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Abstract: Carbohydrate conjugate rod—coil amphiphiles were synthesized and their self-assembling
behavior in agueous solution was investigated. These amphiphiles were observed to self-assemble into
supramolecular structures that differ significantly depending on the molecular architecture. The rod—caoil
amphiphiles based on a short coil (1) self-assemble into a vesicular structure, while the amphiphiles with
a long coil (2) show a spherical micellar structure. In contrast, 3, based on a twin-rod segment, was observed
to aggregate into cylindrical micelles with twice the diameter of molecular length scale. As a means to
determine the binding activity to protein receptors of these supramolecular objects, hemagglutination
inhibition assay was performed. The experiments showed that the supramolecular architecture has a
significant effect on the binding activity. In addition, incubation experiments with Escherichia coli showed
that mannose-coated objects specifically bind to the bacterial pili of the ORN 178 strain. These results
demonstrate that precise control of the nano-objects in shape and size by molecular design can provide
control of the biological activities of the supramolecular materials.

Introduction folding and the formation of biological membrarfeSxtensive
Novel approaches to the development of artificial multivalent efforts thus have been directed toward bioactive supramolecular

carbohydrate conjugate objects remain important area of researct§yStems for exploration of novel properties and functions that
due to their strong and specific interactions with the receptor @€ difficult without specific assembly of molecular compo-
proteins! Many different designs of multivalent ligands have nents’ Block molecules that mimic lipid amphiphilicity have
been reported, with a number of scaffolds including glycopro- P&en proved to be promising scaffolds for nanometer-sized
teins? linear polymers) and dendrimeré.Alternatively, self-  2ggregates with well-defined size and shéfreroduction of a
assembly of amphiphilic molecules containing carbohydrate "9id segment into a self-assembling system has been reported
moieties is known to play a role in efficient multivalent ligarfds. ~ t0 enhance aggregation stabilftyn addition to stability, another
The self-assembly of incompatible molecular components Important issue regarding the preparation of nanometer-scale
leading to microphase separation comprises a powerful approactf99regates is their capability to interact with biological recep-

toward the fabrication of complex nanoarchitectures and plays s To obtain precisely controlled and well-defined aggregates
an essential role in living systems, for example, in protein with biological functions, however, the more elaborate design
of corresponding building blocks bearing bioactive moieties is
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light scattering (DLS) and transmission electron microscopy
(TEM) studies demonstrated thatself-assembles into @-b-
mannopyranoside-coated vesicular structure with an average
diameter of approximately 40 nfi.Compound?, based on a
long oligo(ethylene oxide) chain, was also observed to assemble
into a-p-mannopyranoside-coated spherical aggregates, but they
are smaller in size. DLS measurement2ahowed thaRy is
approximately 12 nm with a narrow size distribution. TEM
d=40 nm micrographs showed spherical aggregates that are roughly 18
22 nm in diameter and are thus in accord with the DLS results
(Figure 3b). These dimensions in diameter of the aggregates,
however, correspond to approximately twice the extended
molecular length (10 nm by CPK modeling), implying that the
aggregates of are micellar in nature. The formation of very
small aggregates of higher curvature could be the result of a
more cone-shaped conformation of the long chain-bases rod
coil molecules compared tb. It has been predicted that the
self-assembly process is governed by geometrical constraints
of individual moleculed? As expected2a based on &-p-
galactopyranoside moiety also formed essentially the same
spherical micellar objects as those 2f

In contrast, compoun@, based on a twin-rod segment, was
observed to aggregate into cylindrical micelles with twice the
diameter of molecular length scale. Dynamic light scattering
(DLS) experiments were performed wishin aqueous solution
(2 x 1074 g/mL) in order to investigate this unique aggregation

3 d=20 nm behavior (Figure 2). CONTIN analysis of the autocorrelation

Figure 1. Molecular structure ofl—3 and schematic representation of  function shows a broad peak corresponding to an average
vesicles and spherical and cylinderical micelles. hydrodynamic radius of approximately 70 nm. The angular
dependence of the apparent diffusion coefficieDipf) was
measured because the slope is related to the shape of the

required, since the information determining their specific
Zsserr;ply |ShOU|d betﬁncpd%d 'gogh_T'r moLe_C;'I_?r atr)Ch't?Cture'diffusing specied? The slope was observed to be 0.03,
ccborhlr:jg yt wet syn esollzef ﬂ: 0'.| amp Iptltist earlngd consistent with the value predicted for cylindrical micelles. The
carbo ytra es’tr? oEe end Ot b'?tCOI Zegn:en_ Ia; Cat'? en lowformation of cylindrical micelles was further confirmed by a
aggregates with enhancea stability and biological functions. in Kratky plot that shows a linear angular dependence over the
this paper, we report significant size and structural changes of S . .
the carbohydrate-coated aggregates, from vesicles to ¢ Iindricalscattelrlng light intensity of the aggregatég.EM micrographs
) Y - aggregates, O cylindr of 3 clearly show cylindrical aggregates with a uniform diameter
micelles to spherical micelles, with only small variations in

molecular architecture of the redoil amphiphilesl—3 (Figure of about 2.0 nm and lengths up to several micrometers (Figure
; . 3c). Considering the extended molecular length (11 nm by CPK
1). These aggregates were observed to function as multivalent ) . o . L
. . modeling), the image indicates that the diameter of the cylindri-
ligands in the presence of natural receptors. . . .
cal objects corresponds to approximately twice the extended
Results and Discussion molecular length. All of these data indicate tBatelf-assembles
into a cylindrical micellar structure consisting of aromatic cores
surrounded bya-b-mannopyranoside-functionalized coil seg-
ments. The cylindrical structure of this micelle might be partly
explained by the more tapered shape of individual molecules,
compared t®, but a second driving force might be strang
interactions among aromatic segments down the long axis of
the cylindersté
Self-assembly of the roelcoil amphiphiles into supramo-
lecular objects coated by carbohydrates suggests that they may

The amphiphilic rod-coil molecules consisting of tetna(
phenylene) or di[tetr@atphenylene)] as a rod segment anao-
mannopyranoside-fuctionalized oligo(ethylene oxide)s as a caoll
segment were obtained in a multiple synthesis from com-
mercially available starting material$!! For comparison, the
homologous amphiphile & bearings-p-galactopyranoside2g)
instead of a-D-mannopyranoside was also synthesized and
characterized. The resulting redoil amphiphiles were char-
acterized by*H and3C NMR spectroscopy, elemental analysis,
and matrix-assisted laser desorption ionization time-of-flight ;)

The critical micelle concentrations (cmc) of the molecules, determined by

(MALDI-TOF) mass spectroscopy and were shown to be in full plotting th(?1 absorpt[ontintenﬁityh?f a hydrC)tpthbic dye, ;\.IliZIB?G R&Aecé, ]i-n an
f aqueous phase against amphiphile concentration, were , 5.
agreement with the structures presented. % 105 M, and 4.8x 10~ M for 1, 2, and3, respectively.
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Figure 2. (a) Hydrodynamic radius distributions @f-3; (b) autocorrelation function a8; (c) angular dependence of the diffusion coefficient 3p(d)
Kratky plot @) and linear fit of3 in aqueous solution with concentration of<210~* g/mL.
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be used as supramolecular multivalent ligands. Toward this
direction, hemagglutination inhibition assay with lectin con-
canavalin A (Con A) was selected because Con A recognizes
o-D-mannopyranoside and these systems have been extensively
studied as a model of multivalent interaction®® The minimum
inhibitory concentration (MIC) ofx-b-mannopyranoside unit

to inhibit Con A-promoted erythrocyte (rabbit) agglutination
was determined for each object. Relative potency was calculated
from the ratio of the minimum inhibitory concentrations of the
object-bounda-p-mannopyranoside and methyl mannose as a
standard. As shown in Figure 4, all of the objects showed high
inhibitory potency in the hemagglutination assay, indicating that
multivalent interactions between Con A aneb-mannopyra-
noside units occur. The relative potenciesloind 3 showed
800-fold and 1000-fold increases, respectively, over methyl
mannose, whil@ showed an 1800-fold increase. These results
suggest that the spherical micellar objects with higher curvature
are more efficient inhibitors than the vesicular and cylindrical
objects. Although the origin of this difference in relative activity
depending on the supramolecular objects is not clear at present,
the high curvature of the smaller spherical object seems to play
an important role in enhanced inhibitory poteriéy!

Further information on the Con -Asupramolecular object
binding events was provided by transmission electron micros-
copy (TEM) experiments performed at the concentration of the
hemagglutination assay (Figure 5). The micrographb-eCon
A and 2—Con A mixtures show spherical aggregates with
diameters of 200 and 180 nm, respectively, that are much larger
than those of Con A (6.5 nm) and the supramolecular objects
(40 and 20 nm forl and 2, respectively), demonstrating that
closely packed objeetCon A clusters are formed in solution.
On the other hand, the micrograph3fCon A mixture shows
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Figure 3. TEM images of (a)l, (b) 2 without staining, and (cB with
negative staining.
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Figure 4. Relative activity of Con A-induced hemagglutination inhibition
based on the minimum inhibitory concentration (MIC)16f3. (Each value
represents at least three experiments; #.dhot determined.)

(a)

Figure 5. TEM images of aqueous solutions of (gand Con A, (b2 and
Con A, and (cB and Con A at the hemagglutination inhibition concentration.

100 nm

Figure 6. TEM images with negative staining of sectioned area of pili of
the E. coli ORN 178 strain bound with (&) and (b)2a. A portion of anE.
coli is shown in the lower right.

objects of2a showed no nonspecific objee€Con A association,
suggesting that the observed binding activity is specific to the
a-D-mannopyranoside-coated objects.

Interestingly, the micellar objects appeared to specifically bind
to FimH adhesin of bacterial type 1 pili iBscherichia coli
demonstrating that the objects are excellent multivalent ligands
toward the specific receptors on the cell surface. Type 1 pili
are heteropolymeric mannose-binding proteinaceous fibers that
protrude from the surface of many gram-negative bacterial
cells?2 The bioactive binding ability of the objects was then
evaluated by interactions of the spherical micellar objec? of
with bacterial cells via TEM imaging. ORN 178B. coli strain
was used in experiments to confirm the binding of the
supramolecular objects to Fin#d.After incubating of the
bacterial strain with the objects, the suspensions were centri-
fuged to pellet the cells that were washed further to remove
unbound objects. As shown in Figure 6a, a number of spherical
objects were clearly observed to be located along the fibers,
indicative of strong binding of the objects to FimH strain.
Notably, the shape and size of the objects was retained even
after binding to the bacterial pili, indicative of high stability of
the supramolecular objects. The strong binding between the
objects and FimH seems to be attributed to recognition of
multivalent a-p-mannopyranoside ligands on the surface of a
micellar object by the receptors located on the bacterial pili.

This binding event was observed to be specific to dhe-
mannopyranoside-coated objects. In the control experiments, the

cylindrical aggregates with a uniform diameter of 40 nm that (22) (a) Jones, C. H.; Pinkner, J. S.; Roth, R.; Heuser, J.; Nicholes, A. V.;

is nearly double compared to that of the supramolecular object
of 3 (Figure 5¢). This result suggests that each cylindrical object
is surrounded by lectin proteins through multivalent interactions.

The control experiments witl-p-galactopyranoside-coated
16336 J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005
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[-D-galactopyranoside-coated spherical object®zofere used scale. Consequently, these systems clearly demonstrate the
to replacen-pD-mannopyranoside-coated ones under essentially ability to regulate the carbohydrate-coated supramolecular
the same experimental conditions, but no apparent binding wasarchitecture, from vesicular to spherical micellar to cylindrical
observed (Figure 6b). This suggests that the mannose unitsmicellar structures by systematic variation in the length of coil
located on the micellar surface were responsible for the and the number of rods. More important, these objects func-
multivalent binding. To confirm the selective binding to FimH, tioned as supramolecular multivalent ligands for lectin, Con A,
ORN 208E. coli cells lacking the FimH protein were incubated and the receptors oE. coli. Furthermore, hemagglutination
with the nanocapsuléd.In contrast to the ORN 178 strain, no  inhibition assay showed that the supramolecular architecture has
supramolecular objects appeared to be imaged through TEM,a significant effect on the binding activity. These results
indicating that the bacterial pili of the ORN 208 strain are unable demonstrate that the ability to control and systematically alter
to mediaten-D-mannopyranoside selective binding. These results the features of supramolecular materials with molecular design
demonstrate that carbohydrate-coated objects designed as mulean provide novel opportunity to investigate the widespread roles
tivalent nanoscaffolds for use in selective receptor binding can of multivalent binding in biological systems.

be constructed from self-assembly of carbohydrate conjugate
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