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The  specificity  of  carbohydrate-protein  interaction  is  a  key  factor  in  many  biological  processes  and  it is
the  foundation  of technologies  using  glycoliposomes  in drug  delivery.  The  incorporation  of glycolipids
in  vesicles  is  expected  to increase  their  specificity  toward  particular  targets  such  as  lectins;  however,
the  degree  of exposure  of  the  carbohydrate  moiety  at the  liposome  surface  is  a  crucial  parameter  to  be
considered  in  the  interaction.  Herein  we  report  the  synthesis  of  mannose  derivatives  with  one  or  two
hydrophobic  chains  of different  length,  designed  with  the purpose  of  modifying  the  degree  of  exposure
of  the  mannose  when  they were  incorporated  into  liposomes.

The  interaction  of glycovesicles  with  Con  A was  studied  using:  (i)  agglutination  assays;  measured  by
dynamic  laser  light  scattering  (DLS);  (ii)  time  resolved  fluorescence  methods  and  (iii) surface  plasmon
resonance  (SPR)  kinetic  measurements.  DLS  data  showed  that  an increase  in hydrophobic  chain  length
promotes  a decrease  of  liposomes  hydrodynamic  radius.  A longer  hydrocarbon  chain  favors  a deeper
insertion  into  the  bilayer  and  mannose  moiety  results  less  exposed  at  the surface  to interact  with  lectin.

Fluorescence  experiments  showed  changes  in  the  structure  of glycovesicles  due  to  the  interaction  with
the  protein.  From  SPR  measurements  the  kinetic  and  equilibrium  constants  associated  to the  interaction
of  ConA  with  the  different  glycolipid  synthetized  were  determined.

The combination  of  SPR  and  fluorescence  techniques  allowed  to  study  the interaction  of  Con  A with
mannosyl  glycovesicles  at three  levels:  at the  surface,  at  the interface  and  deeper  into  the  bilayer.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Glycolipids are biomolecules composed of a lipid chain
lipophilic) and a monosaccharide or oligosaccharide as hydrophilic
roup [1]. The most common glycolipids contain galactose, man-
ose, fucose, glucose, glucosamine, galactosamine, or sialic acid as
ugar in their structure [2]. Most of these compounds are non-toxic,
asily degradable and show good solubility in water and organic
olvents [3]. Glycolipids are employed in several applications like
hermotropic and lyotropic liquid crystals [1,4], surfactants [5],
ubricants, pharmaceutical products [6,7], and membrane solubi-

izing agents, among others.

The amphiphilic nature of glycolipids allows them to sponta-
eously aggregate to form structures like micelles, bilayers and/or

∗ Corresponding author.
E-mail addresses: ggunther@ciq.uchile.cl, ggunther33@gmail.com (G. Gunther).

ttp://dx.doi.org/10.1016/j.colsurfb.2017.07.026
927-7765/© 2017 Elsevier B.V. All rights reserved.
vesicles. The aggregation capability of glycolipids alkyl polyglyco-
sides, sorbitan esters, and sucrose esters [8–12], have been the
fundament for the design of synthetic glycolipids able to self-
assemble in innovative structures for their use as drug delivery
systems [13–16].

A substantial number of biological processes involving cell–cell
interactions such as signaling, recognition and adhesion are mod-
ulated by glycans or glycolipids located on the surface of cell as
glycoconjugates [17–27], and for this reason glycolipids are con-
sidered bioadhesives. Thus, glycolipids are good candidates for
drug-targeting, and they have been extensively used to modify the
surface of liposomes, niosomes and lipid nanoparticles in order to
favor their interactions with specific cells and tissues [24,28–31].

Liposomes are widely used as artificial model for membranes

and they have been employed for biochemical and biophysi-
cal studies mimicking natural membranes. The main advantage
of using liposomes is the feasibility to incorporate different
membrane-active agents into the lipid bilayer, creating several

dx.doi.org/10.1016/j.colsurfb.2017.07.026
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.07.026&domain=pdf
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rtificial membrane structures tailored according to the experi-
ental needs. The functionalization of liposomes with glycosylated

mphiphiles might increase their specificity toward lectins, a class
f nonenzymatic sugar-binding proteins postulated to be involved
n several biological processes. Molecular design that guarantees
he proper exposure of the saccharide residues on the surface of
he lipid nanocarrier is a crucial parameter however it is a difficult
ssue to be achieved [32].

Mannose is a monosaccharaide present in the membrane of
everal pathogen microorganisms (bacteria, fungi, protozoa and
iruses). This carbohydrate is selectively recognized by the lectin
oncanavalin A (Con A), protein widely used to characterize
arbohydrate-protein interactions of new designed multivalent
ystems [29,33–42]. In this work, we studied the interaction using
oncanavalin A (Con A) with synthetic liposomes loaded with a
eries of synthetized mannosyl derivatives. Agglutination, time
esolved anisotropy and surface plasmon resonance experiments
ere used to characterize the protein-carbohydrate interaction.

he goal of this work was  to evaluate the structural changes of
lycovesicles due to the interaction with Con A and to quantita-
ively characterize the multivalent effect and interaction (kinetic
nd equilibrium constant) with different glycolipids synthetized.
his study shows the relationship between the structure of the
annosyl derivative and the interaction of liposomes (contain-

ng the derivatives) with Con A. Besides, this report also shows
he changes produced in the bilayer as a consequence of inserting

annosyl derivatives with different structure.

. Materials and methods

.1. Reagents

Octanol, dodecanol, hexadecanol, 1-bromooctane, 1-
romododecane, 1-bromohexadecane, BF3OEt2, SnCl4 (1 M in
H2Cl2), 1.6-diphenyl-1,3,5-hexatriene (DPH), glycerol, mannose,
almitoyl-oleoyl-phosphatidylcholine (POPC), dipalmitoyl-
hosphatidylcholine (DPPC), Concanavalin A (Con A), Bovine
erum albumin (BSA), mercapto-11-undecanol (MUO) from
igma-Aldrich and Laurdan from Molecular Probes, were employed
ithout further purification. Dioctadecyl-trimethylammonium

hloride (DODAC) technical grade from Herga Industries was
xtracted and recrystallized six times from acetone, as described
reviously [43]. All solvents (Merck) were dried over molecular
ieves of 3 Å or 4 Å, for at least 48 h. All measurements were per-
ormed at controlled temperature with a HAAKE F3 thermostated
ath and an OMEGAETTE thermocouple.

.2. Unilamellar vesicle preparation

Unilamellar vesicles were prepared by sonication and extrusion
ethods. The lipids or lipid mixture were dissolved in a volatile

olvent (methanol or chloroform) in the desired ratio to obtain
omogeneous mixtures. The solvent was removed under nitrogen
ow and the film was suspended and re-hydrated in saline HEPES
uffer (pH 7.4, 10 mM HEPES, 10 mM NaCl, 0.1 mM de CaCl2 and
nCl2), and ultra-sonicated with a Liposomicator (Avanti lipids).
hen necessary, previously prepared unilamellar vesicles were

xtruded at 60 ◦C through a 50 nm polycarbonate membrane in a
0 mL  thermostated extruder (Thermobarrel extruder, from North-
rn Lipids) to obtain vesicles with specific size and narrow size
istributions [44].
.3. Agglutination assays

Liposome aggregation induced by Con A was studied by adding
he lectin to the solutions of liposomes, keeping a lipid/Con A molar
aces B: Biointerfaces 158 (2017) 539–546

ratio equal to 100, and stirring for 48 h at 25 ◦C. Solutions were
prepared with saline HEPES buffer (pH 7.4, 10 mM HEPES, 10 mM
NaCl, 0.1 mM de CaCl2 and MnCl2). The aggregation process was
monitored using Dynamic Light Scattering (DLS, Zetasizer Nano
ZS, Malvern), equipped with a green laser of 532 nm or turbidity
measurements (UV–vis, 8453 spectrophotometer, Agilent).

2.4. Time resolved fluorescence and anisotropy measurements

The selected probes, Laurdan and DPH, were incorporated into
liposomes from an ethanolic solution, heated and maintained above
lipid transition temperature (60 ◦C) during one hour. Temperature
was reduced to 25 ◦C and Con A was added keeping the lipid/Con
A ratio equal to 100 and the solution stirred for 48 h. These exper-
iments were carried out using the saline HEPES buffer previously
described.

Time resolved fluorescence measurements were performed
with a Fluotime 200 (PicoQuant), using time correlated single pho-
ton counting method (TCSPC) with a multichannel Timeharp 250
card (PicoQuant). As excitation source, an 80 MHZ laser of 375 nm
was employed. The emissions of Laurdan and DPH  were monitored
at 440 and 450 nm respectively.

The decays corresponding to time resolved anisotropy (TRA)
were fitted using the wobbling in a cone model proposed by
Kinosita, K. et al. [45]. that considers a residual anisotropy, the probe
is located in an environment where rotational diffusion is restricted
and complete depolarization is not attainable (Eq. (1)) [45]. The
model describes the rotation of the probe in the bilayer as a wobble
in a cone which has a characteristic angle (�, related to the molecu-
lar order of the bilayer) and a rotation time (�, associated to dynamic
movements on the membrane: lateral diffusion, rotational, isomer-
ization, among others) depending on the characteristics of the lipid
system (Eq. (2)). The multiplicity of the factors involved makes dif-
ficult to explain the variations in the second parameter [46]. (An
example of the fitting is showed in Fig. S2).

r (t) = (r0 − r∞) e− t
�r + r∞ (1)

r∞
r0

= 3cos2� − 1
2

2

(2)

2.5. Surface plasmon resonance (SPR) experiments

2.5.1. Surface preparation
All experiments were carried out on a dual channel SPR

7500DC (Reichert) using gold chips functionalized with MUO
self-assembled monolayer (SAM). This surface modification was
performed ex situ by immersion of the chip during 48 h in a 1 M
ethanolic solution of MUO. At the end of the adsorption step
the substrate was  exhaustively cleaned with ethanol and dried
under nitrogen flow. Before start the measure, the working chan-
nel was  modified with a 3 mM liposome solution (total lipid) at a
5 �L/min flow during 40 min. To eliminate weakly adsorbed lipo-
somes, buffer solution was  injected at a flow rate of 250 �L/min
during 10 min. A 100 mM phosphoric acid solution was injected
as the final cleaning step. Binding experiments: Con A solutions of
the desired concentration prepared in HEPES saline buffer with
0.5 mg/ml  de BSA were injected to the cell at a flow of 50 �L/min.
BSA was added to the buffer solution to prevent possible unspe-
cific interactions between Con A and the monolayer of MUO. Con
A solution flow rate was  previously selected performing a test of
mass transport. Between binding cycles, the lipid coated surface

was regenerated with 100 mM phosphoric acid solution in run-
ning buffer. Experimental data were corrected for instrumental and
bulk artifacts by double referencing, a control sensor chip surface
(channel two) and buffer injections using Integrated SPRAutolink
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Fig. 1. Chemical structure of the a

Reichert, USA). Data analysis was performed with OriginLab
®

8.0
oftware.

.5.2. Test for mass transport effects
Binding tests at different, flow rates 25, 50, 75 and 100 �L/min,

ere performed with a Con A 0.026 mM solution to confirm the
bsence of mass transport effects influencing the shape of the
ensorgrams. A visual inspection of the overlapped sensorgrams
emonstrated that the transport of the lectin to the sensor sur-
ace does not influence the kinetics of the binding between the
mmobilized glycolipid and Con A. From this, test a working flow
f 50 �L/min of Con A solution was selected.

. Results and discussion

In order to study the interaction of Con A and glycolipids we
ynthesized several mannosyl derivatives with one (MXM)  or two
DXM and DXEM) chains of different length (Fig. 1). The exper-
mental design consisted on forming vesicles having a lipid as a

ain matrix and different percentage of the mannosyl glycolipid.
hree different commercial lipids were used as possible candidates
o form the matrix, one cationic (DODAC) and two zwitterionic
hospholipids (DPPC and POPC).

.1. Selection of the appropriate lipid to form the matriz of the
iposome

The lipid to form the matrix should show minimal interac-
ion with Con A. To test the existence of possible interactions
etween the lipid used to form the matrix and Con A, aggluti-
ation assays and time resolved anisotropy (TRA) measurements
ere performed on vesicles without glycolipids in the presence and

bsence of Con A. The results of the agglutination assays (Fig. S1,
upplementary information) showed no significant changes in the
ydrodynamic diameter of neither POPC nor DPPC vesicles, but a
otorious increase of the hydrodynamic diameter for DODAC vesi-
les. This behavior may  have its origin in the positive surface charge
f the ammonium head of DODAC. Favorable interactions may  be

stablished due to opposite surface charge (zeta potential DODAC
0 mV and Con A −10 mV). The zeta potential of DPPC (−13.1 mV)
nd POPC liposomes (−6.5 mV)  prevents the unspecific interactions
nd the agglutination process [47].
annosyl derivatives synthetized.

Time anisotropy for DPH and Laurdan were used to evaluate the
changes in the order parameter of the bilayer due to the interaction
with Con A. DPH reports the order in the hydrocarbon chain region
and Laurdan on the water accessibility at the interface [48]. In the
presence of Con A, a decrease in the area occupied by the phos-
pholipids is observed (lower � angles for DPH and Laurdan, Fig. S3).
While an increase in viscosity at the hydrocarbon chain region and
a decrease in viscosity at the interface is observed (growth in �r of
DPH and decrease in �r for Laurdan Fig. S3). The lowest change in �
and �r for DPH and Laurdan due to presence of Con A was observed
for DPPC liposomes indicating thus the lowest perturbation of the
liposome structure.

The mild changes observed in the hydrodynamic diameter and
the membrane properties for DPPC in the presence of Con A indi-
cated a negligible unspecific interaction of this lipid with Con A.
Therefore, this phospholipid was selected to be used as lipid matrix
to incorporate the synthesized mannosyl derivatives and to study
their interaction with Con A.

3.2. Selection of the percentage of mannosyl derivatives to be
incorporated to DPPC liposomes

The presence of Con A, has been reported to favor the fusion
of vesicles containing mannose or glucose glycolipids to pro-
duce aggregation and subsequent ‘coalescence’ of the liposomes
[26,28,34,49]. This phenomenon can be detected by the increase
in optical density of the suspensions as well as from the variation
of the particle size determined by DLS. Fig. 2 shows the changes
in optical density produced by the addition of Con A to DPPC lipo-
somes prepared with increasing percentage (0, 1, 5 and 10%) of the
glycolipid DPEM. No variations in optical density were observed
during the evaluated time for the control experiment correspond-
ing to Con A solution. First, we  measured the changes in optical
density produce by the interaction of the lectin with the pure DPPC
liposomes. An increase in optical density was  observed; reaching a
plateau at 100 min, Addition of DPEM to the DPPC liposomes pro-
duced the largest changes at 5% mol  (Fig. 2). Further increment
of DPEM (10%) resulted in a decrease of the scattering. perhaps

due to the formation of lipid domains with the concomitant reduc-
tion in the number of mannose units available to interact with Con
A. It may  also be a decrease of zeta potential of the vesicles with
the consequent increment of the electrostatic repulsion with the
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ig. 2. Optical density change (followed at 400 nm)  promoted by the presence of
on  A incubated with DPPC liposomes containing increasing amounts of DPEM.
Mean ± SD; n = 3).

rotein [50]. Considering these results DPPC liposomes containing
% mol  of glycolipids were used in the rest of the experiments.

.3. Evaluation of the interactions glycolipids-ConA

The interaction of the glycovesicles (DPPC with 5% of mannosyl
erivatives) with Con A was studied using agglutination assays, TRA
nd SPR.

.3.1. Agglutination assays
The multivalent interaction of these systems favors the for-

ation of three-dimensional networks and hence, a significant
ncrease in size would be expected upon aggregation. Fig. 3 shows
he change of hydrodynamic diameter, �d, for the different gly-
ovesicles incubated with Con A. The response depends on the
ature of the glycolipid, and is related to the accessibility of the

arbohydrate on the surface of the liposome to reach the protein
ctive site.

The effect of the length of hydrocarbon chain was  studied by
omparing the synthetized glycolipids by family. In the case of

ig. 3. Increase of the particle size observed upon addition of Con A to DPPC lipo-
omes loaded with 5% of mannose derivatives. (Mean ± SD; n = 5).
aces B: Biointerfaces 158 (2017) 539–546

MXM  (derivatives with one alkyl chain: MOM,  MLM  and MPM),
the increase in chain size promoted a decrease of �d. Derivatives
with long chains showed a decrease of the hydrodynamic radius,
however this reduction was not as much as the one observed in
absence of mannosides (Fig. 3). Similar trend was observed with the
DXM derivatives with two  alkyl chains (DOM, DLM and DPM), there
is an increase in size, but its magnitude is inversely proportional
to alkyl chain length. These results can be understood considering
the anchoring of the glycolipids into the DPPC bilayer depends on
the length of the carbon chain, a longer carbon chain would favor
deeper insertion of the glycolipid into the bilayer, leaving the man-
nose moiety less exposed to interact with the lectin. Therefore, the
anchoring of the glycolipid would determine the degree of exposi-
tion of the mannose moiety and thus the capability of interaction
with Con A.

A different situation occurred when an hydrophilic extensor was
added to the molecule. For DXEM an increase in the hydrocarbon
chain length produces an increment of the hydrodynamic radius
of the particles formed after the interaction with Con A. The most
notorious changes were observed with DLEM and DPEM (Fig. 3).
The presence of the spacer promoted the exposure of mannose,
the interaction with Con A and the formation of larger particles.
This effect (presence of an ethylenglycol spacer) was  studied by
Engel et. al [51]. and they proposed an hydrocarbon chain with
16 methylene units being the optimal spacer. They reported that
spacer with length over six units would decrease the interaction
with Con A due to modifications in the arrangements and folding
modes of the spacer chain.

3.3.2. Time-resolved fluorescence anisotropy (TRA) studies
Mannose moiety can have different degrees of exposure in the

liposome, depending on the type of glycolipids being inserted.
Therefore, it is reasonable to expect a dissimilar membrane struc-
turation being promoted by the insertion of different type of
glycolipid in the liposome. If the hydrophilic head of the glycol-
ipid sticks out from the surface of the vesicle, the interaction with
Con A would not be expected to produce significant changes in
the membrane parameters. On the other hand, if the polar head of
the glycolipids sinks deeper into the interface, membrane structure
would be affected.

Fig. 4 shows the analysis for the TRA data for Laurdan and DPH
of all derivatives studied. As a general observation, the wobbling
angle (�) increased for DPH and a decreased for Laurdan, when Con
A was added to the liposome suspension. These results indicate that
Con A may  promote an increase in lipid chain cross-section and a
decrease in the molecular area at the interface in the membrane.

For DPPC-DOEM glycoliposomes, no changes in the wobbling
angle for any of the two  probes were detected. This result can be
explained if mannose moiety is fully exposed, pocked out, on the
liposome interface, and there is no direct contact between the pro-
tein and liposome surface. In the case of DXEM glycolipids with 12
and 16 methylene units, the increase in hydrophobicity of hydro-
carbon chains causes the glycolipids to be incorporated deeper into
the membrane, (but still exposed) and the interaction with Con A
occurs closer to the surface, resulting in an increase of � for DPH and
a decrease of � for Laurdan. We  hypothesize that during the inter-
action with glycoliposomes containing mannosyl derivatives with
12 and 16 methylene units, there is a region of contact between the
protein and the interface of liposome, which promotes structural
modifications on membrane.

3.3.3. Surface plasmon resonance

SPR experiments were performed to evaluate interaction of pure

DPPC liposomes and DPPC liposomes with 5% mol of DLEM or DPEM.
We selected these glycolipids, according with the previous results
due to the better exposition of mannose for the interaction with
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ig. 4. Change in wobbling angle (with Con A minus without Con A) obtained from
nd  for Laurdan (B). (Mean ± SD; n = 3).

ectin. We immobilized the liposomes on MUO  SAMs (Fig. S4 of
upplementary information) and we evaluate the interaction with
ncreasing concentrations of Con A. After a test for possible mass
ransport limitations, Fig. S5, we evaluated the interaction of Con

 with pure DPPC liposomes. Fig. S6 presents the sensorgrams for
he interaction of Con A with pure DPPC liposomes. We  determined
he kinetic constants for this interaction from a global fit of these
urves with an 1:1 model (ka = (0.70 ± 0.02) × 104 M−1 s−1 and koff
3.0 ± 0.1) × 10−3 s−1).

The response observed due to interaction with Con A in pure
PPC, when compared with the sensorgrams obtained with the

iposomes containing 5% mole of DLEM (Fig. 5A) and 5% mole of
PEM (Fig. 5B), shows notorious differences. At concentrations of
on A comparable with those employed for pure DPPC, the SPR sig-
als of the interaction of Con A − glycoliposomes immobilized are
igher, and no saturation is reached in the interval of Con A concen-
ration analyzed (up to 7.8 × 10−6 M).  The fitting analysis indicates

 complex binding profile with a fast-initial interaction is observed.
The binding mechanism for the interaction between glycoli-

osomes and Con A depends on the concentration of mannose
oieties at surface [52]. A multivalent effect is expected at low

oncentration, a combination between monovalent and bivalent
nteraction will be observed as an intermediate situation and at
igher concentration monovalent effect will predominate due to
teric effects [53]. Considering the size of the glycoliposomes and
he estimated surface density of DPEM and DLEM molecules in our
xperiments, the maximum theoretical average distance between
lycolipids will be 3.5 nm.  Being the distance between carbohy-
rate recognition sites of Con A 6.5 nm,  thus we considered the
ccurrence of multivalent interaction of the glycoliposomes with
on A. Accordingly, a cluster interaction of Con A with the man-
ose derivatives and an enhancement of Con A binding to mannosyl

igands should be expected [54].
The association phase in the sensorgrams of Fig. 5A and B shows
 pronounced initial slope, indicating an initial fast-rate binding.
nder this considerations we followed E. M.  Muñoz et al., pro-
edure to perform the kinetic analysis [52]. We  analyzed the late
 measurements for DPPC liposomes and 5% mannosyl glycoliposomes, for DPH (A)

dissociation phase (t0 > 170 s), through a global fit with the classical
equation for pseudo-first-order kinetics. From this, we  deter-
mined the apparent dissociation rate constant koff that accounts
for the release of Con A from the glycoliposomes surface stabi-
lized by a multivalent effect. The evaluation of the early association
phase was done by non-linear analysis using the pseudo-first-order
kinetic equations but deviations from this behavior were observed
due to the binding heterogeneity of the systems. The plots of kobs
vs [Con A] presented two  well-defined slopes (Fig. S6 in supple-
mentary information). The largest slope (faster association) was
observed at low Con A concentration indicating the presence of
higher order complexes in the low Con A range. From global fitting
of the pseudo first-order rate equation (Eq. (3)) at the early asso-
ciation phase (t < 14 s for high Con A concentration and t < 25 s for
low Con A concentration), we estimated ka1 for low concentration
of Con A and ka2 for high concentration of Con A, which are related
with multi and monovalent processes respectively.

Rt = Req (1 − exp−(ka[Con A]+ko  f f )t) (3)
As an intrinsic dissociation rate constant cannot be defined, we

used the previously obtained koff values. The association constant
(Ka) was  estimated from the early association and late dissociation
kinetic data.

As shown Table 1, the magnitude of the apparent association
rate constants (determined at the same percentage of mannosyl
derivatives, for the comparative analysis) depends on the glycol-
ipid nature. This lectin has a higher affinity for glycoliposomes than
for pure DPPC liposomes, difference associated to the higher val-
ues of the rate association constant for the liposomes containing the
mannosyl derivatives. Consequently, the values determined for the
kinetic rate constants ka and koff are apparent values for the inter-
action of cluster domains of DLEM or DPEM in the environment
provided by DPPC. The greater apparent association constant ka1
for DPEM glycoliposomes than for DLEM glycoliposomes is consis-
tent with the results obtained in agglomeration studies. In addition,

Ka value for DPEM glycoliposomes is higher than for DLEM gly-
coliposomes, consequently sensorgrams obtained with equivalent
concentration of Con A produce higher SPR signals. The estimated
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Fig. 5. Sensorgrams (solid line) of the interaction of Con A with DPPC liposomes containing 5% of DLEM (a) (Con A concentrations (—) 0.49 �M,  (—) 0.97 �M, (—) 1.94 �M,
(—)  3.88 �M,  (—) 5.85 �M and (—) 7.8 �M)  and 5% of DPEM (b) (Con A concentrations (—) 0.45 �M,  (—) 0.67 �M, (—) 0.89 �M,  (—) 1.33 �M,  (—) 1.77 �M,  (—) 3.54 �M and (—)
7.11  �M).

Table 1
Association and dissociation rate constants for the interaction between immobilized DPPC liposomes and Con A. (Mean ± SD; n = 3).

ka1/104 M−1 s−1 ka2/104 M−1 s−1 koff/10−3 s−1 Ka/107 M−1 Low [Con A]

5% DLEM 8.5 ± 0.7 2.2 ± 1.0 1.7 ± 0.3 5 ± 1
5%  DPEM 13 ± 3.0 4.3 ± 0.8 1.3 ± 0.3 10.4 ± 0.3
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Fig. 6. Scheme interaction as

pparent affinity constant values for the glycoliposomes containing
LEM and DPEM are higher than those reported for simple sugar

ecognition (i.e.monovalent �-mannopyranose) which usually are
n a very low affinity range (about 103 M−1)[40] for the interaction

ith Con A. Our results are consistent with those reported for mul-
ivalent systems such as polymers and dendrimers having mannose
ide chains (Ka around 1.0 × 107 M1)[53,55–57].

An initial phase characterized by two kinetic constants could be
xplained because at low Con A concentrations multivalent effect
redominates in the interaction, but increasing Con A concentra-
ion, monovalent interactions prevail due to steric hindrance, as
epicted in Fig. 6. The multivalent effect can be attributed to several
rocesses; intermolecular aggregation, intramolecular chelation,
teric stabilization of the surface or statistical rebinding [58]. These
ffects depends on the surface concentration and organization of
he monosaccharide as well as concentration of the multivalent lig-
nd (ConA). The statistical rebinding can be explaining due to the
roximity of mannosyl groups in the surface; the association of Con

 with a mannosyl moiety can occur immediately after dissociation
f the same Con A with other mannosyl in the proximity. If the sta-
istical rebinding is operative in these systems, our results indicate

hat DPEM molecules are closer than DLEM molecules in the bilayer
formation of domains where DPEM is enriched).
ction of Con A concentration.

This study of the interaction with Con A not only allows us to
elucidate the multivalent behavior of glycoliposomes, but also pro-
vides information on the organization of glycolipids in bilayers (i.e
domain formation).

4. Conclusions

The main topic of this article is to establish how the degree of
exposure of mannose moiety at the surface of the liposome influ-
ences its recognition of glycoliposomes by Concanavalin A

Our results indicate that for longer methylene chains in mono
and dialkyl derivatives the exposure of the mannose moiety at
the surface of the liposome decreases, while the presence of one
oxyethylene unit as extender reverts this behavior. SPR determi-
nations indicate the existence of a complex mechanism for the
interaction of Con A with glycoliposomes; depending on Con A
concentrations, a fast-initial interaction was attributed to multi-
valent process and a slow interaction was related with monovalent
processes. Around 1,5 time increase on the association constant

was observed at the lower concentration of Con A for glycolipo-
somes with 5% DPEM indicating the prevalence of a multivalent
effect under this condition and therefore a greater affinity constant
of this derivative for Con A.
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