent control methyl a-D-mannopyranoside of the nanoparticles
NP1-NP3 in inhibiting ConA-HRP binding to yeast mannan.

The ICso value of methyl a-D-mannopyranoside in our assay
was 1170 M, which is in agreement with values reported in
the literature.® Both, the non-polymerized NP1 and
polymerized micelles NP2, as well as the glyconanotube NP3
showed a much higher affinity for the lectin than the
monovalent mannose control. The 3D-dynamic micelles NP1
dispalyed an IC5o of 113 uM, meaning one order of magnitude
higher lectin binding potency as compared with methyl -D-
mannopyranoside, in spite of the intrinsically monovalent
nature of the constitutive neoglycolipid 2. Taking into account
the size of micelles (8.2 nm diameters) and the distance
between two mannose bindings site in the Con A (6.5 nm), the
enhanced affinity may be ascribed either to a chelate effect or
to a statistical rebinding.31 Potency further more than doubled
for the static micelle NP2 (ICs, 46 uM) compared to the
dynamic micelle NP1, which can be ascribed to the higher
stability of the static constructs, with optimized presentation
of the mannosyl motifs. Impressively, the ICsq of the 1D-
glyconanotube NP3 was only 0.5 M, which represents one of
the best binders to ConA reported to date. For comparison, an
IC5o of 9 M has been recently reported for mannose-coated
nanodiamonds in the same experimental setup.32 The more
than three-order-of-magnitude higher potency of the
glyconanotube compared to the monovalent ligand, in a
mannose molar basis, is probably the result of a chelate effect
associated with bind and slid mechanism.** On the other hand,
the practically 100 times better performance of
monodimensional NP3 compared to 3D NP2 is a clear
indication on the importance of the 1D-nanosystem topology
and its flexibility, which allow both the interaction of mannose
ligands with multiple binding site of Con A, and the internal
diffusion of the lectin along the glyconanotube surface. In
control experiments, micelles and SWCNT-aggregates obtained
from lactosyl glycolipid 1, showed no affinity for the lectin in
agreement with the known specificity of Con A (see SI).

It is worth highlighting at this point the simplicity of the
methodology developed for synthesizing and modulating the
biological activity of these multivalent systems. Mixing
compound 2 in water at a concentration higher than its CMC
directly affords NP1 with ten-fold enhanced affinity toward

This journal is © The Royal Society of Chemistry 20xx
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ConA compared with the reference monovalent ligand methyl
a-D-mannopyranoside. In situ polymerization of NP1 system to
give NP2 allows a further increase in the affinity up to 45
times. Taking into account that the polymerization process
takes place without a catalyst or initiator, there is no need of
an extra step for purifying nanoparticle NP2. Repeating the
same process that led to NP2 in the presence of SWCNTSs gives
rise to NP3 system, which is thousand times more efficient
than the monovalent control to bind Con A, and as such one of
the best binders reported to date. These synthetic benefits
greatly facilitate the optimization of other important
parameters such as the control of the number of epitopes and
the distance between them, in order to develop effective
multivalent systems.

2.3. Selective agglutination of E. coli type 1 fimbriae by NP3

The adhesion of uro-pathogenic, fimbriated bacteria to the
mannose moieties of glycosylated cell wall proteins provides
another model system to study mannose-lectin interactions in
bacteria of therapeutic interest.”® Type 1 fimbriae are
adherence factors encoded by the chromosomally located fim
gene cluster (FimA-FimH) in E. coli®* FimH recognizes
terminally located D-mannose moieties on cell- bound and
secreted glycoproteins,35 and is the receptor responsible of the
specific binding of the bacteria to mannosylated glycoproteins
in the bladder epithelium.36 We were interested in examining
the ability of our glyconanosystems NP1, NP2 and NP3 to
recognize and specifically aggregate bacteria,
preventing attachment to the cells (Figure 6).

thereby

\uu “‘IVFZ;,
W @: W*" N "1
L 3’1\\““}6“ ‘@
s 5 \A‘Wf@.q,\\
g ’I)JV Ul \
ORN 178 4‘) T
Wt >4
Mannose
4 FimH

Figure 6. Schematic representation of the Fim H adhesin promoted specific
interaction of E.coli with NP3.

For that purpose, E. coli strains ORN178 (forming a-mannose
interacting type 1 pili) and ORN208 (lacking the mannose
receptor FimH),37 were first transformed with the red-
fluorescent mCHERRY-protein expressing plasmid pGEM-T. E.
coli-NP interactions were then followed by fluorescence
microscopy. To avoid unspecific interaction with the growth
medium, exponentially grown E. coli were diluted in
phosphate-buffered saline (PBS) solution prior to a 2 h
incubation period in the presence of NP1, NP2 or NP3. While
micelles NP1 and NP2 barely induced the formation of E. coli
aggregates (Figure 7A, and 7B), NP3 induced the formation of
giant E. coli-NP3 clusters upon incubation with FimH-
presenting ORN178 bacteria, but not in the case of the FimH-
devoid ORN208 strain (Figure 7A, bottom). These findings
suggest that the aggregation process relies in specific
mannose-FimH lectin interactions and that the size and

J. Mat. Chem. B, 2015, 00, 1-10 | 5
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topology of the mannose-coated nanoparticles play an
important role in the agglutination of bacterial cells. In the
case of the glyco-SWCNTs NP3, the interaction of the exposed
mannose residues with FimH receptors on the bacterial
surface seemed to be extremely efficient at clusterizing E. coli
in the form of a "fireball" formed by thousands of bacteria.

(4]

ORN 178/ NP1 ORN 208/NP1

ORN 178/ NP2 ORN 208/ NP2

ORN 178/ NP3

ORN 208/ NP3

Control NP1 NP2 NP3

ORN208

Figure 7. Selective interaction of NP3 with E.coli strain ORN178 (A)
Representative fluorescence microscopy images of E.coli strains ORN178
and ORN 208 with NP1, NP2 and NP3 (Scale bars, 10um). (B) Colony
forming units (CPU) assay. The number of colonies formed in the absence
(control) and presence of NP1, NP2, and NP3 for ORN178 cells is indicated.
Representative TEM images of E.coli strains ORN178 and ORN 208 alones,
and ORN178 with NP3. For conditions see text and Materials and Methods.
Size bars are shown.

The interaction of NP3 with E. coli was further characterized by
high resolution TEM analysis (Figure 7C). The TEM image
permits a closer look at ORN178-NP3 aggregate, showing that
the bacteria were entangled by the mannose coated
nanotubes in a spider web-like morphology. In contrast,
ORN208 did not interact with NP3 and these bacteria
remained dispersed. Control experiments using the previously
reported carbon nanotubes coated with lactose, which is not a
ligand of FimH, instead of NP3 showed no formation of
bacteria aggregates with either ORN178 or ORN208. These
results further support the idea that glyconanotube NP3 binds
to bacteria through a selective mannose-FimH receptor
interaction.

Uncontrolled bacterial proliferation is an important threat to
human health leading to inflammation and activation of the
immune system. Previous studies have linked bacterial
aggregation to a repression of bacterial growth,38 and we
therefore anticipated that NP3 could be a suitable inhibitor of
bacteria proliferation. To test this hypothesis, we performed a
colony forming unit (CFU) assay in order to quantitatively
assess bacterial proliferation (Figure 7B). ORN178 and ORN208
were incubated with NP1-NP3 prior to low speed
centrifugation that selectively leads to the precipitation of
bacteria-NP aggregates. Bacteria that remained in the
supernatant were then seeded on LB-plates and incubated
over-night to allow colony formation. Importantly, in contrast
to ORN208, an about 10-fold reduction (90%) in colony

6 | J. Mat. Chem. B, 2015, 00, 1-10

formation was observed when ORN178 was incubated with
NP3. Thus, the bacteria-NP3 interaction is mannose specific,
highly efficient and inhibits bacterial growth.

3. Conclusions

In this work we have reported a divergent approximation for
the synthesis of different mannose-coated nanosytems with
controlled topologies, without the need for multi-step
oligosaccharide synthesis, by using a shot-gun like approach.
The presence of a diyne group in the hydrophobic tail of the
starting neoglycolipid allows the stabilization of the obtained
nanomaterials by photopolymerization by a simple irradiation
at 254 nm, with no need of any catalyst or initiator, facilitating
the purification of the nanoparticles. 3D-static nanomicelles
obtained by self-assembly and photopolymerization of the
starting neoglycolipid have shown a dramatic (up to 40 fold)
enhancement of the affinity toward ConA lectin as compared
with methyl a-D-mannopyranoside as a monovalent control.
The hierarchical self-assembly of neoglycolipid 2 on the
hydrophobic surfaces of SWCNTs leads to the formation of
stable, biocompatible, and water soluble glyconanoring-coated
1D-nanomaterial with a shish-kebab topology, NP3, that
proved to be one of the best ConA binder reported to date,
with a thousand time enhanced affinity in mannose molar
basis. Notably, glyconanoring-coated carbon nanotubes
efficiently and selectively regulate the agglutination and
proliferation of the E. coli type 1 fimbriae. The simplicity of the
approximation reported herein enables the modulation of the
surface of the nanosystems for their application in anti-
adhesive therapy to fight pathological events taking place
through worth
mentioning that, besides the advantages of having controlled

carbohydrate-lectin interactions. It is
size and topology, the mannose-coated 1D nanomaterial NP3
can also benefit from the intact physical properties of SWCNTSs.
In this sense, well dispersed biocompatible single-walled
carbon nanotubes are currently being actively investigated as
nanovectors for smart delivery of bioactive molecules,39 as
composite in tissue engineering,40 and thanks to their excellent
ability to convert near infrared into heat, as
photothermal agent for hyperthermal ablation of tumors. In
this sense, combining selective agglutination, growth inhibition
of bacteria with heat generation, NP3 hold great promise to
annihilate pathogens and to bypass the problem of septic
shock, one of the major actual treat.™

radiation

4 Experimental
4.1 General procedure for the synthesis of the nanoparticles

The synthesis, spectroscopic and characterization data of
neoglycolipid 2, are given in the supplementary material.

Dynamic micelles NP1: Neoglycolipid 2 (9 mg) was dissolved in
milli-Q water (3.0 mL) above its critical micellar concentration
determined by pyrene method. The clear solution was

This journal is © The Royal Society of Chemistry 20xx
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sonicated with a sonication probe (125W output power)
during 40 min at 5s ON/OFF intervals, in complete absence of
light.

Static micelles NP2: Following the same procedure for the
synthesis of NP1, and after 5 min, the obtained colloidal
solution was subject to irradiation under a UV lamp at 254 nm
for 1h, thus promoting the photo-polymerization of the di-yne
functionalities into polymeric poly(diacetylene) derivatives.
Synthesis of NP3: In a typical experiment glycolipid 2 (1.0
mg) was dissolved in Milli-Q water (1.0 mL) above its critical
micellar concentration. Then, SWCNTs (1.0 mg) purchased
from Carbon Solutions Company (1-2 nm diameter; 0.5-1.5
mm length), were added and the mixture sonicated in an
ultrasound bath for 1h. The resulting dark black precipitate
(consisting in amorphous carbon and catalysts) was removed
by low-speed centrifugation (825 x g, for 5 min) and
decantation. The afforded stable black aqueous supernatant,
composed by functionalized SWCNT/glycolipid 2, was subject
to irradiation under a UV lamp at 254 nm for 24h, thus
promoting the photopolymerization of the diyne
functionalities into the ring-shaped polymeric
poly(diacetylene) derivatives around the SWCNT sidewalls.
Subsequently, a second high-speed centrifugation of the
solution (17968 x g, for 10 min) was accomplished, settling for
this case, a black precipitated consisting in supramolecularly
functionalized SWCNTs/glycolipid 1 (NP3) while glycolipid in
excess remained in the supernatant. The
centrifugation/decantation process was repeated four times,
giving rise to pure NP3 nanoconstructs.

4.2 Particles Size Measurement

The particle size and distribution of the micelles were
(Malvern
Instruments). A laser beam at a wavelength of 632.8 nm was

measured using a Zetasizer Nano ZS system
used. The scattering angle was set at 902 when measurements
were conducted. The values are presented as the volume
average size * the standard deviation of three runs. The error
in the measurements was calculated as the width at the mid
height of the peak divided by two.
4.3 CMC Determination
The CMC of micelles were determined using pyrene as an
extrinsic fluorescence probe. The pyrene concentration was
maintained constant (0.6 10°M in THF), and the concentration
of 2 was varied from 1 x 10> M to 0.5 x 10°. Fluorescence
measurements were carried out at 25 2C using a Varian Cary
Eclipse spectrofluorometer. At the fixed excitation wavelength
of 334 nm, the emission spectra were scanned from 300 to
350 nm. The fluorescence intensity ratios of pyrene at 339 and
335 nm (I1339/1335, 11/13) were calculated and plotted against
the concentration logarithm of the neoglycolipid 2. The CMC
value was determined from the intersection of the two
tangent lines; see Figure S2 in the supporting information.
4.4 TEM analyses
15 L of a diluted solution of NP1 or NP2, or a dispersion of
glyconanotubes NP3 were deposited on a carbon grid. Then 15
L of a 2% uranyl acetate solution were added to negatively
stain the nanoparticles, and the excess of liquid was removed
by filter paper. TEM images were recorded on a Philips CM 10

This journal is © The Royal Society of Chemistry 20xx
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or CM 200 apparatuses with an accelerating voltage of 80 kV
or 200 kV.
4.5 AFM analysis

10 L of diluted micelle solutions or NP3 suspension were
deposited on a just exfoliated mica grid (5 x 5 mm?), and the
excess of liquid was removed by filter paper. AFM images were
taken by working on a tapping mode by Pico Plus Molecular
Imaging, followed by a treatment with the WSxM 5.0 Develop
2.0 software.
4.6 Determination of carbohydrate quantity by anthrone
method.
A freshly prepared solution of anthrone (0.5 % w/v in
concentrated H,SO,, 1 ml) added to
concentrations of D-mannose of known concentration (0.5 mL)
under stirring in a water-bath. After that, the solution was
then heated at 90°C for 12 min. Then, the resulting green
bluish solutions were rapidly cooled down in an ice bath during
a further 10 min. Next, the absorbance of the solution was
measured at 620 nm and the data were plotted against D-
mannose concentrations, obtaining the calibration curve, see
Figure S5 in the supporting information. To calculate the
carbohydrate quantity on SWCNTs, 1.15 mg of NP3 were
dissolved in 0.5 mL Milli-Q water, and then a freshly prepared
solution of anthrone was added, following the same procedure
described above.
4.7. Enzyme-Linked Lectin Assay (ELLA).
In order to get information on the recognition of the
mannosyl-coated nanosystems NP1, NP2 and NP3 by ConA, we
performed enzyme-linked lectin assay (ELLA) experiments. This
test measures the ability of a soluble saccharide to inhibit the
association between a labelled lectin (here ConA lectin labeled
with horseradish peroxidase, ConA-HRP) and a ligand
immobilized on the microtiter well (here a yeast mannan). The
presence of the relatively large HRP protein label (40 kD)
prevents two lectin moieties from approaching each other,
genrally resulting in 1:1 binding stoichiometries with the
saccharide ligand. Methyl a-D-mannopyranoside was used as
monovalent positive control
cluster effet.
Nunc-Inmuno™ plates (MaxiSorp™) were coated overnight
with yeast (Saccaromices cerevisae) mannan at 100 L/well
diluted from a stock solution of 10 g-mL'1 in 0.01 M
phosphate buffer saline (PBS, pH 7.3 containing 0.1 mm ca®
and 0.1 mm Mn2+) at room temperature. The wells were then
washed three times with 300 ' L of washing buffer (containing
0.05% (v/v) Tween 20) (PBST). The washing procedure was
repeated after each of the incubations throughout the assay.
The wells were then blocked with 150 L/well of 1% BSA/PBS
for 1 h at 37 2C. After washing, the wells were filled with 100
L of serial dilutions of horseradish peroxidase labelled
concanavalin A lectin (ConA-HRP) from 10™ to 10 mg mL" in
PBS, and incubated at 37 2C for 1 h. The plates were washed
and 50 L/well of 2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS; 0.25 mg-mL‘l) in citrate
buffer (0.2 m, pH 4.0 with 0.015% H,0,) was added. The
reaction was stopped after 20 min by adding 50 L/well of 1 m

was various

to estimate the multivalent
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H,SO, and the absorbances were measured at 405 nm. Blank
wells contained citrate-phosphate buffer. The concentration of
lectin-enzyme conjugate that displayed an absorbance
between 0.8 and 1.0 was used for inhibition experiments.
inhibition experiments,
glyconanosystem or the control methyl a-D-mannopyranoside
sample was added in a serial of 2-fold dilutions (60 L/well) in
PBS with 60 L of the desired ConA-peroxidase conjugate
concentration on Nunclon™ (Delta) microtiter plates and
incubated for 1 h at 37 2C. The above solutions (100 L) were
then transferred to the mannan-coated microplates, which
were incubated for 1 h at 37 2C. The plates were washed and
the ABTS substrate added (50 L/well). Color
development was stopped after 20 min and the absorbances
were measured. ICsg values, assumed to be proportional to the

In order to carry out the each

was

corresponding binding affinities, were calculated from the
percentages of inhibition with up to eleven different
concentrations of each conjugate sample as follows:

% Inhibition = (A(ns inhibitor)~ A(with inhibitor))/A(no inhibitor) X 100
Results in triplicate were used for the plotting the inhibition
curves for each individual ELLA experiment. Typically, the 1Csq
values (concentration required for 50% inhibition of the Con A-
yeast ~mannan  association) obtained from several
independently performed tests were in the range of +12%.
Nevertheless, the relative inhibition values calculated from
independent series of data were highly reproducible.

4.8. Agglutination studies

Escherichia coli (E. coli) bacteria (ORN178 and ORN208 strains)
were grown overnight at 30 2C in LB medium with amphicilin
in order to attain an optical density measured at 600 nm
(ODggo) of approximately 1.0. The culture was centrifuged at
4500 rpm for 5 min. The supernatant was discarded and the
pellet was suspended in Milli-Q water. Aliquots of bacterial
cells (100 pL) were mixed with compounds analyzed (low and
high concentration) and incubated at 4 2C for 30 min with
gentle shaking. After incubation, the mixture was centrifuged
at 11,000 rpm for 5 min. The supernatant was discarded and
the pellet was suspended, fixed in 2.5 % formaldehyde and
observed under a wide-field fluorescence microscopy (DM-
60008, Leica) using N3 filter and a digital charge-coupled
device camera (DFC350, Leica). Pictures were processed with
LAS AF (Leica). Approximately 200 cells from at three
independent experiments were analyzed for each strain.

4.9. Colony forming assay

Escherichia coli (E.coli) bacteria (ORN178 and ORN208 strains) were
grown overnight at 30 2C in LB medium with amphicilin in order to
attain an optical density measured at 600 nm (ODgy) of
approximately 5.0. The culture was centrifuged at 4500 rpm for 5
min. The supernatant was discarded and the pellet was suspended
in Milli-Q water. Aliquots of dilution bacterial cells (100 pL) were
mixed with the nanoparticles (low and high concentration) and
incubated at 4 2C for 30 min with gentle shaking. After incubation,
the mixture was centrifuged at 1500 rpm for 2 min. The pellet was
discarded and the supernatant was diluted by 10,000 fold to be
evaluated. Petri plates were then incubated for 24 h at 309C, and
the total number of colony-forming units (cfu) of plates was
counted.

8 | J. Mat. Chem. B, 2015, 00, 1-10

4.10. TEM analysis of bacterial agglutination.

After incubation of the nanoparticles with E. coli for 2 h., the
aggregates were fixed by formaldehyde treatment and washed with
PBS. 20 pL of the solution were then deposited on a copper grid
coated with a carbon film, and the excess of liquid removed by filter
paper. TEM images were obtained with a Philips CM 10 apparatus
with an accelerating voltage of 80 kV.
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Graphical Abstract

Acting as veritable glue, 1D-coated mannose carbon nanotubes efficiently and selectively regulate the agglutination and
proliferation of the enterobacteria Escherichia coli type 1 fimbriae, much better than mannose coated 3D-micelles.
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