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Enhanced Concanavalin A Binding to Preorganized Mannose
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Benjamin E. Partridge, Michael L. Klein, Virgil Percec,* and Cesar Rodriguez-Emmenegger*

Abstract: The effect of the two-dimensional glycan display on
glycan-lectin recognition remains poorly understood despite
the importance of these interactions in a plethora of cellular
processes, in (patho)physiology, as well as its potential for
advanced therapeutics. Faced with this challenge we utilized
glycodendrimersomes, a type of synthetic vesicles whose
membrane mimics the surface of a cell and offers a means to
probe the carbohydrate biological activity. These single-
component vesicles were formed by the self-assembly of
sequence-defined mannose-Janus dendrimers, which serve as
surrogates for glycolipids. Using atomic force microscopy and
molecular modeling we demonstrated that even mannose,
a monosaccharide, was capable of organizing the sugar
moieties into periodic nanoarrays without the need of the
formation of liquid-ordered phases as assumed necessary for
rafts. Kinetics studies of Concanavalin A binding revealed that
those nanoarrays resulted in a new effective ligand yielding
a ten-fold increase in the kinetic and thermodynamic constant
of association.

Introduction

The glycocalyx is an information-dense array of glyco-
lipids and glycoproteins at the cellular membranes in all

domains of life.[1] It represents the outermost interface of the
cell and thus it is the first component to interact with the
environment enabling cell communication, cargo trafficking,
signal transduction, tight junctions, as well as cell adhesion
and interactions with the extracellular matrix.[2] It also plays
a central role in lipid and protein sorting, cell shape trans-
formation, division, as well as embryonic development and
the development of immunity.[3] The glycan moieties at the
cellular membrane are organized in unique molecular pat-
terns that define “self” but this specific spatial arrangement
can be exploited by some pathogenic bacteria and viruses to
attack cells.[4]

The immense complexity of functions of the cellular
glycocalyx arises from the combination of the chemical
diversity of sugar moieties and their spatial 3D presentation
that provides a structural basis for controlling the affinity in
sugar-protein recognition.[4b] The spatial presentation is
achieved by the lateral non-random assembly of lipids and
glycolipids into nano- and microorganized domains.[2] For this,
nature exploits the preferential association of certain lipids
via their hydrophilic head groups due to complementarity of
molecular shapes, head groups rotational entropy, charge
repulsion, and dipolar interactions, leading to nanodomains
and even nanoarrays.[5]

Not surprisingly, the importance of the glycocalyx has
spawned intense research aiming at elucidating how function
emerges from the spatial presentation of supramolecular
arrays of glycans at the cell membrane.[1, 3,4b, 6] But despite
decades of work, the structure of the glycocalyx in cells
remains difficult to resolve due to the limited toolkit of
imaging methods even with the advances in non-linear ultra-
high-resolution microscopies.[7] Thus, various cell membrane
models based on liposomes and polymersomes decorated
with glycans have been developed in an effort to dissect
structure-function relations.[1,3, 6a–c,8] The most advanced mod-
els aim at recapitulating a certain degree of lateral organ-
ization exploiting the coassembly of sterols with various
saturated and unsaturated lipids. The strong interaction of
sterols with unsaturated lipids leads to the segregation of
large and stable liquid-ordered (Lo) domains.[9] However, they
display drastically different sizes, mechanical properties, and
dynamics that fail to sufficiently resemble functional cell-
membrane micro- and nanodomains.[2b, 10] The problem is
further exacerbated when the vesicles are formed from
amphiphilic block copolymers. The entanglement of the
hydrophobic blocks of the polymers results in membranes
with almost no lateral diffusion and are virtually frozen.[11]
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Recently, Percec et al. introduced amphiphilic Janus
dendrimers (JDs)[12] and their sugar-presenting analogs, Janus
glycodendrimers (JGDs),[13] which provide synthetic alterna-
tives to natural lipids and glycolipids. They self-assemble into
cell membrane-mimics in water,[12] named dendrimersomes
(DSs) and glycodendrimersomes (GDSs).[13,14] They display
superior mechanical stability compared to lipids with energies
at break close to polymersomes, while maintaining the
flexibility and permeability close to the one observed on cell
membranes.[12,15] The thickness of the membrane is accurately
controlled by the size and topology of the hydrophobic
dendrons and can be adjusted to match the thickness of cell
membranes (4–5 nm).[12] Furthermore, DSs with more com-
plex linear or branched oligosaccharides that mimic those in
the cellular surface serve for elucidating glycan-protein
interactions.[13a,c,16] To investigate the spatial organization of
these glycans at the GDSsQ membranes we developed
a structural analysis methodology using atomic force micros-
copy (AFM),[17] fast Fourier transform (FFT) image process-
ing, and molecular modeling.[16a, 18] We discovered that the
assembly of sequence-defined JGDs on which the sugar
(lactose (Lac) or oligomannose (oligo(Man))) was diluted in
a defined way among tri(ethylene oxide) units in the hydro-
philic dendrons gave rise to nanoarrays with the sugar
moieties nanoassembled in lamellar or hexagonal pattern-
s.[16a, 18] These periodic arrays of glycans reduced the dense
packing of Lac and oligo(Man) resulting in faster agglutina-
tion in the presence of multidentate lectins.[13c,18] But is the
enhanced biological activity of the glycan just a consequence
of reducing steric constraints to binding or do the nano-
patterned glycans constitute more active ligands compared to
the homogeneously distributed ones?

In this work, we tackle this question by quantifying the
binding affinity of Concanavalin A (ConA) to GDSs deco-
rated with nanoarrays of monosaccharide mannose (Man).
Man is the simplest glycan capable of driving the formation of
nanoarrays on GDSs. Similar patterns were also observed
with other more complex glycans (linear and branched
mannose, lactose, sulfo-lactose)[16a,18] but Man represents
a simple biomimetic model to probe our hypothesis. Fur-
thermore, Man was selected due to its high biological
relevance, in spite of not occurring as a glycolipid, as it is
one of the fundamental building blocks of glycocalyx of cell
membranes. The GDSs were formed by the self-assembly of
sequence-defined JGDs in water. AFM analysis of GDSsQ
membranes allowed probing how the molecular structure
controls the formation and the type of nanoarrays. Binding
kinetics and the thermodynamic affinity constant were
determined by monitoring the binding of ConA to the
nanopatterned surfaces using surface plasmon resonance
(SPR) enabling us to prove that the increase in biological
activity was dictated by the formation of the nanoarray and
not by steric effects.

Understanding the formation of glycan periodic nano-
arrays may help to shed light on cell communication,
maintenances of the characteristic composition of organelles,
signaling, vesicle trafficking inside the cells, and provide
a powerful example in which structure determines function, in
particular how different supramolecular assemblies encode

biological recognition. Such knowledge may be of great
impact in biomedicine for the development of therapeutics
that distinguish between host cells and pathogens or that
harness the protective functions of the immune response or
therapeutic gain.[4b, 19]

Results and Discussion

Assembly of Mannose-Decorated GDSs

Onion-like GDSs were self-assembled from a library of
sequence-defined JGDs prepared by an accelerated modular
synthetic strategy as previously reported (Figure 1a).[13c] All
JGDs contain methoxytriethoxy (3EO) fragments and Man as
hydrophilic parts. These groups were decisive in the forma-
tion of onion-like DSs that are synthetic analogs of multi-
vesicular bodies.[13c,20] These JGDs share the same hydro-
phobic dendrons, 3,5-bis(dodecyloxy)benzoic ester, to avoid
any differences in membrane flexibility and thickness stem-
ming from the hydrophobic domains. The library includes
high Man-density single-single JGD-1Man and twin-twin JGD-
2Man, as well as JGDs in which the Man concentration is
systematically reduced in the hydrophilic dendron. The sugar
density was varied from 100% (JGD-1Man, and JGD-2Man), 3/
1 3EO/Man for JGD(3/1Man), 6/1 3EO/Man for JGD(6/1Man),
and 8/1 3EO/Man for JGD(8/1Man

2S), JGD(8/1Man
3S), JGD(8/

1Man
2L) and JGD(8/1Man

3L) (Figure 1a). Furthermore, the
position of Man on the hydrophilic dendrons in the JGD 8/
1 series was varied. Man was linked in the second position
counted from left-to-right of the gallic amide for JGD(8/
1Man

2S) and JGD(8/1Man
2L) and in the third position for JGD(8/

1Man
3S) and JGD(8/1Man

3L). Two types of linkers for Man were
used with a 3EO unit (short linker denoted as “S” in the
name) or 2 X 3EO units (long linker, denoted as “L”). Giant
GDSs were prepared by the thin-film hydration method of
single JGDs.[21]

The self-assembly of JGD-1Man and JGD-2Man resulted in
the formation of predominantly unilamellar vesicles (Fig-
ure S1a, b) while the dilution of Man in the dendrimers
resulted in more complex morphologies (Figure 1b, c, and
S1). Cryogenic field emission scanning electron microscopy
(cryo-FESEM) of cryogenically fractured vesicles and con-
focal laser scanning microscopy (CLSM) of vesicle dispersion
demonstrated the internal onion-like structure of GDS
assembled from JGD(8/1Man

2S) (Figure 1b, c). Analogously,
onion-like GDS were observed for JGD(3/1Man), and 8/
1 series, while bicontinuous phases (cubosome and sponge,
L3) were found for JGD(6/1Man) (Figure S1).[13c,22] Multi-
lamellar vesicles are thermodynamically more favored com-
pared to unilamellar[21] and are the majoritarian vesicle
morphology in this work. Figure 1 d depicts a topography
image by AFM of an onion vesicle assembled from JGD(8/
1Man

2S) deposited on mica. A dispersion of giant GDSs was
drop cast on the surface of mica and allowed to dry at ambient
conditions (T= 25 88C, relative humidity (RH) & 25–30%) for
at least 3 h to allow partial water evaporation. Such gentle
drying conditions allowed us to obtain flattened GDSs with
clearly distinguishable bilayers. The presence of well-defined
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bilayers indicates the presence of associated water on the
bilayer surface that does not allow the amphiphiles to
rearrange the hydrophobic dendrons toward air. The height
distribution profile of a GDS from JGD(8/1Man

2S) (Figure 1d–
f) demonstrates the presence of at least eight bilayers with an
average thickness of 5.3 nm (Figure 1e, f).

Structural Analysis of Glycan Nanoarrays at the Surface of GDSs

Previously we reported that sugar-binding ConA exhibits
higher aggregation activity toward monodisperse onion-like
multilamellar GDSs with a decreased surface density of
Man.[13c] This study indicated a clear impact of Man density,
sequence, and spacer length on the biological activity of the
sugar to ConA.[13c] However, the question of whether and how
the spatial organization of glycans affects the protein binding
remains unclear. In order to tackle this question, we assessed
the morphology of the bilayers of the GDSs by a structural
analysis methodology using AFM images and their FFT along
with complementary molecular modeling as previously de-
scribed.[16a,18] This methodology reveals the complex hier-
archical self-organization of sugar moieties in the studied
molecules. The GDSs formed by JGD-1Man, JGD-2Man, and
JGD(8/1Man

3S) displayed smooth continuous membranes (Fig-
ure 2d and S2b, e, n). On the other hand, the GDSs from
JGD(3/1Man), JGD(8/1Man

2S), and JGD(8/1Man
3L) exhibited

hierarchical lamellar morphologies (Figure 2 a, e, and S2h,
k, t). A more complex hexagonal periodic nanoarray was
observed exclusively in the membranes of GDSs from JGD(8/
1Man

2L) (Figure 2b and S2q). The presence of the nanoarrays

was observed both in the phase and height images. In phase,
the domains interact more strongly with the cantilever, which
suggests that Man is present and capable of more interactions
compared to 3EO. Moreover, the height images demonstrat-
ed the difference in height of& 0.5 nm between Man and 3EO
phase segregated in nanoarrays proving the presence of Man
on the bilayer (Figure S3). No membrane studies were
performed for JGD(6/1Man) since this JGD assembles into
bicontinuous phases including glycodendrimer-cubosomes.[13c]

The observed periodic nanoarrays have been found on
lipid bilayers such as the highly organized stratum corneum[23]

in the skin and have been postulated as necessary for the
existence of raft domains. The latter has already been proven
in raft mimics.[5f,24] The nanoarrays are thought to form
because they represent the most favorable arrangement of the
membrane components. Recently we demonstrated the for-
mation of similar arrays when the sugars were Lac and
oligo(Man).[16a, 18] Increasing the length of the sugar resulted
not only in an increase in membrane thickness but also in the
periodicity of the nanoarray.[16a, 18] Since all dendrimers have
the same hydrophobic dendrons, the factors involved in the
nanoarray formation should be related to the sugar groups,
possibly including dipolar and hydrogen bond interactions,
rotational entropy of the sugar headgroup, and molecular
shape.[5f] Molecular modeling (Figure 2c, f) suggests that
JGDs may adopt geometries that would allow Man units to
maximize their interactions. JGD-1Man and JGD-2Man ach-
ieved this without any segregation resulting in homogeneous
membranes. On the other hand, dilution of the sugar with
only three 3EO oligomers (JGD(3/1Man)) was enough to direct

Figure 1. a) Molecular structures of JGDs indicating the nomenclature. GDSs from JGD(8/1Man
2S) studied by b) cryo-FESEM of fractured vesicles,

c) confocal laser scanning microscopy (CLSM) of BODIPY-labelled bilayers and d) AFM height image of flattened vesicles with at least eight
bilayers, (e) height distribution profile of bilayers in the area indicated by green dotted rectangle in (d), and (f) plot indicating the average
thickness of bilayers (5.3 nm). Scale bars are 5 mm for (b and c) and 500 nm for (d).
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the formation of the lamellar pattern on the GDS membranes
(Figure 3a and S2h).

To access the effect of the type of sugar we studied
nanoarrays on GDSs assembled from JGDs having the same
molecular topology and hydrophobic dendrons as in JGD(3/
1Man), but varying the sugar moiety; galactose (Gal), a mono-
saccharide, and Lac, a disaccharide (Figure 3). Both mono-
saccharide-based GDSs (JGD(3/1Man), JGD(3/1Gal)) have
membranes with the same thickness and displayed lamellar
morphologies with the same periodicity, 6.6 nm. On the other
hand, increasing the length of the sugar to Lac resulted in an
increase in membrane thickness and of lamellar spacing
(7.0 nm, Figure 3c) similarly to a recent observation for
oligo(Man)-sequence defined JGDs.[16a] This experiment
demonstrates that the length of the sugars plays a key role
in the membrane thickness, nanoarray assembly, and its lattice
parameters.

The dilution of Man with eight 3EO led to the formation
of lamellar nanoarrays when the Man residue was linked to
the second position in the gallic amide, JGD(8/1Man

2S) (Fig-
ure 2a and S2k). Surprisingly, placing the Man in the third
position, JGD(8/1Man

3S), did not show any pattern (Figure 2d,
and S2n) despite displaying high glycan activity to ConA as
demonstrated by previous agglutination experiments of
GDSs.[13c] Furthermore, replacing Man for Lac in the den-
drimers led to lamellar nanoarrays independently of the
position of the sugar on the hydrophilic dendron (JGD(8/
1Lac

2S) and JGD(8/1Lac
3S)).[18] We hypothesized that the 3S

(outer-most) position and shorter length of the monosacchar-
ide Man may impede the observation of the lamellar array

under the condition in which AFM was carried out. Con-
ceivably, at ambient conditions, the amount of associated
water to bilayers of flattened GDSs formed from JGD(8/
1Man

3S) may not be enough to maintain the interactions
between short Man moieties supporting the nanoarray as it
would be in aqueous media. Compared to JGD(8/1Lac

3S), in
JGD(8/1Man

3S) the hydrophilic interactions between sugars
that drive the nanoarray formation are presumably weaker
and thus more sensitive to the humidity conditions during
AFM imaging. To evaluate the role of relative humidity in the
evolution and stability of the nanoarrays on GDSs formed
from JGD(8/1Man

3S) we performed AFM in a humidity-
controlled chamber which enabled to gradually vary the
humidity while scanning. Firstly, an overview AFM scan was
performed at ambient humidity (RH = 25 %) to select
a bilayer for continuous high-resolution scanning. No nano-
arrays could be detected at RH = 25 % (Figure 4a and S4a).
Subsequently, the humidity inside the AFM chamber was
slowly raised, while we continued scanning the same area. A
weak lamellar nanoarray could be identified in the phase
images already at the range of RH = 38–45 % using FFT
(Figure 4b). The nanoarray becomes clearer and the lamellar
periodicity gradually increased from 7.4 to 8.3 nm by increas-
ing the RH to 45, 60, 70, and 75 % (Figure 4c, d, e and S4a).
The increase in the periodicity of the lamella suggests that
hydrophilic interactions played a major role in surface
nanoorganization. It was not possible to perform AFM scans
at RH beyond 75% due to water condensation and strong
capillary forces.[25] Subsequently, the RH was decreased
resulting in a continuous weakening of the lamellar pattern

Figure 2. AFM phase images of GDSs formed from a) JGD (8/1Man
2S), b) JGD (8/1Man

2L), d) JGD (8/1Man
3S) and e) JGD (8/1Man

3L) show self-
organization of Man moieties on the leaflets of onion-type GDS and its morphology depends on the position and length of the sugar. Models of
nanoarrays for GDSs. c) Model of the hexagonal nanoarray (left) of corresponding AFM image (b) for JGD(8/1Man

2L). Top view of the bilayer model
with all Man moieties and 3 highlighted JGD(8/1Man

2L) and side view of a region of the bilayer of the same JGD (right). f) Model of the lamellar
nanoarray (left) of corresponding AFM image e) for JGD(8/1Man

3L). Top view of the bilayer model with all Man moieties and side view of a region
of the bilayer of JGD(8/1Man

3L) (right). Scale bars are 100 nm.
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and reduction of its periodicity from 8.3 nm at RH = 75 % to
6.9 nm at RH = 30 %. Further decreasing the RH to 25%
completely erased the nanoarray. We performed several
cycles of humidifying (75 %) and drying (25 %) the AFM
chamber whereby we could observe the reversible appear-

ance and disappearance of Man lamellar pattern on bilayers
of GDSs formed from JGD(8/1Man

3S) (Figure S4a). Decreas-
ing humidity below 20 % broke the bilayer structure resulting
in the exposure of hydrophobic dendrons to air, forming
a drop-like aggregate on the surface of mica (Figure S5). This
experiment demonstrates that the presence of associated
water is a sine qua non condition for the bilayer and
nanoarray observation by AFM.

Furthermore, we examined the effect of the length of the
linker on the nanoarray formation. In our previous report, the
increase in the length of the linker for JGD(8/1Lac

2L) led to the
formation of highly ordered hexagonal nanoarrays.[18] Chang-
ing Lac for the shorter Man in JGD(8/1Man

2L), also led to
hexagonal arrays (Figure 2b). However, while the FFT of
JGD(8/1Lac

2L) presents up to third-order peaks, only first-
order peaks were observed on JGD(8/1Man

2L) GDSs (Fig-
ure 2b). The relatively shorter range of order suggests that
the interactions driving the nanoarrays are weaker for the
shorter sugar. Linking the sugar to position 3 in JGD(8/1Man

3L)
prevented the formation of hexagonal arrays even at in-
creased humidity (Figure 2 e and S4b). Conversely, a lamellar
structure with longer periodicity than those from JGD(8/
1Man

2S) or JGD(8/1Lac
3S) was observed.[18] The increase in the

lattice parameter is well in line with the increasing length of
the linker in JGD(8/1Man

3L). Thus, the type of morphology and
lattice parameters can be programmed in the type of sugar
and length of the linker in a sequence-defined library of
JGDs.

Biological Activity of Glycan Nanoarrays

The affinity constants between ConA and Man of the
different GDSs were determined using a SPR binding assay.
We formed mimics of the membranes by drop-casting
a solution of each of the JGDs (0.1 mgmL@1) in THF on the
gold-coated SPR sensor slides. The solvent was dried and the
samples were annealed at 60 88C to form perfect JGD bilayers
on the SPR sensor. The presence of the nanoarrays on gold
was confirmed by AFM (Figure S8). The binding of ConA
(50 mgmL@1, 46 nM in HEPES) was followed by measuring
the shift in the angle of resonance of the plasmon at lres =

670 nm to generate the kinetic adsorption curves using
a weighted centroid (Figure 5a and S6). Control experiments
were performed to confirm that the binding of ConA to the
deposited bilayers was mediated by specific interactions with
Man and not by unspecific binding. Negligible unspecific
binding of ConA was observed on identical bilayers in which
Man residues were exchanged for Lac, while no adsorption of
a dummy protein (bovine serum albumin) could be detected
on bilayer containing Man (Figure S9a).

The binding was modeled as surface coverage (V(t))
based on the binding-dissociation kinetics following a Lang-
muir-like adsorption equation:[26]

dV

dt
¼ ka c0 a 1@ Vð Þ@ kdV ð1Þ

where ka, kd, c0, and a are a kinetic constant of association,

Figure 3. AFM images of GDSs formed from JGDs bearing monosac-
charides a) Man and b) Gal and disaccharide c) Lac. These images
show that the analogous molecular architecture of JGDs allows the
formation of lamellar morphology independent of the type of saccha-
ride, but the type of saccharide influences the thickness of the bilayer
(height profiles from the place indicated by white arrow) and lattice
parameter (FFTs). Scale bars for phase, FFT, and height images are
100 nm, 400 mm@1, and 1 mm, respectively.
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dissociation, the concentration of ConA, and a factor to
account for the dilution of Man on the GDSs interfaces (refer
to SI for the description of the fitting procedure).[26b] The
thermodynamic constant of association was obtained as K =

ka/kd. The unstructured JGD-1Man and JGD-2Man interfaces
displayed K of 9.5 X 104 and 5.9 X 104 M@1, respectively (Fig-
ure 5b and Table S1). On the other hand, about a ten-fold
increase was observed for all the other JGDs that present
nanoarrays (Figure 5b and Table S1). Remarkably, such an
increase was also observed when the Man residue was directly
linked by a triazole, in line with previous works showing no
influence of the latter.[27] Two possible scenarios may cause
this drastic change in the K ; the dilution reduces the effect of
steric hindrance on the glycans or the nanoarray results in
a new effective ligand. It is important to note that despite the
overall decrease in the interfacial concentration of Man, the
formation of nanoarrays results in Man clusters where the
glycan residues may be closer, actually increasing the steric
hindrance for bind ConA. Moreover, in a previous study, K
was determined for liposomes formed by synthetic Man-
decorated glycolipids diluted by phosphatidylcholine in
various molar ratios.[28] Remarkably, only poor binding was
observed when the content of Man-decorated glycolipids was
below 5% while binding increased thereafter with increasing
densities of Man, resulting in K for 10% dilution very similar
(2.7 X 104 M@1) to the ones observed by unstructured 100%
GDSs (JGD-1Man and JGD-2Man). This suggests that steric
hindrance did not play a major role. Examination of the
kinetic constants of association (ka) followed the same trend,
the GDSs having nanoarrays had ka at least one order of
magnitude higher than the high-density unstructured GDSs
from (JGD-1Man and JGD-2Man) (Figure 5c, S7, and Table S1).
Conversely, all GDSs displayed similar kd (Figure 5c and
Table S1). These findings prove that the binding of the ConA

is favored by the nanoarray formation.
Presumably, the combination of preorganization of the

glycans would result in a local increase in the concentration of
Man and a concomitant increase in the microscopic avidity
constant via multivalent interactions. Similar effects have
been shown for multivalent trimannoside analogs interacting
with ConA, for which the enhancement of avidity was
demonstrated to be governed by a greater positive entropy
contribution.[29] Moreover, the increased avidity might be
associated with a better match between the binding sites of
ConA (about 8 nm apart) and separation of glycan cluster the
nanoarrays on the surface of GDSs.[28, 30] Conversely, such type
of multivalent interactions are not expected to have a strong
effect in the dissociation well in line with the observation of
almost invariant kd among all GDSs studied. Multivalent
interactions, like the ones observed here, are exploited in
biology to translate weak bonds into strong binding.[19c–e,31]

But Frenkel recognized the importance of clustering of
receptors in these type of multivalent interactions and coined
the concept of superselectivity.[32] The clustering of receptors
results in a strong effect in the combinatorial entropy, which
ultimately leads to systems that display very strong binding
only above a certain threshold of receptors.[19c,32] Thus,
understanding these types of interactions may provide design
principles to target cancer cells that overexpress receptors,
which are also exhibited in healthy ones, and shed light on
various mechanisms of cell communication and transmem-
brane trafficking.

Conclusion

This work elucidated the mechanism via which sequence-
defined GDSs displayed enhanced glycan reactivity. The

Figure 4. Effect of RH on the nanoarray formation. AFM phase images of GDSs formed from JGD (8/1Man
3S) measured during humidification:

a) 25%, b) 45 %, c) 60%, d) 70 %, e) 75% RH and drying: f) 60%, g) 50 %, h) 30%, and a) 25% of AFM chamber. Scale bar is 200 nm.
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supramolecular organization at the membrane interface was
assessed using AFM. The GDSs assembled from JGD-1Man

and JGD-2Man displayed very compact packing of the Man
units into homogeneous membranes. However, dilution of the
Man units with 3EO groups resulted in the formation of
lamellar and hexagonal nanoarrays in a similar fashion as
those previously observed for Lac. Molecular modeling
suggested that these morphologies were driven by weak

forces among the glycan moieties which clustered to max-
imize their interactions. It was supported by the observation
that the length of the sugars, and thus the strength of the
interactions, played a central role in the type of nanoarray and
its stability. Similar patterns could be obtained when Man was
exchanged with Gal, however, substituting Man for Lac,
a disaccharide, resulted in an increase in the periodicity.
Furthermore, the Man nanoarrays were more sensitive to
atmospheric RH than those observed for Lac-GDSs as
demonstrated by AFM studies under controlled humidity.
Remarkably, the Man nanoarrays could be erased and
reformed by reducing and increasing the humidity in a cyclic
manner. This observation revealed that hydrophilic interac-
tions involving glycan and water were essential in the
formation of the nanoarrays.

The binding kinetics of ConA to Man residues on the
membranes demonstrated a ten-fold increase in the thermo-
dynamic constant of association when the Man residues were
diluted, while similar dilutions of the Man residues in
liposomes did not result in a similar increase in the binding
strength. This observation proved that the reduction of steric
hindrance was not the cause of the enhanced reactivity, but
the presence of the nanoarrays. The examination of the
kinetic constants further supported this conclusion. The ka

was at least an order of magnitude higher for those
membranes displaying nano-organized sugars, while the kd

remained invariant, indicating that multivalent interactions
originating from the nanoarrays are part of the observed
binding.

This study demonstrates that the complexity of the
interactions between proteins and sugars that are part of the
glycocalyx is not only controlled by the type of sugar, degree
of polymerization, and branching but also by the two-
dimensional organization at the membrane. Such principles
are the basis of the raft domain theory and remain to be
unveiled. Understanding how to program binding on the
nanoarrays will undoubtedly result in a leap forward in the
understating of various cellular processes, the pathogenicity
of bacteria and viruses and for the design of novel therapeu-
tics.
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