Soft Matter

CrossMark
&click for updates

' ROYAL SOCIETY
OF CHEMISTRY

Switching of carbohydrate nanofibers for

regulating cell proliferationf

Cite this: Soft Matter, 2016,
12, 2846

Received 20th December 2015,
Accepted 18th February 2016

DOI: 10.1039/c5sm03073k

www.rsc.org/softmatter

We report switchable, fluorescent carbohydrate nanofibers formed
through the self-assembly of aromatic rod amphiphiles with a
combination of mannose epitopes and thermoresponsive oligoether
dendrons. The carbohydrate nanofibers undergo reversible switching
between carbohydrate-exposed and hidden states on their surface in
response to a thermal signal, and have the ability to regulate cell
proliferation.

Carbohydrates present on the surfaces of cells mediate many
biological processes such as cell growth regulation, immune
response, and inflammation by viruses and bacteria that are
fundamentally important for both healthy and diseased states
of the living organism." To regulate or suppress a wide range of
the biological processes, multivalent carbohydrate ligands are
required because monovalent ligands are poorly recognized by
carbohydrate-binding proteins.”> Multivalent ligands can bind
to receptor proteins with high avidity and specificity, thereby
serving as powerful inhibitors because they present multiple
copies of a receptor-binding epitope with high cooperativity for
binding events.> The simultaneous presentation of carbohydrate
epitopes on an appropriate macromolecular scaffold creates a multi-
valent display that amplifies the affinity of carbohydrate-mediated
receptor targeting. Typical examples include oligosaccharides,
glycopolymers, and glycodendrimers that exhibit multiple and
cooperative receptor binding properties.® Despite these advances
in multivalent carbohydrate ligands, the incorporation of both
sensing and switching characteristics into multivalent systems
to externally control physiological processes is limited.” This is
most probably because they are mostly too inflexible to undergo
dynamic switching between active and inactive states without
structural collapse.

Non-covalent supramolecular assemblies of amphiphilic
carbohydrate modules provide a facile means to allow addressing
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these limitations by forming dynamic multivalent scaffolds.®°

A large number of amphiphilic modules have been developed
that self-assemble into supramolecular nanostructures such
as vesicles, micelles, and nanofibers of different sizes and
functionalities.

For example, peptide amphiphiles containing carbohydrate
units form well-defined carbohydrate nanoribbons that agglutinate
specific bacterial cells.'™'* Supramolecular columns formed
through the self-assembly of discotic carbohydrate modules
also bind lectins at bacterial cell surfaces.'* Rod-coil molecular
architectures provide another example of supramolecular scaf-
folds for multivalent carbohydrate nanostructures. We have
shown that carbohydrate nanostructures can be readily con-
trolled by small changes in the rod-coil molecular architecture,
which regulate the biological activities of bacterial cells."*'* In
addition, we have also shown that the crystallinity of the rod
building blocks plays a crucial role in controlling the length of
the carbohydrate-coated nanofibers.'® Furthermore, the binding
properties of the carbohydrate-coated nanofibers revealed that
the length of the fibers has a significant influence both on the
formation of bacterial clusters and on the regulation of the
proliferation of bacterial cells.

However, most of the self-assembled carbohydrate nanofibers are
far from dynamic switching between binding and non-binding states
with bacterial cells to mimic the sophisticated dynamics of biological
interactions and thus, to precisely regulate biological activities.'>"”
Therefore, the challenging target in artificial self-assembly is to
confer both switching and sensing functions with carbohydrate
nanofibers without compromising their intrinsic features. To
address this challenge, we considered that the coassembly of a
carbohydrate amphiphile with an amphiphilic rod molecule
based on a laterally grafted oligoether dendron could endow
fluorescent carbohydrate nanofibers with switching functions
triggered by controlled dehydration of oligoether chains.*®

Here, we report fluorescent carbohydrate nanofibers that
undergo reversible switching between carbohydrate-exposed
and hidden states for the capture and release of specific bacterial
cells triggered by a thermal signal. The thermal switching of the
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Fig.1 The chemical structure of amphiphiles 1 and 2, TEM images of
co-assembled nanofibers in aqueous solution at different temperatures
(scale bar, 100 nm). Schematic representation of switching of carbohydrate
nanofibers in binding and releasing bacteria.

nanofibers subsequently regulates the proliferation of bacterial
cells through controlled multivalent carbohydrate-protein
interactions (Fig. 1). The fluorescent carbohydrate nanofibers
with a switching function are comprised of rod amphiphile 1
based on carbohydrate units and rod amphiphile 2 based on an
oligoether dendron. The self-assembling molecules were
synthesized in a stepwise manner according to the procedures
described previously.'®'® Transmission electron microscopy
(TEM) revealed that both 1 and 2 self-assemble into micrometer-
long nanofibers with an average diameter of 6 nm (Fig. S1, ESIt). We
considered that an increasing content of 2 in the coassembled
nanofibers would lead to the decrease of the carbohydrate
density on the nanofiber surfaces, while rendering the nano-
fibers with stimulus-responsiveness due to thermal dehydra-
tion of the oligoether dendron. Accordingly, we performed
coassembly experiments with different mole ratios of 1 and 2.
Similar to the dimensions of each pure nanofiber of 1 and 2,
indeed, all of the coassembled nanofibers were seen to be
micrometer-long in length and ~6 nm in diameter, indicating
that the coassembly of 1 with 2 does not influence on the
nanostructure in length together with a lateral dimension
(Fig. 1). All of the assembled nanofibers displayed similar
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absorption and emission characteristics, that is, the absorption
maximum at ~357 nm and emission at ~446 nm (Fig. S2, ESIT),
indicating that the carbohydrate nanofibers are suitable for fluores-
cence sensing applications to detect specific bacterial cells.’

An important feature of the coassembled nanofibers generated
via the self-assembly of carbohydrate functionalized building
blocks with non-carbohydrate dendrons should be the facile and
reproducible control over ligand density. The binding epitope
density of a multivalent ligand plays a key role in its binding
activity to protein receptors.”® To investigate the effect of carbo-
hydrate density on cell clustering, mannose nanofibers containing
different amounts of the oligoether dendron amphiphile 2 were
subsequently prepared to decrease the mannose density on the
nanofiber surface, ranging from 10 mol% to 90 mol% of 2. To
determine the influence of the mannose density on protein
binding, we selected an E. coli strain expressing the mannose-
binding adhesion protein Fim H in its type-1 pili (ORN-178).
When the E. coli were incubated with the coassembled nano-
fibers containing up to 50 mol% of 2, the formation of
fluorescent bacterial clusters was observed (Fig. 2a), indicating
that the coassembled nanofibers bind to the bacterial cells
through multivalent interactions even at 50 mol% of 2. Above
70 mol% of 2, however, the coassembled nanofibers did not
show bacterial cluster formation, indicating that the critical
mannose density of the coassembled nanofibers required for
binding activity with the bacterial cell is 50 mol% of 2. This is
further confirmed by TEM investigations of the ORN-178 strain
incubated with the co-assembled nanofiber solution at 25 °C
(Fig. 2b and 3c). The image showed that the nanofibers bound
to type 1 pili in winding of the pili interconnecting one another,
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Fig. 2 (a) A representative microscopy image from fluorescence colocalization

studies of E. coli with nanofibers (30 mol% of 2) under excitation filter at
Jex = 340-480 nm, indicative of fluorescence of nanofibers. (b) A repre-
sentative TEM image of E. coli with co-assembled nanofibers of 0.02 wt%
aqueous solution from 30 mol% of 2. (c) Growth curves based on the
optical density (OD) at 600 nm for E. coli grown in the presence of
coassembled amphiphiles for 11 h. Each value represents the mean + SD
of three independent experiments.
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Fig. 3 (a) Transmittance measurement for co-assembly of 50 mol% of 2 in
aqueous solution (0.02 wt%) at 500 nm wavelength. (b) Fluorescence
spectra of 50 mol% of 2 in coassembled aqueous solution (0.02 wt%) with
ConA at different temperatures (excited at 357 nm). Inset is reversible
switching cycles of the intensity at 520 nm. TEM images of the pili with
coassembled nanofibers (50 mol% of 2) at (c) 25 °C and (d) 37 °C. (e) Growth
curves based on the optical density (OD) at 600 nm for E. coli grown in the
presence of coassembled amphiphiles (50 mol% of 2) for 11 h at 25 °C
(magenta line) and 37 °C (red line). Each value represents the mean =+ SD of
three independent experiments. (f) *H-NMR spectra of coassembled amphiphiles
with 50 mol% of 2 in D,O at 25 °C (magenta line) and 45 °C (red line). The arrows
point to the positions of ~3.62 and ~3.83 ppm.

which accounts for the formation of bacteria clusters. We were
not able to observe any noticeable disagglutination even after
several days of incubation, demonstrating the high stability of
the nanofibers in the bacterial clusters.

As reported previously,”"** there is a close relationship
between the formation of bacterial clusters and the repression
of the proliferation activity of bacteria cells. This result stimulated
us to envision that the carbohydrate density would affect the size
of the bacterial clusters and, subsequently, control bacterial
proliferation. To prove this hypothesis, we examined E. coli
proliferation with the coassembled nanofibers of different
carbohydrate densities. Spectrophotometric analysis based on
turbidity or optical density (OD) is widely used to estimate the
number of bacteria in liquid cultures.>*** As the population of
bacterial cells grows, the intensity of transmitted light decreases.
As the first step in proliferation experiments, an overnight culture of
the E. coli strain ORN-178 in Luria-Bertani (LB) medium was diluted
in phosphate-buffered saline (PBS) until the OD at 600 nm (ODggq)
was 1.1-1.2. The E. coli suspension was mixed with aliquots of
the coassembled nanofiber samples in PBS. We measured the
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variation in the size of the E. coli population by measuring
ODgoo every one hour. As shown in Fig. 2c, normal bacterial
growth curves were observed in the coassembled nanofibers
containing 90 mol% and 70 mol% of 2, respectively, in which
the slope increases with the increasing 2 content. In contrast,
we did not observe any noticeable increase in the cell population
for the coassembled nanofibers containing less than 50 mol% of
2 during our experimental time range. This result indicates that
the proliferation of bacterial cells is inhibited even though the
nanofiber includes 50 mol% of 2 based on a non-carbohydrate,
oligoether dendron.

The observed results suggest that the coassembled nanofibers
may exhibit proliferation switching characteristics because the
thermally regulated dehydration of the ethylene oxide chains
would hide the carbohydrate epitopes inside the collapsed
nanofiber surface.’®'°” To confirm the switchable properties of
the mannose nanofibers triggered by a thermal signal, we
selected the coassembled nanofiber containing 50 mol% of 2.
Indeed, the temperature-dependent transmittance of the aqueous
solutions of the coassembled nanofibers showed a sharp phase
transition at about 35 °C (Fig. 3a), indicating that the ethylene oxide
chains with open conformations are dehydrated to collapse upon
heating. TEM showed that the nanofiber structures remained
unchanged with an individually dispersed state even above 35 °C,
demonstrating that the coassembled nanofibers are stable without
further aggregation even after dehydration of the oligoether chains
(Fig. S3, ESIT). However, the nanofiber size decreases from 6 nm to
5 nm in diameter, indicating that the oligoether chains on the fiber
surface are shrunk due to dehydration.'*>** The result implies that
the mannose epitopes are buried between the dehydrated oligo-
ether dendrons on the nanofiber surfaces above the transition
temperature, which will be discussed later.

To corroborate the reversible display of the mannose epitopes
on the nanofiber surface triggered by a thermal signal, we
performed fluorescence resonance energy transfer (FRET) experi-
ments using fluorescein-labeled Concanavalin A (ConA). The
binding of ConA to the mannose on the nanofiber surface is
expected to bring the nanofibers and ConA in close proximity and
enable energy transfer from the aromatic segment donor to the
acceptor fluorescein.?® Indeed, the addition of ConA resulted in a
decrease in the emission of the amphiphilic molecules at 446 nm
and the appearance of an acceptor emission peak at 520 nm
(Fig. 3b). This result indicates that the carbohydrate ligands
effectively bind ConA through specific ligand-protein interactions
at room temperature. In great contrast, when the solution was
heated to 37 °C, the emission peak associated with FRET is
dramatically reduced, indicating that the coassembled nanofibers
above the transition lose their binding activity. The experiment
could be repeated for subsequent heating-cooling cycles with
consistent oscillation in the fluorescence intensity (Fig. 3b, inset),
thus demonstrating the reversible binding in a switchable
manner. The lost binding activity of the nanofiber upon heating
is attributed to a considerable decrease in the concentration of
the mannose epitopes exposed on the nanofiber surface.

Considering that the mannose epitopes of the coassembled
nanofibers could be reversibly hidden and revealed by a thermal
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switch, we envisioned that the nanofibers would reversibly
agglutinate bacterial cells upon heating-cooling cycles and,
subsequently, control bacterial proliferation. With this idea
in mind, we carried out bacterial binding assays with the
coassembled nanofiber containing 50 mol% of 2 and a fluor-
escent protein-labeled E. coli strain (ORN-178). When the E. coli
were incubated with the coassembled nanofiber at room tem-
perature, the large clusters of the fluorescent bacterial cells
were observed. Upon heating to 37 °C, however, the cell clusters
disappear, demonstrating that the binding activity of the
coassembled nanofibers to the bacterial cells is lost upon
heating (Fig. S4 and S5, ESIf). This result is consistent with
that obtained from the FRET experiments with ConA. To
further corroborate the reversible binding of the nanofibers,
we performed TEM experiments with the coassembled nano-
fiber solution (50 mol% of 2) upon heating (Fig. 3d). At room
temperature, the image shows that the nanofibers are wound
around the pili, indicative of the strong binding of the coassembled
nanofibers to the mannose binding proteins on the pili. In great
contrast, upon heating to 37 °C, the nanofibers are seen to be
detached from the pili, again demonstrating that the binding
activity of the nanofibers is lost upon heating. We next measured
the optical density (OD) to examine the E. coli proliferation in the
presence of the coassembled nanofiber with 50% of 2 (Fig. 3e). At
room temperature, spectroscopic measurements do not lead to any
changes in the OD value over a period of 11 h, indicating that the
nanofiber inhibits efficiently the cell proliferation during our
experimental time range. Remarkably, the solution at 37 °C showed
a normal bacterial growth curve, demonstrating that the nanofiber
does not inhibit the proliferation of bacterial cells.

These results could be understood by considering the reversible
display of the mannose epitopes on the nanofiber surfaces in
response to a thermal signal. Upon heating, the hydrophobic
collapse of the oligoether dendrons on the nanofiber surfaces
would enforce the mannose epitopes to be hidden from the
nanofiber surfaces.>> As a consequence, the multivalent inter-
actions between the nanofibers and the bacterial cells are
sufficiently weak to facilitate cell proliferation. Upon cooling,
however, the rehydration of the oligoether dendrons leads the
mannose epitopes to be exposed toward the protein receptors,
recovering the strong enough multivalent interactions to
promote bacterial aggregation that inhibits cell proliferation.
To gain insight into the reversible exposure of the mannose
epitopes, we performed temperature-dependent "H-NMR experi-
ments with the coassembled nanofibers (50 mol% of 2, D,0).
The spectrum showed broad proton signals at the chemical
shift range of 3.1-3.9 ppm associated with the combination of
mannose and oligoether backbones (Fig. 3f and Fig. S6, ESIY).
Upon heating, the broad signals are upfield-shifted due to the
dehydration of the oligoether dendrons and the characteristic
mannose signals at ~3.62 and ~3.83 ppm, respectively, nearly
disappear,””*® indicating that the mannose epitopes are mostly
surrounded by the dehydrated oligoether dendrons without
exposure from the nanofiber surfaces.

In conclusion, we have demonstrated that a combination of
the aromatic amphiphiles based on an oligoether dendron and
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carbohydrate epitopes generates fluorescent carbohydrate nano-
fibers that undergo reversible switching between carbohydrate-
hidden and exposed states on their surface in response to a
thermal signal. Notably, this switching of the carbohydrate
nanofibers leads to reversible capture and release of bacterial
cells through controlled multivalent interactions, which subse-
quently regulates cell proliferation. We envisage that the incor-
poration of selective ligands at the surface of self-assembled
nanostructures could generate switchable nanofibers to control
many sophisticated biological functions such as signal trans-
duction and protein inhibition.
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