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Dal-Bó, Alexandre Gonçalves. Preparation and characterization of New Amphiphiles 

with Oligo- and Polysaccharides. Florianópolis, 2011. 97p. Doctorate Thesis in Chemistry – 

Graduate Program in Chemistry, Federal University of Santa Catarina and Joseph Fourier 

University – Grenoble, Doctoral School of Chemistry and Life Sciences. 

ABSTRACT 

 

This thesis reports the preparation and characterization of new rod-coil amphiphiles 

functionalized with oligo- and polysaccharides through Huisgen 1,3-dipolar cycloaddition 

reactions between species functionalized by an azide group on one side and an terminal 

alkyne on the other catalyzed by copper. The amphiphiles were synthesized and characterized 

based on different hydrophobic parts conjugated with the polymer poly(ethylene oxide) PEO 

with a hydrophilic spacer arm and the oligo- and polyssaccharides 2-propargyl-2-acetamido-

2-deoxy-β-D-glucopyranose (GlcNAc) and propargyl β-D-galactopyranosyl-(14)-β-D-

glucopyranose (Lac). The amphiphiles synthesized were characterized in terms of their 

chemical structure and composition through nuclear magnetic resonance (NMR), Fourier 

transform infrared (FTIR) spectroscopy, mass spectroscopy (MALDI-TOF-MS and ESI-MS) 

and high resolution mass spectroscopy (HRMS). After the dissolution in water, the 

amphiphiles self-associate in highly regular micelles with an average diameter of 2RH ~ 10 

nm. Dynamic light scattering (DLS), transmission electron microscopy (TEM) and small 

angle x-ray scattering (SAXS) were used in order to investigate the structure and dynamics of 

these saccharide amphiphiles. The presence of carbohydrate epitopes on the surface of the 

micelles and their bioavailability for the segmentation of lectin were also demonstrated by 

DLS.  Specific interactions of GlcNAc and Lac residues with lectins from wheat germ 

agglutinin (WGA) and peanut agglutinin (PNA), respectively, reveal the potential applications 

of such amphiphilic derivatives of carbohydrates as vectorizing systems, both simple and 

specific to a drug delivery site.   
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Résumé 

 

Ce travail de thèse décrit la préparation et l’étude des propriétés d’auto-assemblage de 

nouveaux amphiphiles fonctionnalisés par des sucres.  Des glycosides propargyliques du 

lactose et de la N-acétyl-glucosamine ont été conjugués par chimie click (cycloaddition de 

Huisgen catalysée par des sels de cuivre) à des dérivés de poly(ethyleneglycol) dont une des 

extrémités a au préalable été modifiée par une fonction azide et l’autre par un bloc 

hydrophobe de type polyphénylène ou bien aliphatique.  Après une caractérisation par 

résonance magnétique nucléaire et spectrométrie de masse, les propriétés d’auto-assemblage 

de ces amphiphiles ont été étudiées par diffusion dynamique de la lumière (DLS), diffraction 

des rayons-X aux petits angles (SAXS) et microscopie électronique. Il a été montré qu’en 

phase aqueuse, les systèmes amphiphiles dérivés du PEG 900 s’auto-assemblent pour former 

de micelles de taille extrêmement régulière dont le diamètre moyen est de l’ordre de 10 nm. 

La présence et la biodisponibilité des sucres à la surface de ces nanoparticules ont également 

pu être démontrées par diffusion dynamique de la lumière avec les lectines PNA et WGA. Les 

interactions spécifiques observées entre les lectines et micelles associées aux propriétés 

d’encapsulation de ce type de nanoparticules permettent d’imaginer de futures applications 

pour la délivrance de médicaments ou encore l’imagerie médicale. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND  

 The results reported in this thesis were obtained at the University of Santa Catarina 

(UFSC) and at the Center for Development of Plant Macromolecules (CERMAV), affiliated 

with the Joseph Fourier University in Grenoble - France. 

  In recent years, a considerable increase in studies on colloidal systems (soft matter) 

has been observed, due to a growing demand in several industrial sectors, particularly those 

associated with the development of nanomaterials or materials with morphological control on 

the nanometric scale.   

 The concept of nanoscience and nanotechnology has been drawing ever more attention 

from the public in general through electronic and printed media.  More than US$ 30 million 

were made available by the National Science Foundation (NSF) in 2005, solely for the 

creation of programs to inform the public regarding nanotechnology issues, and to address 

socially related issues
1
  

The recent surveys carried out by the European Union are sufficient to justify the high 

priority with which nanotechnology has been treated by developed countries and by those 

under rapid development, such as China and South Korea.  Currently, the global investment is 

around US$ 4 billion per year only at the governmental level, this being distributed in an 

equal manner between the four entities: Japan, United States, European Union and all the 

other countries together.  This investment, which has been growing, is fuelled by the 

expectation that in 10 years from now nanotechnology should be moving over US$ 1 trillion 

in the world economy.
2
  

 Finally, it is important to highlight that nanotechnology is an area with open prospects 

which offers innumerous opportunities to be seized and explored by countries such as Brazil.  

In this context, new technological opportunities need to be rapidly identified, consolidated 

and advanced in the construction of a solid field of knowledge.   

In Brazil, the investments are still modest.  However, important advances have already 

been made in the structuring of four national networks along with several thematic sub-

networks, mobilizing more than 300 researchers and 600 graduate student nationwide with a 

National Nanotechnology Plan, in the modernization of the patent laws and policy of 

incentives, as well as the development of networks and partnerships in the business and 

research sectors aiming at national partnerships.   
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Currently, the major interest of the scientific community is to develop ever more 

nanoscience with the aim and promise of manipulating matter atom by atom, molecule by 

molecule, in order to create devices with higher performance and functionalities superior to 

those provided by the current technology.   

The applications are very broad, ranging from the electronics industry, where 

nanometrically spaced aggregates are used to develop circuits and devices also on nanometric 

scale, to the medical-pharmaceutical industry, where the development and improvement of 

these systems allow the controlled release of medicines and nutrients as well as with the aim 

of obtaining rheological control in the cosmetic and paint industries.   

Polymeric micelles prepared from rod-coil amphiphiles are of great importance since 

they enable the preparation of particles with different morphologies as spheres, cylinders, and 

vesicles, with controllable sizes, both on the micrometric (latex) and nanometric (micelles, 

vesicles, etc.) scales.   

These structures are typically formed by a nucleus made of solvophobic blocks, and a 

crown of solvophilic chains.  The micellar aggregates are stabilized in solution through the 

interaction of the soluble segments with the solvent.
3
 Since most colloidal systems are 

normally structured in nanometric (less than 100 nm) or submicrometric (between 100 and 

1000 nm) scales, their characterization can be carried out by means of transmission electron 

microscopy (TEM) techniques, static light scattering (SLS) and small angle x-ray scattering 

(SAXS). Similarly, dynamic processes can be accessed through dynamic light scattering 

(DLS) measurements.
4
  

Nanoparticles based on hydrophobic synthetic polymers are frequently prepared in the 

presence of organic solvents.  However, the environmental aspects and, as a consequence, the 

international standards, impose the elimination of these organic solvents and their 

replacement with water, aiming to apply them in areas such as medicine and cosmetology.  

Confronted with the application of these standards, the industry must consider urgently the 

replacement of certain traditional hydrophobic polymers, used in formulations, with natural 

hydrosoluble polymers such as oligo- and polysaccharides, aimed at obtaining an ideal and 

universal carrier system.   

The development and preparation of nanoparticles based on natural molecules such as 

oligo- and polysaccharides currently represent a challenge in both the academic and industrial 

arenas.   
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There are still few systems which employ natural polymers in the development of 

nanoparticles. Examples include amphiphilic cyclodextrin nanoparticles, latex obtained by 

polymerization, the encapsulation of polysaccharides in capsules and the coating of 

dendrimers with oligosaccharides.   

In this regard, the potential of these nanostructures originated from structures 

functionalized by oligo- and polysaccharides has been constantly explored, with the aim of 

developing different nanostructures which can reach and be adapted to the biological 

environment mimicking the significant side effects.   

The functionalization of the particle surface with oligo- and polysaccharide units is 

one of the viable ways to transport drugs to the targets of interest and also to incorporate 

many different types of nutrients and essences.   

In order to deepen the theme discussed above, this thesis deals mainly with the 

preparation and characterization of rod-coil amphiphiles with different hydrophobic parts and 

the use of the polymer poly(ethylene oxide) (PEO) as the hydrophilic spacer arm 

functionalized or not by carbohydrates, with the aim of obtaining organized structures in 

aqueous solvents and to evaluate the dynamic structure of these colloidal systems in the 

absence and presence of specific lectins.   
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CHAPTER 2 

 OBJECTIVES 

2.1  General objectives 

The objective of this study was to prepare and characterize new amphiphiles in order 

to obtain nanoparticles which will serve as a support for the binding of oligo- and 

polysaccharides through click chemistry reactions, of the type Huisgen 1,3 dipolar 

cycloaddition, between species functionalized through an azide group on one side and a 

terminal alkyne on the other.    

 2.2  Specific Objectives  

 To synthesize new rod-coil amphiphiles with a hydrophobic part comprising four 

aromatic rings and as the hydrophilic spacer arm the polymer poly(ethylene oxide) 

PEO, functionalized at it extremity with the monosaccharide 2-propargyl-2-acetamido-

2-deoxy-β-D-glucopyranose (GlcNAc)  and the disaccharide propargyl β-D-

galactopyranosyl-(14)-β-D-glucopyranose  (Lac). 

 To synthesis new rod-coil amphiphiles with the hydrophobic part containing different 

carboxylic acids and PEO as the hydrophilic spacer arm functionalized with  the 

monosaccharide GlcNAc  and the disaccharide Lac. 

 To characterized the amphiphiles synthesized as synthetic intermediaries regarding the 

chemical structure and composition through nuclear magnetic resonance (NMR), 

Fourier transform infrared (FTIR) spectroscopy, mass spectroscopy (MALDI-TOF-

MS and ESI-MS) and high resolution mass spectroscopy (HRMS). 

 To determine the critical micellar concentration by fluorescence spectroscopy. 

 To prepare and characterize nanoparticles (micelles) from the amphiphiles synthesized 

with the aim of obtaining a good size distribution.  

 To analyze the morphology of the nanoparticles obtained, through the techniques of 

transmission electron microscopy (TEM) and small angle x-ray scattering (SAXS). 

 To determine parameters such as the gyration radius and dynamic properties of self-

aggregation, among others, through the techniques of static and dynamic light 

scattering.   
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 To evaluate the capacity of the different nanoparticle formulations which will serve as 

supports for the bonding of oligo- and polysaccharides by way of specific interactions 

with lectins.  
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CHAPTER 3 

LITERATURE REVIEW  

3.1 Nanotechnology and nanoscience 

Nanotechnology and nanoscience  are currently considered one of the most fascinating 

advances in the areas of knowledge and constitute one of the main focal points of research, 

development and innovation activities in all industrialized countries.
5
  

Many consider the initial point of nanotechnology, the lecture given in 1959 by 

Richard Feynman - Nobel laureate in physics (1965) – in which he suggested that one day it 

would be possible to manipulate atoms individually, a revolutionary idea for the time.
6
 The 

prediction of Feynman, however, would only become reality in the 1980s with the 

development of the so-called scanning probe microscopies.  These microscopes map objects 

of nanometric dimensions by way of a very fine needle (probe), building an image with 

atomic scale resolution.  This device made it possible to individually manipulate atoms, the 

smallest possible unit of a chemical element.   

Nanotechnology already has applications in almost all industrial and service sectors. 

These can be on a large scale, such as polymeric nanocomposites produced from commodities 

such as thermoplastics and clays, together with products manufactured in reduced quantities 

but with high added value and created for information and telecommunications technologies. 

It has been estimated that from 2010 to 2015 the world market for materials, products and 

processes based on nanotechnology will be one trillion dollars.
7 

Nano is the prefix used in scientific notation to express a billionth (10
-9

). One 

nanometer (nm), for example, is equivalent to 10
-9

 m, that is, a billionth of a meter.  At this 

scale, a miniscule virus, invisible to the naked eye, appears as an incredible entity with around 

200 nm.  Despite this tiny dimension, it camouflages, in fact, a complex molecular machine 

equipped with all of the devices required to invade the cells of higher organisms and use them 

in their reproduction, resulting in a typical example of nanotechnology placed in practice by 

nature.
2
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3.2  A brief report on nanoparticles  

 

From the technological point of view, nanoparticles can be chemically altered through 

the modification of their surfaces with specific molecules or polymers, which broadens 

considerably their applications.  For instance, nanoparticles can be used in chemical or 

biological sensors, simply by modifying them with species which recognize other 

complementary groups, as in the case of the antigen-antibody interaction, which occurs in the 

immune system.
2
  

The polymeric nanoparticles are carriers on a nanometric scale (with a diameter of less 

than 1µm) prepared from natural or synthetic polymers and have been the object of several 

studies for over 20 years, evolving during this period.  This definition does not take into 

account the morphological and structural changes in the organization of the polymer.  

The surface characteristics of nanoparticles have an important influence on the 

interaction with their biological environment.  In the past decade, interest has intensified in 

the development of polymers and block copolymers with amphiphilic characteristics (in 

which sugars, peptides, folic acid, antibodies and medicines can be bound or associated in 

some form with the polymer) allowing the use of nanoparticles as carrier systems directed 

toward specific targets and as diagnostic tools.
8-10

 

 

3.3 Functionalization of nanoparticle surface  

 

The surface characteristics of nanoparticles have an important influence on the 

interaction with their biological environment.  In the past decade, interest has intensified in 

the development of polymers and block copolymers with amphiphilic characteristics (in 

which sugars, peptides, folic acid, antibodies and medicines can be bound or associated in 

some form with the polymer) allowing the use of nanoparticles as carrier systems directed 

toward specific targets and as diagnostic tools.
11-13 

 

Figure 1. Functionalization of nanoparticles through covalent bonding  
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The functionalization of block copolymers and rod-coil amphiphiles is carried out 

through several types of interactions or reactions. The search for the intelligent 

functionalization of amphiphiles and copolymers to efficiently anchor probes able to mimic 

biological systems and provide cellular recognition sites, through covalent bonds, has been 

intensified.   

The challenges related to intelligent functionalization have lead to the development of 

more selective “chemical bonding” in the covalent coupling of functional groups under mild 

aqueous conditions.
14

 Few methods have as yet been applied to the chemical coupling of 

biomolecules in nanoparticles.  Of these methods, amino-acid coupling is one of the most 

commonly applied worldwide, with an efficient reaction. For example, folic acid, which has a 

carboxylic acid group, has been conjugated with nanoparticles coated at their extremities with 

NH2 groups.  

Such nanoparticles have been prepared by polymerization in situ by functionalized 

comonomers with amines or for the synthesis of amphiphilic copolymers which serve as 

surfactants and surface modifiers in a nanoprecipitation technique.
15 

The folic acid was then 

successfully conjugated on the nanoparticle surface using N,N'-dicyclohexylcarbodiimide 

(DCC).
 

Furthermore, the introduction of thiol groups to the nanoparticle surface creates 

endless possibilities for ligand conjugations, particularly in conjugation reactions between 

thiol maleimides (thiol-maleimide couplings), due to their selectivity and reactivity under 

mild conditions, and has received growing interest.  The conjugation of antibodies or protein 

is generally carried out using crosslinking with m-maleimidobenzoyl-N-hydroxysuccinimide 

ester (MBS) which offers two binding sites: one primary amine group (present in antibodies, 

medicines and specific peptides) and a thiol function.
16

 These coupling reactions have been 

reported to be quantitative under physiological conditions.
17-19

 

The search for more efficient bonds and satisfactory quantitative yields in the 

anchoring of bioactive molecules gained a boost with the Huisgen 1,3-dipolar cycloaddition 

reactions between species functionalized by an azide group on one side and a terminal alkyne 

on the other catalyzed by copper.  The basic reaction, which today is summarized under the 

name of “click chemistry” is a variant of the Huisgen 1,3-dipolar cycloaddition reaction 

between triple C-C and triple C-N bonds, and alkyl/aryl/azides (see Figure 2). 

In the cycloaddition reaction, a cyclic compound is obtained from two unsaturated 

molecules. In the cyclo-formation reaction two new σ bonds are formed through two π bonds 
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(dipolar [4+2]). In this reaction a dipole, a 1,3-dipolar octet, reacts with a dipolarophile, a 

system with multiple bonds.    

The azide/alkyne click chemistry reaction is a recently rediscovered reaction which 

fulfils many requirements for the affixation of ligands in the post-process modification of 

polymers, which frequently include quantitative yields, a high tolerance to functional groups, 

and an insensitivity of this reaction to solvents, regardless of their protic, aprotic, polar or 

non-polar nature.  The reactions occur at several types of interfaces, such as solid/liquid, 

liquid/liquid, or even solid/solid. This review focuses on issues related to the reaction itself, as 

well as on the requests for a broadening of the sciences of polymers, materials and surfaces.   

These reactions are included within a series of reactions known as click reactions, 

which are defined as involving a gain in thermodynamic enthalpy of at least 20 kcal/mol, 

leading to reactions characterized by high yields, simple reaction conditions, fast reaction 

times and high selectivity.  Among the many reactions tested, the 1,3-dipolar cycloaddition 

process has appeared as a method of choice since it satisfies the requirements of the binding 

of two molecules in a fast and efficient process.  

The wide application of click chemistry-type reactions occurred after the important 

discovery that the Huisgen process is purely thermal and can be considerably accelerated by 

the addition of various metal species (Ru, Ni, Pt, Pd), but mainly by Cu (I) species, within the 

reaction system.
20

  

 

Figure 2. Illustration of the 1,4  and 1,3-dipolar cycloadditions catalyzed by different metal 

salts.   

 

The selection of the appropriate technique for the modification of the surface of the 

nanoparticles and biomolecules is therefore crucial.  It should be noted that the analysis of the 

biological recognition is, however, necessary in order to test the bioavailability of the 

molecules.   
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3.4 Functionalization of the macromolecule surface with specific probes.  

 

The first group is composed of bioactive macromolecules (such as polysaccharides, 

oligopeptides), which do not specifically interact with the tissues.  Of these, polysaccharides 

are of great interest particularly to obtain nanoparticles with bioadhesive and mucoadhesive 

properties. Thus, polysaccharide nanoparticles have been modified on the surface, such as 

chitosan, hyaluronic acid and dextran.
21, 22 

Nanoparticles coated with dextran that presented a 

prolonged permanence time in the blood, which depends not only on their dimension but also 

on the coating properties, can be cited. Furthermore, this type of nanoparticle coated with 

dextran allows the segmentation of specific tissues, such as lymphatic ganglia or brain 

tumours.
9
 

The coating of nanoparticles with chitosan is of great interest, particularly in the 

cumulative properties of mucoadhesion and increased permeability, without causing any 

irreversible damage to the membrane.  Moreover, the nanoparticles coated with chitosan also 

interact with nucleic acids (DNA oligonucleotides).
22 

 

The combination of soluble polymeric nanoparticles functionalized with hyaluronic 

acid can allow the obtainment of an efficient carrier system for the preparation of a series of  

eye drops, prolonging the ocular residence time. 
23, 24

  

 Finally, considering the great variety of polysaccharides in nature, there is the 

potential for the preparation of engineered nanoparticle surfaces presenting a specific surface 

adapted to the segmentation effect.   

In order to increase the rapid capture of nanoparticles by the reticuloendothelial 

system (RES) and considerably increase the blood circulation, researchers opt to coat these 

nanoparticles with PEO, dextran or heparin.
11, 25-27

   

The development of organized nanostructures based on carbohydrates in recent years 

has intensified with the interest in biomimetics or environmental preservation and the valuing 

of natural resources.  The difficulties associated with the chemical modification of oligo- and 

polysaccharides in terms of solubility and selectivity have facilitated the generalized use of 

monosaccharides and disaccharides which only partially reflect the potential of 

polysaccharides.  Consequently, there are many possibilities that amphiphilic oligosaccharides 

can generate organized structures on the nanometric scale.   

One of the greatest challenges is to define the ideal vector of molecules and ligands for 

the specific delivery of nanoparticles to the target tissue.  The strategy depends on the 



18 

 

segmentation capacity of the probes to bind specifically to the receptors of the cell surface and 

thus the nanoparticles will reach specifically the target cells.  In order to overcome these 

difficulties associated with the modifications and solubility a variety of specific ligands, such 

as mono- or oligosaccharides, biotin, folic acid, and antibodies, are commonly used and 

anchored to block copolymers and amphiphiles through electrostatic interactions, 

hydrophobic interactions and covalent bonds. Figure 3 illustrates a variety of specific ligands 

which are generally used as bioactive probes for the functionalization of the surface of 

nanoparticles.  Of these, mono- or oligosaccharides are of special interest.  In fact, on the cell 

surface, carbohydrates, glycoproteins and glycolipids function as recognition sites between 

cells and microorganisms.
28, 29

           

 

 

Figure 3.  Illustration of some structures which can be used as biological probes (ligand type) 

for the functionalization of nanoparticles: (a) N-acetyl-D-glucosamine (GlcNAc), (b) 

mannose, (c) folic acid and (d) biotin. 

 

3.5 Lectins 

 

Lectins represent a structurally heterogeneous group of multivalent proteins which 

bind specifically and recognize sugar complexes bound to proteins, lipids and functionalized 

amphiphiles.
30-33

 There are many different families of lectins with varied structures and 

specificities.  Although originally isolated from plant sources, they have been found in 

different life forms such as animals, bacteria and viruses.
34

 Their abundance and the relative 
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facility of purification have enabled lectins to be extensively characterized and widely used in 

different areas of biology, biochemistry and pharmaceutics.   

Despite their abundance in many plants, the true function of plant lectins has not been 

clearly defined.  Among those proposed are the storage and transport of carbohydrates in 

seeds, the inhibition of the growth of fungi and insecticidal activity.
35, 36

  

Lectins are currently attracting great interest from researchers in several areas, such as 

biology and medicine, due to the fact that they bind specifically to carbohydrates and act as 

mediators of cellular recognition in a variety of systems.
37

 Each molecule of lectin normally 

contains two or more recognition sites, that is, they are di- or polyvalent.  Thus, when they 

react with cells, for example, erythrocytes, they not only combine with the sugars on their 

surfaces, but also carry out the crosslinking of cells with their subsequent precipitation, a 

phenomenon known as cell agglutination. An important attribute is hemagglutination, used 

routinely for their detection and the characterization of biological functions.  Since then 

lectins have be found in an increasing number of applications, in the separation and 

characterization of glycoproteins and glycopeptides, in the monitoring of changes in the cell 

surface during physiological processes and pathologies, in the differentiation of cancer cells 

and in the labeling of blood cells and bacteria, among others. 
38 

Currently, an important area of interest is in the obtainment of molecules which have 

self-association with different morphologies for the encapsulation of drugs in nano- and 

microparticle systems containing lectins for the treatment of infectious diseases which affect a 

large part of the world population, such as malignant neoplasm, tuberculosis and viruses.   

 

3.6 Interaction of amphiphiles functionalized by oligo- and polysaccharides with 

lectins  

  

In recent decades, the focus has shifted from self-associations and interactions 

between ionic surfactants and polymers to amphiphiles or block copolymers functionalized 

with oligo-and polysaccharides, oligopeptides or bioactive probes, in order to study these 

colloidal systems in the presence and absence of specific lectins.
39, 40

 

The mechanisms of recognition are essentially based on specific interactions between 

carbohydrates and soluble or membrane proteins called lectins.  The network of 

communication based on carbohydrate-protein interactions is crucial to a variety of important 

biological phenomena such as cell growth, inflammation, cancer and viral/bacterial infections. 
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Based on these specific lectin-carbohydrate interactions, several glycomimetics have been 

developed with diagnostic and therapeutic aims.
31-33, 41, 42

  

In particular, drug delivery mediated by a carbohydrate allows cells which have 

glycoreceptors in their plasma membranes to be reached.  This type of targeting of active 

principles is considered as one of the more promising pathways of specific cell targeting. In 

fact, the lectin membranes of some types of cells are able to internalize their ligands and, 

consequently, the glycoconjugates that are recognized by these lectins which can be used as 

efficient carriers of nutrients and active principles.
42, 43

  

Although the properties of the surface of amphiphilic glycosides have been 

extensively studied, few reports discuss the use of the saccharide part for the segmentation of 

specific receptors.  Lee et al. were able to demonstrate that the structures of amphiphiles 

functionalized with mannose self-associated in different morphologies and interact with the 

lectin ConA and with the type 1 pilus receptors of the bacteria Escherichia coli, also called 

mannose-sensitive because they adhere to the mannose receptors.
41, 44, 45

  

The synthesis and characterization of carbohydrate glycoconjugates with the insertion 

of hydrophobic hydrocarbons was described by Thomas and coworkers who demonstrated the 

spontaneous self-association of these surfactants in vesicles which served as a model to 

investigate the protein-carbohydrate interactions and the aggregation of these surfactants was 

also induced by protein ConA.
46

 

 Rieger and coworkers reported the synthesis of a series of block copolymers of the 

type poly(ethylene oxide)-b-poly(-caprolactone) PEO-b-PCL which were functionalized with 

the carbohydrate mannose and the self-association, and the specific interaction of these 

nanoparticles with the lectin BclA produced by the bacteria E. coli. was studied by isothermal 

titration calorimetry (ITC) and cryo-TEM. 
47, 48

 

Nanoparticles based on metals have recently attracted great interest as new materials 

and lead to new applications in biological systems, mainly those functionalized by 

carbohydrates which can be recognized by specific proteins and can be easily detected, having 

an intense color in the visible region.
49, 50

  

 Lin et al. developed gold nanoparticles functionalized with the carbohydrate mannose 

and studied the selective binding of these nanoparticles with the type 1 pili of the 

enterobacteria E. Coli.  through TEM and Biacore experiments.
51

 

The architecture of rod-coil amphiphiles with bioactive functions is illustrated in 

Figure 4, where these structures can be associated with different morphologies, depending on 
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their hydrophobic fraction and the preparation method.  Nanostructures functionalized with 

carbohydrates, peptides, folic acid and biotin can be used in diverse bioapplications from drug 

and nutrient release to the development of new vaccines.   

In this regards, various oligosaccharide structures are studied as a function of the 

properties of nanoparticles.  Mannoside, galactoside or rhamnoside structures have been used 

as a way to vectorize the particles in specific receptors in the lungs, liver or epidermal cells, 

and in the controlled release of drugs and nutrients. 
41, 52-55

 

 

 

Figure 4. Illustration of self-association of bioactive nutrients.
56 

 

Figure 5 shows the formation of vesicular nanoparticles coated with units of the 

carbohydrate mannose and also an internal reservoir coated with units of the same 

carbohydrate, thus enabling the incorporation of hydrophilic medicines, proteins, vaccines and 

molecules for release at specific targets, such as the lymphatic system and brain, when these 

particles interact specifically with enterobacteria E. Coli type 1 pili.
45 
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Figure 5. Schematic representation of interaction of nanoparticles coated with the 

monosaccharide mannose with type 1 pilus receptors found in the bacteria Escherichia Coli.
45
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Abstract 

Biocompatible low-polydispersity micelles designed for lectin targeting have been 

prepared by spontaneous self-assembly in water of macromolecular glycosylated amphiphiles.  

Propargyl--lactoside and N-acetyl--D-glucosaminide were conjugated by copper-catalyzed 

Huisgen cycloaddition to azide-terminated PEG900 stearate. Upon dissolution in water, the 

resulting amphiphiles immediately self-assemble into highly regular micelles having a mean 

diameter of 10 nm. Dynamic Light Scattering (DLS), Transmission Electron Microscopy 

(TEM) and Small-Angle X-ray scattering (SAXS) were used to investigate the structure of the 

self-assembled saccharidic amphiphiles micelles. The presence of the carbohydrate epitopes 

on the surface of the micelles and their bioavailability for lectin targeting were also 

demonstrated by light scattering measurements. Specific interaction of the GlcNac and Lac 

residues with Wheat Germ Agglutinin (WGA) and Peanut Agglutinin (PNA) respectively, 

unveils potential applications of such carbohydrate-derived surfactants as simple and site-

specific vectorization systems for drug delivery.  

 

Introduction 

Hierarchical self-assembly of synthetic molecules is a subject of great current interest 

and a challenging topic of interdisciplinary research in chemistry, biology, and materials 

science. Amphiphilic molecules, namely those that carry both hydrophilic and hydrophobic 

parts within one structure self-assemble into a variety of supramolecular objects including 

micellar structures, ellipsoids, disks, cylinders, vesicles, and lamellae.
1-6

 This assembly 

usually depends strongly on the molecular architecture, concentration, solvent environment 

and is driven by non covalent interactions such as hydrogen bonding, - stacking or 

electrostatic interactions.
7
 In particular, spherical micelles have attracted much attention for 

their use as drug carrier.
8
 Encapsulation of hydrophobic drugs into self-assembled particles 

has been shown to enhance their water-solubility thus reducing their toxicity and to contribute 

to more sustained release profiles.
9-11

 The latest developments in this field focus on the 

introduction of functional groups at the surface of the drug carrier such as peptides,
12

 

antibodies
13

 or carbohydrates
14

 aiming at the interaction with specific cell receptors for a site-

directed delivery of the drugs.  

Over the last decade, multivalent display of carbohydrates at the cell surface has been 

demonstrated to play a critical role in many biological events. Carbohydrate-protein 
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interactions are involved in standard as well as pathological processes including fertilization, 

viral and bacterial infection, inflammatory response, cell adhesion, and metastatic spreading.
15

 

Carbohydrate-based nanoparticles have thus recently received much attention as site-directed 

drug carriers. The preparation of particles from amphiphilic graft- or block-copolymers 

containing a polysaccharidic scaffold including dextran, chitosan, hyaluronic acid or water-

soluble cellulose derivatives is abundantly documented.
16, 17

 Although biomass-derived 

polysaccharides provide a valuable scaffold for the elaboration of nanoparticles, they barely 

interact with specific cell-surface carbohydrate receptors. The binding of lectins typically 

involves only the two or three terminal sugar residues of the mammalian glycans including 

galactose, mannose, N-acetyl-neuraminic acid, fucose or N-acetyl-glucosamine.
18

 Recently, 

Kim et al. reported a series of carbohydrate amphiphiles prepared around PEG scaffolds and 

polyaromatic hydrophobic blocks.
19

 Self-assembled nano-objects of different sizes and 

morphologies were obtained in water depending on the molecular architecture as well as the 

volume fraction of each constituent, and the bioavailability of the sugar units for E. coli 

receptors was confirmed. Although the biocompatibility and the immunogenicity of such drug 

carrier need to be investigated further into details, the perspectives offered by these 

glycosylated macromolecular amphiphiles are extremely broad.  

Aiming at the development of new self-assembled nanoparticles whose surface is 

decorated by carbohydrates with potential applications for the site-directed vectorization of 

active molecules, we have designed a series of carbohydrate-containing amphiphilic 

macromolecules from a synthetic PEG ester. Poly(ethylene glycol) and its derivatives have 

several physicochemical properties that make them especially important in various biological, 

chemical and pharmaceutical settings where one can cite the wide range of solubility in both 

organic and aqueous media, the lack of toxicity and immunogenicity, nonbiodegradability and 

ease of excretion from living organisms.
20

 PEG is often used as a covalent modifier of a 

variety of substrates producing conjugates that combine some of the properties of both the 

starting substrate and the polymer. Blood lifetime of PEGylated liposomes, nanoparticles, and 

proteins can be significantly extended and their uptake by reticuloendothelial system (RES) 

organs, liver and spleen diminished.
21-23

 Fatty acid esters of PEGs, commonly known as 

macrogolglycerides are produced industrially and used in a variety of lipid-based formulations 

in cosmetic and pharmaceutical applications. Currently, these lipidic excipients are used as 

bioavailability enhancers in, for example, proxyphylline release from matrix hard gelatin 

capsules,
24

 oral formulation of nicotine,
25

 and dermal application of cyclosporin A.
26
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The present work reports the synthesis, self-assembly, and interaction study of new 

amphiphiles targeting lectins prepared by click-chemistry grafting of propargylated 

carbohydrates onto azido-PEG900-stearate. Stearic acid, one of the most common fatty acids, 

is widely used as a lubricant, in soaps, cosmetics, and food packaging. It is a component of 

Solutol HS15
27

 and  Gelucir 50/13
28

 which have been proved to be effective stabilizers for the 

preparation of lipid particles. On the other hand, PEG having an average molecular weight of 

900 was selected to act as a flexible hydrophilic spacer of appropriate size to provide 

amphiphiles with a hydrophobic volume fraction close to 20% that is required for the 

formation of spherical micelles.
10

  

Experimental Section 

Materials. All reagents were of commercial grade and they were used as received unless 

otherwise noticed. Triticum vulgaris (Wheat germ) lectin (WGA) and Arachis hypogaea 

(Peanut) lectin (PNA) were obtained from EY Laboratories, Inc. The solvents were dried and 

distilled according to literature procedures before use. The reactions were monitored by TLC 

using Silica Gel 60 F254 precoated plates (E.Merck, Darmstadt) and the detection was 

achieved by exposure to iodine vapors or by charring with sulfuric acid solution 3:45:45 

H2SO4:MeOH:H2O. For flash chromatography, E. Merck Silica Gel 60 was used.  

 

Characterization of the amphiphiles. The NMR spectra were recorded on a Bruker AC 300 

or Bruker Avance 400 spectrometer at 25 
o
C and they were calibrated against the residual 

signal of the solvent. Proton chemical shifts are reported in ppm relative to external SiMe4 (0 

ppm). Low-resolution mass spectra were recorded on a Bruker Daltonics Autoflex apparatus 

for MALDI and on a Waters Micromass ZQ spectrometer for ESI experiments. High-

resolution mass spectrometry measurements were performed on a Micromass ZABSpec-Tof 

spectrometer at the Centre Regional de Mesures Physiques de l’Ouest CRMPO (Rennes, 

France). The infrared (IR) spectra were recorded using a Perkin-Elmer Spectrum RXI FTIR 

spectrometer.  

 

Synthesis. Propargyl 2-acetamido-2-deoxy-β-D-glucopyranoside
29

 and propargyl β-

lactoside
30

  were synthesized as previously reported in the literature. 

 

Mono-tosyl-PEG 900 (1). To a chilled (0
°
C) solution of PEG 900 (8.0 g, 8.9 mmol) in 

anhydrous methylene chloride (250 mL) was added silver oxide (3.1 g; 13.4 mmol) and 
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potassium iodide (0.6 g; 3.6 mmol). Recrystallized tosyl chloride TsCl (1.78g; 9.4 mmol) was 

then added in one portion. The reaction was monitored by TLC and after completion (~ 2 

hours), the mixture was filtered over pad of Celite® and evaporated under reduced pressure to 

give a colorless oily product. Pure 1 (5.16 g; 55 %) was isolated after purification by silica gel 

flash chromatography using methylene chloride:methanol (9:1 v/v). 
1
H NMR: (300 MHz, 

CDCl3, ppm): δ = 7.78 (d, 2H,  J = 8.5 Hz, Arom.), 7.31 (d, 2H,  J = 8.5 Hz, Arom.), 4.12 (t, 

2H, J = 4.4 Hz, CH2OTs), 3.71−3.55 (m, ~78H, CH2O), 2.42(s, 3H,  CH3).
13

C NMR: (75 

MHz, CDCl3, ppm) : δ  = 144.8, 133.0, 129.8, 128.0, 72.5, 70.7, 70.5, 70.3, 69.2, 68.6, 61.7,  

21.6. MALDI-TOF MS Calcd for C47H88O23S : m/z 1052;  found: m/z 1075 [M+Na]
+ 

 

 

Mono-azide-PEG 900 (2). A solution containing 1 (2.5 g, 2.4 mmol) and NaN3 (0.618, 9.5 

mmol) dissolved in anhydrous DMF (25 mL) was heated at 60°C in an oil bath for 18 hours 

and then concentrated. The residue was purified by silica gel flash column chromatography 

using methylene chloride: methanol (9:1 v/v) as eluent to yield pure azide PEG 2 (1.86 g, 85 

%). 
1
H NMR: (300 MHz, CDCl3, ppm) : δ = 3.71-3.58 (m, ~78H, CH2O), 3.37 (m, 2H, 

CH2N3). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ  = 72.5,  70.6,  70.30, 70.0, 61.7, 50.7. FT-IR 

spectra (υ, cm
−1

):  azide absorbance peak 2100 cm
-1

. MALDI-TOF MS Calcd for 

C40H81N3O20 : m/z 923.61, found: m/z 946.56 [M+Na]
+
 

 

Azide-PEG 900-stearate (3). N,N’-dicyclohexylcarbodiimide (0.20 g, 1 mmol) and  4-

dimethylaminopyridine (DMAP) (0.024 g, 0.2 mmol)  were added into a stirred solution of 

stearic acid (0.85 g, 3.0 mmol) and mono-azide-PEG 900 (2) (0.92 g, 1 mmol) in anhydrous 

methylene chloride (30 mL). After 48 hours at room temperature under N2 atmosphere, the 

mixture was filtered over pad of Celite® and evaporated under reduced pressure to give a 

colorless oily product. Pure stearate 3 (0.976, 82%) was isolated after purification by silica gel 

flash column chromatography using methylene chloride:methanol (9:1 v/v) as eluent. 
1
H 

NMR: (400 MHz, MeOD, ppm) : δ =  4.21 (t, 2H, J = 4.8 Hz), 3.71-3.64 (m, ~82 H, CH2O), 

3.37 (t, 2H, J = 4.9 Hz ), 2.36-2.26 (m, 2H), 1.62-1.60 (m, 2H), 1.29 (m, 28H), 0.90 (t, 3H, J 

= 6.6 Hz, CH3). 
13

C NMR: (100MHz, DMSO-d6, ppm) : δ  =172.9, 69.9, 69.3, 68.4, 63.1, 

50.1, 33.5, 31.4, 30.7, 29.1, 28.9, 28.8, 28.5, 24.5, 22.2, 14.0. FT-IR spectra: azide absorbance 

peak 2100 cm
-1

. MALDI-TOF MS Calcd for C58H115N3O21 : m/z 1189, found: m/z 1212 

[M+Na]
+
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N-acetyl--D-glucosaminyl-PEG 900-stearate conjugate (4). Copper sulfate (53.4 mg, 0.34 

mmol) and sodium ascorbate (73.0 mg, 0.37 mmol) were added into a stirred solution of 

propargyl-2-acetamido-2-deoxy-β-D-glucopyranoside  (0.113 g, 0.44 mmol) and azide-PEG 3 

(0.4 g, 0.34 mmol) in water/THF (1:1 v/v). The mixture was heated at 40°C and the reaction 

was monitored by TLC. After 24 hours, the solution was concentrated under vacuum. The 

residue was taken up in methylene chloride, filtered and concentrated. Pure 

C18PEG900GlcNAc 4 (0.35 g,72 %) was isolated after silica gel flash column chromatography 

using methylene chloride: methanol (8:2 v/v) as eluent. 
1
H-NMR  (400 MHz, DMSO-d6, 

ppm) : δ  = 7.93 (s, 1H, triazolyl), 7.49 (d, 1H, J = 8.6 Hz, NH),   4.80-4.40 (m, 8H),   4.13 (t, 

2H, J  = 4.2 Hz), 3.82 (t, 2H, J = 4.8 Hz) 3.61-3.50 (m, 82H, CH2O),  3.15 ( 2H, J = 4.8 Hz ), 

2.28 (t, 2H, J = 4 Hz), 2.08 (s, 11H), 1.78 (s, 3H), 1.5 (m, 2H), 1.24 (m, 18H), 0.86 (t, 3H, J = 

6.6Hz, CH3). 
13

C NMR: (75 MHz, DMSO-d6, ppm) : δ = 172.8, 168.9, 143.5, 124.2, 100.2, 

77.0, 74.2, 71.6, 70.7, 69.7, 69.6, 69.5, 68.7, 68.3, 67.9, 62.9, 61.2, 61.1, 55.3, 33.4, 31.2, 

29.0, 28.8, 28.6, 28.4, 24.4, 23.0, 22.0, 13.9. ESI-HRMS Calcd. for C69H132N4O27 : m/z 

1471.89767 [M+Na]
+
; found: 1471.8958 

 

-Lactosyl-PEG 900-stearate conjugate (5). Copper sulfate (61 mg, 0.39 mmol) and sodium 

ascorbate (79.2 mg, 0.40 mmol) were added to a stirred solution of propargyl-β-lactoside  

(0.190 g, 0.5 mmol) and azide-PEG900 3 (0,456 g, 0.39 mmol) in water/THF (1:1 v/v). The 

mixture was heated at 40°C and the reaction was monitored by TLC. After 24 hours, the 

solution was concentrated under vacuum. The residue was taken up in methylene chloride, 

filtered and concentrated. Pure C18PEG900Lac 5 (0.403 g, 67 %) was isolated after silica gel 

flash column chromatography using methylene chloride:methanol (7:3 v/v) as eluent. 
1
H 

NMR: (400 MHz, DMSO-d6, ppm) : δ = 8.03 (1H, triazolyl), 4.91-4.32 (m, 12H), 4.12 (t, 2H, 

J = 4.9 Hz), 3.82 (2H, J = 4.8 Hz, CH2O) 3.58-3.50 (m, 78H, CH2O), 3.33 (2H, J = 4.8 Hz ), 

2.29-2.27 (m, 2H), 1.5 (m, 2H), 1.24 (m, 28H), 0.86 (t, 3H, J = 6.6Hz, CH3). 
13

C NMR: (75 

MHz, DMSO-d6, ppm) : δ  = 172.68, 143.39,124.35, 103.72, 101.71, 80.62, 77.06, 75.41, 

74.85, 73.18, 73.03, 71.53, 70.48, 69.68, 69.54, 69.46, 68.61, 68.23, 68.03 67.81, 62.89, 

61.53, 60.51, 60.29, 49.25,  33.34, 31.18, 28.90, 28.75, 28.56, 28.29, 24.36, 21.96, 13.83. 

ESI-HRMS Calcd. for C75H143N3O33 : m/z 1636.95016 [M+Na]
+
; found: 1636.9507 

 

Nanoparticles Preparation. The nanoparticles suspensions (aqueous micellar solutions  - Cp 

= 0.1 - 1.5 mg/mL) were prepared by direct dissolution of the amphiphiles 3, 4 and 5 in Milli-
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Q water or in phosphate buffered saline solution (PBS, 10mM, pH 7.2,  1 mM CaCl2 ,1 mM 

MnCl2) and stirred for 24 hours at 25°C. The solutions were then filtered using 0.45m pore 

size nylon membrane filters in order to remove dust and large non-micellar aggregates. 

 

Characterization of the Nanoparticles 

Fluorescence Spectroscopy. The critical micelle concentration (CMC) of 3, 4 and 5 was 

determined by fluorescence spectroscopy using pyrene (Py) as a probe.
31

 Measurements of 

steady-state fluorescence of pyrene were performed in Milli-Q water at 25.0°C. Stock solution 

of pyrene (1mM) was prepared in dry ethanol. An aqueous solution of pyrene (10
−6

M) was 

then prepared by adding 0.1mL of the pyrene stock solution into 100mL of Milli-Q water. The 

solutions were then prepared from the stock solution containing pyrene (10
−6

M) and they 

were allowed to equilibrate for at least 12 h prior to the acquisition of emission spectra. This 

procedure minimizes errors in the emission intensity occurring in alternative methodologies. 

The steady-state fluorescence spectra of pyrene were recorded on a Perkin-Elmer 

LS50B Spectrofluorimeter equipped with a thermostated cell holder set at 25.0
°
C. Both slits 

of excitation and emission monochromators were adjusted for 2.5 nm. The samples were 

excited at 335 nm and the emission intensity spectra were recorded at 372.8 nm (I1) and 384.0 

nm (I3). Typically, the fluorescence spectrum was recorded after the addition of each 

microliter of amphiphilic solution. The relative intensities were corrected for each sample 

dilution prepared from the pyrene stock solution. The I1/I3 ratio was estimated by taking into 

account the ratio of the maximum peak intensity. 

 

Dynamic Light Scattering (DLS). The size and polydispersity of the nanoparticles were 

accessed using DLS measurements. The experiments were performed using an ALV Laser 

Goniometer, which consists of a cylindrical 22 mW HeNe linear polarized laser with = 

632.8 nm and an ALV-5000/ALV Multiple Tau Digital Correlator with a 125 ns initial 

sampling time.
32

 The samples were kept at 25 °C. The accessible scattering angle of the 

equipment ranges from 20° to 150°. All samples were systematically studied at 90° and some 

of them were studied at different scattering angles varying from 40° to 140°. The solutions 

were put in ordinary 10 mm in diameter glass cells. The minimum sample volume required 

for an experiment was 1 mL. The data were acquired with the ALV-Correlator Control 

Software and the counting time for each sample was in average 300 s. The distributions of 

relaxation times - A(t) - were obtained by using the CONTIN analysis  of the auto-correlation 
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function C(q,t).
33

 The relaxation frequency, Γ = 1/τ is a function of the scattering angle.
34

 The 

apparent diffusion coefficient (Dapp) of the nanoparticles at a given copolymer concentration 

(Cp) is calculated from equation 1. 

 

where q is the wave vector defined as 

 

 

  being the wavelength of the incident laser beam (632.8 nm), n the refractive index of the 

sample, and  the scattering angle. The hydrodynamic radius (RH) (or diameter, 2RH) was 

calculated from the Stokes-Einstein relation given in equation 3. 

                                           

where kB is the Boltzmann constant, T is the temperature of the sample and  is the viscosity 

of the solvent (water in this case).
35

  

 

Transmission Electron Microscopy (TEM). To prepare the TEM samples, 4μL of an 

aqueous micellar solution was dropped onto a glow-discharged carbon-coated copper grid. 

Then 4μL of 2% (w/v) uranyl acetate negative stain was added prior to complete drying. After 

few minutes, the liquid in excess was blotted with a filter paper and the grid was allowed to 

dry. The specimens were observed using a Philips CM200 microscope operated at 80kV. 

Images were recorded on Kodak SO163 films, and the negatives were digitized off-line using 

a Kodak Mega plus CCD camera. 

 

 

Small-angle X-ray scattering (SAXS). The SAXS measurements were performed at the 

French CRG Beamline D2AM-BM02 of the European Synchrotron Radiation Facility 

(ESRF). The wavelength () of the incoming beam and the sample-to-detector distance was 

chosen in such way that the q-range, q being equal to (4/sin(/ 2) ( is the scattering 
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angle) could be covered from 0.15 to 3.0 nm
-1

. The samples were loaded into sealed 

borosilicate capillaries (~ 2 mm diameter). The collimated beam crossed the samples and was 

scattered to an indirect illumination CCD detector (Princeton Instruments). In all cases the 

2D-images were found to be isotropic and they were corrected by taking into account the 

detector dark noise and normalized by the sample transmission. The I(q) vs. q curves resulting 

from the 360° azimutham integration of the 2D-patterns were further corrected by the 

subtraction of the scattering of the pure solvent (water). The I(q) vs. q scattering profile of the 

nanoparticles could be fitted by using the spherical copolymer micelle model developed by 

Pedersen and Gerstenberg.
36

 The fitting procedures and other analyses were performed using 

the SASfit software, which makes use of the least-square fitting approach for minimizing the 

squared chi (2) parameter. The SASfit software package was developed by J. Kohlbrecher 

and it is available on-line.
37

 

 

Results and Discussion 

Synthesis of the Amphiphiles.  

The synthesis, as depicted in Scheme 1, is initiated with selective monotosylation of 

PEG 900 in presence of silver oxide (Ag2O) and a catalytic amount of potassium iodide (KI) 

as reported by Bouzide et al..
38

 This method, which proved to be an excellent protocol to 

mediate monotosylation of symmetrical diols and oligo (ethylene glycol)s (OEGs), provided 

the sulfonated PEG 1 in fairly good yield (55%). Substitution of the tosyl group in presence of 

sodium azide provided compound 2 in 85% yield. The absorption peak of the N3 group at 

2100 cm
-1 

observed by infrared spectroscopy and the 
13

C signal of the methylene carbon 

adjacent to the azide group at 50.7 ppm seen by NMR confirmed the efficiency of the 

transformation. The stearic group was further introduced by an esterification reaction 

promoted by dicyclohexylcarbodiimide leading to 82% yield of the “ready-to-click” 

C18PEG900N3 3. Propargyl -glycosides of N-acetyl-glucosamine and lactose were introduced 

at the polar head of the surfactant by copper-catalyzed Huisgen cycloaddition.
39, 40

 The 

reaction was carried out at 40°C with the copper/ascorbate catalytic system in a water/THF 

mixture to ensure a good solubility of the amphiphile. Glycosylated conjugates 

C18PEG900GlcNAc 4 and C18PEG900Lac 5 were respectively isolated in 72 and 67% yields 

after purification by silica gel chromatography.   
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Scheme 1. Synthetic strategy used in the preparation of C18PEG900GlcNAc 4 and 

C18PEG900Lac 5: a) TsCl , Ag2O , KI , CH2Cl2 , 55% ; b) NaN3, DMF, 85%; c) DCC, DMAP, 

stearic acid, CH2Cl2, 82% ; d)  CuSO4, sodium ascorbate, propargyl-2-N-acetamido-2-deoxy-

β-D-glucopyranoside, H2O/THF, 72%;  e) CuSO4, sodium ascorbate, propargyl β-lactoside, 

H2O/THF, 67%.   

 

Although the amphiphilic behavior of the molecules complicates their characterization, the 

structure of 4 and 5 could be unambiguously confirmed by mass spectrometry and NMR 

spectrometry in DMSO, a good solvent for each part of the molecule. Both 
1
H and 

13
C NMR 

spectra displayed characteristic signals of the aliphatic chains, the ethylenoxide parts and the 

carbohydrate units as well as the signals of the triazolyl ring. Figure 1 depicts as 

representative example the
 13

C NMR  spectra of C18PEG900Lac 5 in (DMSO-d6). 
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Figure 1. 
13

C NMR spectra of C18PEG900Lac 5 in (DMSO-d6). 

 

 

Self-Assembly of the Amphiphiles. 

 

Fluorescence Spectroscopy. The CMC is the critical micelle concentration above which the 

amphiphile form micelles. Fluorescent probe techniques such as those using pyrene (Py) have 

been widely employed for monitoring the formation of amphiphilic aggregates and to 

determine the CMC of the surfactants. The I1/I3 ratio from Py fluorescence decreases for 

different systems as the total amphiphilic concentration increases, reflecting the incorporation 

of Py in hydrophobic domains due to aggregate formation. Figure 2 shows the I1/I3 intensity 

ratios derived from Py emission spectra recorded for solutions of C18PEG900N3 3 (filled 

circles) and C18PEG900GlcNAc 4 (open circles). The CMC determined from the interception 

of the horizontal and the steep parts of the curves were 0.033 mg/mL for 3 and 0.055 mg/mL 

for C18PEG900GlcNAc 4. The same procedure was used to determine the CMC of the 

C18PEG900Lac 5 (0.060 mg/mL - data not shown). As expected, no significant changes were 

observed between the unmodified and the glycosylated surfactants since the hydrophilic 

character of the different molecules is dictated by the PEG part. 
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Figure 2. Pyrene fluorescence ratio I1/I3 as a function of the concentration measured in water 

at 25°C for C18PEG900N3 3 (●) and C18PEG900GlcNAc 4 (○). 

 

Dynamic Light Scattering (DLS). Figure 3 shows the autocorrelation function C(q,t) measured 

at 90° and the respective distribution of the relaxation times A(t) as revealed by CONTIN 

analysis for  0.5 mg/mL solution of C18PEG900N3 3 in water. The non-glycosylated 

intermediate 3 self-assembles in aqueous solution into low-polydispersity nanoparticles (RH = 

10.4 nm). Besides the intensity contribution related to the presence of well-defined micelles, it 

can be noticed the presence of a light scattering contribution attributed to the formation of 

large aggregates with loose structure. However, the light scattering intensity is heavily 

weighted by the particle mass and size implying that DLS reports an intensity-average 

distribution. The inset in Figure 3 depicts the distribution of RH by taking into account the 

contribution of the volume of particles instead of the light scattering contribution where it can 

be easily noticed that the presence of large aggregates can be neglected as clearly evidenced 

by the TEM images (hereafter). The same rationalization is also valid for the others protein-

free explored systems.  
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Figure 3. Typical autocorrelation function C(q,t) measured at  = 90° and the respective 

distribution of relaxation times A(t) as revealed by CONTIN analysis for an aqueous 0.5 

mg/mL solution of azido terminated C18PEG900N3 3 in water at 25°C. In the inset it is given 

the respective distribution of RH by considering the contribution of the particles related to 

their total volume. 

 

Figure 4 shows typical autocorrelation functions C(q,t) measured at different 

scattering angles and the respective distributions of the relaxation times A(t) at 90° as 

revealed by CONTIN analysis for 0.5mg/mL C18PEG900GlcNAc 4  and  0.5 mg/mL 

C18PEG900Lac 5 dissolved in water at 25 
o
C. The insets depict the typical angular variation of 

the frequency Γ = 1/τ measured as a function of q
2
 indicating a diffusive behavior of the 

scattering particles.  

The hydrodynamic radius of 4 and 5 were calculated by using the Stokes-Einstein 

relation and one can notice that the values are practically the same as compared to the value 

obtained before the click chemistry reaction (amphiphile 3). The hydrodynamic sizes of the 

particles are equal to 2RH = 10.5 nm and 2RH = 10.2 nm for C18PEG900GlcNAc 4 and 

C18PEG900Lac 5 respectively.  
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Figure 4. Autocorrelation functions C(q,t) measured at scattering angles 50 (○), 90 (●), and 

130° (□), and distributions of the relaxation times A(t) at 90° as revealed by CONTIN 

analysis for (a) 0.5 mg/mL C18PEG900Lac 5 and (b) 0.5 mg/L  C18PEG900GLcNAc 4 in water 

at 25°C.   

 

Figure 5 summarizes the values obtained for 2RH as a function of the concentration of 

C18PEG900GLcNAc 4 and C18PEG900Lac 5 demonstrating that the size of the micelles are 

concentration independent in both cases (for C>CMC). 
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Figure 5.  Hydrodynamic diameter (2RH) as function of C18PEG900GLcNAc 4 (○) and 

C18PEG900Lac 5  (●) concentration measured in water at 25°C. 

 

Transmission Electron Microscopy Study. The TEM images (Figure 6) revealed for all the 

amphiphiles the formation of nano-sized spherical structures in the range of 10 nm. Only a 

very small number of large aggregates can be observed in the micrographs suggesting that 

even though the dynamic light scattering technique is very sensitive to the presence of large 

aggregates, their real number in the current systems is negligible and as mentioned by several 

authors, the morphology, size and structure of nanoparticles is mainly dependent on the 

balance of forces of attraction and repulsion between the different blocks of the amphiphiles. 

The spherical micelles found here are compatible with the volumetric fraction of the 

hydrophobic region (υ) < 1/3.
4, 10, 41

 Indeed, the calculated hydrophobic volumetric fraction of  

3, 4 and 5 based on the density of each constituent was equal to 0.28, 0.24 and 0.23 

respectively, thus spherical micelles  are expected.
4, 10, 35

  

  

 

Figure 6. TEM observation of the self-assemblies: low-polydispersity spherical nanoparticles 

formed in water. Structures were visualized after negative staining (a) C18PEG900GlcNAc 4 

and (b) C18PEG900Lac 5. Scale bar corresponds to 50 nm. 
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Small-angle X-ray scattering (SAXS). In addition to TEM images, SAXS measurements were 

performed in order to probe the size, shape and internal structure of the scattering particles. 

The scattering intensity I(q) of an isotropic solution of highly regular particles embedded in a 

matrix with a constant electron density, after normalization with the background scattering of 

the solvent, is given by:  

)()()( qSqNPqI        (4) 

 

Wherein N is the number of scattering particles per unit volume, P(q) is the form factor of an 

individual particle, and S(q) is the structure factor arising from long-range correlations 

between scattering centers. For widely separated (dilute) systems, S(q) ~ 1, and I(q) is 

consequently proportional to the form factor P(q) that reflects the size and shape of the 

scattering objects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Small-angle X-ray scattering profiles for 40 mg/mL solutions of 

C18PEG900GlcNAc 4 (top) and C18PEG900Lac 5 (bottom) in water at 25°C. 
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Figure 7 shows the SAXS patterns for 40 mg/mL solution of C18PEG900GlcNAc 4 

(top) and C18PEG900Lac 5 (bottom) in water at 25°C. Such copolymer concentration gives a 

reasonable signal-to-noise statistic and the presence of association colloids is suggested by the 

pronounced X-ray scattering intensity in the low-q region (I(q)→0). The high-q range (I(q) > 

1.5 nm
-1

) profile for the self-assembled nanoparticles is dominated by the so-called “blob” 

scattering. This is due to the scattering contribution coming from the PEG chains dissolved in 

the micellar corona that dominates the X-ray scattering profile in the high-q region, which is 

ideally dictated by the Debye function and therefore by a nearly q
-2

 dependence depending on 

the conformation of the flexible PEG chains. SAXS spectra in Figure 7 clearly exhibit high 

amplitude form-factor oscillations that can only be observed in the case of well-defined 

particles with a narrow size distribution. The SAXS profiles could satisfactorily be fitted only 

by using the so-called spherical copolymer micelle model formerly developed by Pedersen 

and Gerstenberg.
36

 Such a model describes the scattering of micelles consisting of a 

homogeneous spherical core with a radius (Rc) surrounded by corona chains that follow 

Gaussian statistics with dimension (RG). The model has a large number of fitting parameters, 

namely: RG, Rc, Nagg (aggregation number of the micelles), d (explained below) and the excess 

scattering length density of the core and corona forming blocks (core and chain). Therefore, it 

is usually not possible to get a single set of fitting parameters if some of the parameters are 

not preset. Hence, during the fitting procedures the parameters chain (7.30 x 10
-12

 cm) and d 

were held fixed. The parameter d was preset at d = 1, which mimics the nonpenetration of the 

corona chains into the core. Therefore, the starting point of the Gaussian chains is displaced to 

a value R` ~ Rc + RG away from the center of the particle. 

The fitting parameters were therefore, Nagg, Rc, RG and core. In Figure 7, the solid red 

lines correspond to the best fits achieved by using the spherical copolymer micelle model. The 

high quality of the fits can be straightforwardly noticed and is further attested by 2 
values 

that remained below 2.5, thus corroborating that such a model can properly reproduce the 

whole experimental curves. Besides, we have observed that in some cases the very low-q 

region was not fitted to the same degree of accuracy, which is due to the presence of a small 

number of very large aggregates with loose structure as already evidenced by the DLS 

experiments.  
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Table 1. Parameters extracted from the fit of the SAXS curves in Figure 7 using the spherical 

copolymer micelle model. Ac was calculated from Equation 5. 

 

 

Since Rc and Nagg were determined, the core surface area available per PEG chain in 

the micellar corona (Ac) can be quantitatively determined as: 

 

(5) 

 

All the parameters extracted from the SAXS curve fittings are given in Table 1.  

 The conformation of the PEG chains should itself depend on such physical chemical 

variables. One can notice that a reduction in the micellar core radius is balanced by the 

increase in RG. A larger RG was determined for C18PEG900Lac 5 whose micelles have a 

smaller Rc and Ac and thus forces the corona PEG chains to be slightly more stretched. The 

whole micellar dimension (Rmic) calculated as Rc + 2RG was found to be equal to 5.9 nm 

(C18PEG900GLcNAc 4) and 6.3 nm (C18PEG900Lac 5) which reasonably matches with the RH 

values extracted from DLS. 

 

Specific interactions of the nanoparticules with WGA and PNA lectins 

    Specific interactions with lectins were further evidenced by DLS confirming the 

bioavailability of the sugar residues on the surface of the micellar nanoparticles.  Figure 8 

shows the autocorrelation functions C(q,t) and the distributions of the relaxation times A(t) at 

a scattering angle of 90° as revealed by CONTIN analysis of 0.5 mg/mL solution of 

C18PEG900Lac 5 before and after addition of non-binding or binding proteins.  
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Figure 8. Typical autocorrelation functions C(q,t) and distributions of the relaxation times 

A(t) at scattering angle of 90° as revealed by CONTIN analysis functions of solutions of 

C18PEG900Lac 5 (0.5 mg/mL) in 10mM PBS buffer, pH 7.2 containing 150mM NaCl, 0.1 mM 

CaCl2 and 0.1mM MnCl2 at 37°C, in  absence (○) and in the presence of protein (),(a) WGA 

(6µL, 1.0 mg/mL
-1

), (b) PNA (4µL, 1.0 mg/mL).  

 

The addition of WGA, which has no affinity for lactose, does not perturb the system at 

all. The autocorrelation curve as well as the distribution of relaxation times remained as 

before the addition of WGA. However, as shown in Figure 8b, the interaction of lactosyl-

covered spherical micelles with PNA lectin significantly increases the micellar hydrodynamic 

radius RH from 10.8 nm to 14.8 nm. It clearly evidences the specific interaction of the protein 

with lactose units that are on the surface of the nanoparticles. 
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Additionally, in Figure 9 are shown the autocorrelation functions and the distributions 

of relaxation times for 0.5 mg/mL C18PEG900GlcNAc 4 at 10 mM phosphate buffer saline (pH 

7.2) and 150 mM NaCl, 0.1mM CaCl2 and 0.1mM MnCl2  at 37°C in the absence (○) and in 

the presence of WGA lectin (2µL, 1.0 g.L
-1

) ().  
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Figure 9. Typical autocorrelation functions C(q,t) and distributions of the relaxation times 

A(t) at scattering angle of 90° as revealed by CONTIN analysis functions of solutions of 

C18PEG900GlcNAc 4 (0.5 mg/mL) in 10mM  phosphate buffer (pH 7.2) and 150 mM NaCl, 

0.1mM CaCl2 and 0.1mM MnCl2 at 37°C, in the absence (○) and after the addition of WGA 

(2µL, 1.0 mg/L) 

 

The DLS measurements confirmed a pronounced change in the micellar hydrodynamic 

radius and a significant increase in the size of the micellar aggregates for 4 and 5. These 

experiments clearly demonstrate that PNA and WGA lectins specifically interact with N-

acetyl-glucosamine and lactose particles, respectively, thus supporting the assumption that the 

carbohydrates are exposed at the surface of the micelles.  

 

Conclusions  

The synthesis of carbohydrate-functionalized PEG900-stearate amphiphiles and their 

self-assembly in water is reported for the first time. N-acetyl-glycosamine and lactose have 

been efficiently introduced by azide-alkyne click chemistry at the polar extremity of PEG-

stearate. Both glycoconjugates spontaneously self-assemble in water into spherical micelles 

having a mean diameter of 10 nm and a narrow polydispersity as evidenced by DLS, SAXS 
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and TEM experiments. The ability of the particles to interact with specific carbohydrate 

binding proteins has been further probed by dynamic light scattering thus confirming the 

possible application of such glycoconjugates as site-directed drug delivery systems. The 

negligible influence of the carbohydrate groups on the size and morphology of the micelles 

suggest that the present system could be easily applied to other saccharidic ligands targeting 

different receptors. Drug encapsulation and release are now being considered to definitely 

validate the potential of these nanoparticles as possible vectorization system. 
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1. Summary of the Spherical Copolymer Micelle Model developed by Pedersen and 

Gerstenberg (Macromolecules, 1996, 13, 1063).  

 

The Spherical Copolymer Micelle Model describes the scattering for micelles as 

consisting of a homogeneous spherical core having corona chains 

that follow Gaussian statistics attached to the core 

surface as depicted in Figure S1. 

 

 

 

 

 

 

 

 

Figure S1. Schematic representation for the micellar form factor analysis according to the 

spherical copolymer micelle model. It considers a spherical core of radius Rc and Gaussian 

chains with radius of gyration RG attached to the core. 

 

The micellar form factor Pmic(q) involves four terms: self-correlation of the core, self-

correlation of the chains, cross term between core and chains and the cross term between 

different chains:  

 

 

 (1) 

 

Nagg is the number of aggregation of the micelles and coreandchain accounts for the excess 

scattering length density of the core-forming (C18) and corona-forming block (PEG). 

Fcore(q,Rc) is the self-correlation of a spherical core with radius Rc and it is given by the form 

factor amplitude of a sphere with a smoothly decaying scattering density at the surface: 
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   (2) 

The chains self-term is described by the Debye function: 

(3) 

 

wherein, RG is the radius of gyration of the Gaussian chains anchored to the core. The core-

chain term is given by:  

 

(4) 

 

the function ψ(q,RG) is: 

(5) 

 

and d ~ 1 should be used in order to mimic the nonpenetration of the corona chains into the 

core, which is physically impossible. If d ~1, the starting point of the Gaussian chains is 

displaced to a value R` ~ Rc + RG away from the center of the particle. 

The chain-chain term is given by: 

 

(6) 

 

The value of chain for PEG900 as calculated in the following way: 

   (7) 

 

where N is the degree of polymerization of the polymer segment (N = 19), VPEG is the volume 

of one PEG monomer unit, PEG is the scattering length density of the polymer segment and 

solvent is the scattering length density of the solvent (water). The volume occupied by a single 

monomer unit VPEG was determined by taking into account the homopolymer density (dPEG) 

as: 

        

 (8) 
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 and the values of the scattering length densities of the solvent and monomer unit was 

calculated using the average chemical composition of each component and its mass density 

(dx) as: 

       (9) 

 

where x accounts for H2O or PEG, NA is the Avogadro’s number, and ni accounts for the 

number of atoms i in each component and zi is the atomic number of the atom i (ni zi is the 

number of electrons in each unit). Finally, be is the Thomson scattering length (the scattering 

length of an electron - be = 2.817×10
-13

 cm). All the parameters thus calculated are given in 

Table S1  

 

Table S1. Parameters used to determine chain 

 d
a
  

(g/cm
3
) 

V 

(10
-23 

cm
3
) 

M 

(g/mol) 

chemical  

composition 

nizi 

(10
10

 cm
-2

) 

PEG 1.08 6.76 44.0 C2H4O 24 9.99 

H2O 1.00 2.99 18.0 H2O 10 9.42 

a 
values taken from reference 1.08 g/cm

3
 (PEG) and g/cm

3
 (H20) from Kell Mortensen Polym. 

Adv. Technol. 2001, 12, 2-22 
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2. NMR Data 

 

 

NMR spectra of Azide-PEG 900-stearate (3) 
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NMR spectra of N-acetyl--D-glucosaminyl-PEG 900-stearate conjugate (4) 
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NMR spectra of -Lactosyl-PEG 900-stearate conjugate (5) 
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ABSTRACT: 

 

This work describes the synthesis and self-assembly of carbohydrate-clicked rod-coil 

amphiphilic systems. Propargyl--lactoside and N-acetyl--D-glucosaminide were conjugated 

by copper-catalyzed Huisgen cycloaddition to azide-terminated-PEG900-tetra(p-phenylene). 

Upon dissolution in water, these amphiphilic systems immediately self-assemble into highly 

regular micelles having a mean diameter of 10 nm. Dynamic Light Scattering (DLS), 

Transmission Electron Microscopy (TEM) and Small-Angle X-ray scattering (SAXS) were 

used to investigate the structure of the self-assembled micelles. The presence of the 

carbohydrate epitopes on the surface of the micelles and their lectin adhesion properties were 

also demonstrated using light scattering measurements. Specific interaction of the GlcNac and 

lactosyl residues with Wheat Germ Agglutinin (WGA) and Peanut Agglutinin (PNA) 

respectively, unveils attracting applications of such self-assembled sugar micelles as 

biosensor devices.  

 

 

Introduction 

 

Design of functional nanoparticles possessing optical, magnetic or bio-affinity properties is 

currently subject of intensive research with important outcomes in medicine for cancer 

diagnosis and therapy. 
1, 2

 Although it is well established that nanoparticles preferentially 

localize at the tumors as a result of the enhanced permeation and retention effect,
3, 4

 much 

efforts are now devoted to the preparation of functionalized delivery systems allowing active 

targeting while sparing healthy cells.
5
 Selective accumulation of drugs or probes for imaging 

in the tumor tissues can be achieved through receptor-ligand interactions with carbohydrates-

decorated nanoparticles.
6
 Indeed, interactions taking place at the cell surface between 

oligosaccharides and carbohydrate binding proteins known as lectins play a crucial role in 
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standard as well as pathological processes including fertilization, viral and bacterial infection, 

inflammatory response, cell adhesion, and metastatic spreading.
7
 It has been shown that 

lectins affect tumor cell survival, adhesion to the endothelium, or extracellular matrix, as well 

as tumor vascularization and other processes that are crucial for metastatic spread and 

growth.
8, 9

 Development of nanoparticles containing carbohydrate moieties that are directed to 

certain lectins or incorporating lectins that bind to cell surface carbohydrates (reverse lectin 

targeting) is considered as a promising way to detect cancer at early stage and to improve 

drug delivery.
10-13

 

A practical and efficient way to prepare well-defined nanoparticles, among other, relies on 

self-assembly of amphiphilic molecules. In aqueous solution, the spontaneous auto-

organization of amphiphiles driven by noncovalent interactions including hydrophobic, 

electrostatic, - stacking, and hydrogen bonding can induce well-defined nanostructures. 
14

  

These organized nanostructures can be rationalized in terms of the hydrophobe volume 

fraction, molar mass, and flexibility of the amphiphile giving access to a wide range of 

different morphologies including spherical and cylindrical micelles, vesicles, nanofibers, 

toroids, and tubes, etc...
15-18

  The preparation of particles from amphiphilic graft- or block-

copolymers containing a polysaccharidic scaffold including dextran, chitosan, hyaluronic acid 

or water-soluble cellulose derivatives is abundantly documented.
19, 20

 Although biomass-

derived polysaccharides provide a valuable scaffold for the elaboration of nanoparticles, they 

barely interact with lectins. The binding of lectins typically involves only the two or three 

terminal sugar residues of the mammalian glycans including galactose, mannose, N-acetyl-

neuraminic acid, fucose or N-acetyl-glucosamine.
21

 Recently, Kim et al. reported a series of 

carbohydrate amphiphilic systems prepared from PEG scaffolds and polyaromatic 

hydrophobic blocks.
22, 23

 Self-assembled nano-objects of different sizes and morphologies 

were obtained in water depending on the molecular architecture as well as on the volume 
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fraction of each constituent, and the bioavailability of the sugar units for E. coli receptors was 

confirmed.  

With the aim to develop a practical and versatile way to prepare self-assembled nanoparticles 

whose surface is covered by carbohydrates, we have designed azido-terminated rod-coil 

amphiphiles consisting in a tetra(p-phenylene) and an oligo(ethylene oxide)  segment. On one 

hand, PEGylation offers a unique approach to improve solubility of hydrophobic molecules in 

aqueous media and it is well known to reduce clearance rates of drug delivery systems and of 

proteins in vivo.
24-26

 On the other hand, oligophenylene are linear hydrophobic stiff molecules 

with promising applications in biosensing devices due to photo- and electroluminescent 

properties
27

 as well as conducting properties when doped with oxidizing or reducing 

reagents.
28

 Although their processability is generally hampered by solubility issues, 

derivatization with oligoethylene groups improved their manipulation and can lead to self-

assembled nanostructures. Block-copolymer exhibiting strong fluorescence in the blue region 

and consisting in alternated tetra(p-phenylene) and solubilizing poly(ethyleneglycol) spacers 

were reported by Hargadon et al. using a Suzuki coupling strategy.
29

 Oligophenylene-based 

conjugates were also shown to adopt a wide range of self-assembled nanostructures including 

ribbons, nanotubes or micelles.
30-34

  

In the present work, we report the synthesis, self-assembly, and interaction study of new 

amphiphilic systems targeting lectins prepared using click-chemistry grafting of propargylated 

carbohydrates onto azido-PEG-tetra(p-phenylene). Poly(ethyleneglycol) having an average 

molar mass of 900 was selected to act as a flexible hydrophilic spacer of appropriate size to 

provide amphiphiles with a hydrophobic volume fraction close to 20% that is required for the 

formation of spherical micelles.
14

 Besides, an amphiphile incorporating a shorter PEG 

segment (MW 600) was also prepared in order to evaluate the influence of the hydrophilic 

balance onto the resulting self-assembled particles. Propargyl--lactoside and N-acetyl--D-
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glucosaminide were conjugated by the popular and efficient copper-catalyzed Huisgen 

cycloaddition
35, 36

 to the azide-terminated-PEG-tetra(p-phenylene). The self-assembled 

nanoparticles and their lectin adhesion properties were characterized by mean of light 

scattering and microcopy techniques.  

 

 

Experimental Section 

Materials. All reagents were of commercial grade and they were used as received unless 

otherwise noticed. Triticum vulgaris (Wheat germ) lectin (WGA) and Arachis hypogaea 

(Peanut) lectin (PNA) were obtained from EY Laboratories, Inc. The solvents were dried and 

distilled according to literature procedures before use. The reactions were monitored by TLC 

using Silica Gel 60 F254 precoated plates (E.Merck, Darmstadt) and the detection was 

achieved by exposure to iodine vapors or by charring with sulfuric acid solution 3:45:45 

H2SO4:MeOH:H2O. For flash chromatography, E. Merck Silica Gel 60 was used.  

 

Characterization of the amphiphilic systems. NMR spectra were recorded on a Bruker AC 

300 or Bruker Avance 400 spectrometer at 25 
o
C and they were calibrated against the residual 

signal of the solvent. Proton chemical shifts are reported in ppm relative to external SiMe4 (0 

ppm). Mass spectra were recorded on a Bruker Daltonics Autoflex apparatus for MALDI and 

on a Waters Micromass ZQ spectrometer for ESI experiments. Infrared (IR) spectra were 

recorded using a Perkin-Elmer Spectrum RXI FTIR spectrometer.  

 

Synthesis. Propargyl 2-acetamido-2-deoxy-β-D-glucopyranoside
37

 and  propargyl β-

lactoside
38

 were synthesized as previously reported in the literature. 
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Monotosyl-PEG 900 (1a). To a chilled (0
°
C) solution of PEG 900 (8.0 g, 8.9 mmol) in 

anhydrous methylene chloride (250 mL) was added silver oxide (3.1 g; 13.4 mmol) and 

potassium iodide (0.6 g; 3.6 mmol). Recrystallized tosyl chloride TsCl (1.78g; 9.4 mmol) was 

then added in one portion. The reaction was monitored by TLC and after completion (~ 2 

hours), the mixture was filtered over pad of Celite® and evaporated under reduced pressure to 

give a colorless oily product. Pure 1a (5.16 g; 55 %) was isolated after purification by silica 

gel flash chromatography using methylene chloride:methanol (9:1 v/v). 
1
H NMR: (300 MHz, 

CDCl3, ppm): δ = 7.78 (d, 2H,  J = 8.5 Hz, Arom.), 7.31 (d, 2H,  J = 8.5 Hz, Arom.), 4.12 (t, 

2H, J = 4.4 Hz, CH2O), 3.71−3.55 (m, ~76H, CH2O), 2.42(s, 3H, CH3).
13

C NMR: (75 MHz, 

CDCl3, ppm) : δ  = 144.8, 133.0, 129.8, 128.0, 72.5, 70.7, 70.5, 70.3, 69.2, 68.6, 61.7,  21.6. 

MALDI-TOF MS Calcd for C47H88O23S: m/z 1052;  found: m/z 1075 [M+Na]
+  

 

Monotosyl-PEG 600 (1b) was isolated in 58% yield under the same reaction condition and 

purification by silica gel flash chromatography using methylene chloride:methanol (20:1 

v/v).
1
H-NMR: (300 MHz, CDCl3, ppm) : δ = 7.77 (d, 2H,  J = 8.4 Hz, Arom.), 7.31 (d, 2H, J 

= 8.4 Hz, Arom.), 4.14 (t, 2H, J = 4.5 Hz, CH2O), 3.71−3.56 (m, ~50H,  CH2O), 2.42(s, 3H, 

CH3).  
13

C NMR: (75 MHz, CDCl3, ppm) : δ = 144.7, 133.2, 129.8, 127.9, 72.5, 70.5, 70.3, 

69.2, 68.7, 61.70, 21.6.  MALDI-TOF MS Calcd for C33H60O16S m/z; 744.41,  MALDI-TOF-

MS m/z  767.09 [M+Na]
+   

 

4’-Bromo-[1,1’-biphenyl]-4-O-PEG 900 (2a) A solution of 1 (5.0 g, 4.74 mmol), 4’-bromo-

[1,1’-biphenyl]-4-ol (1.18g,  4.4 mmol) and K2CO3 (3.27g, 23.7 mmol)  in anhydrous 

acetonitrile (125 mL) was heated at reflux and stirred for 32 h. The solution was poured into 

water and extracted with methylene chloride. The methylene chloride solution was washed 

with water, dried over anhydrous magnesium sulfate, and filtered. The solvent was evaporated 
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under reduced pressure to give a colorless oily product. Pure 2 (2.79g; 52 %) was isolated 

after purification by silica gel flash chromatography using methylene chloride:methanol (15:1 

v/v). 
1
H-NMR:  (300 MHz, CDCl3, ppm) : δ = 7.49-7.34 (m, 6H, Arom.), 6.93 (d, 2H, J = 8.8 

Hz, Arom.), 4.12 (t, 2H, J = 4.7 Hz, CH2O), 3.87 (t, 2H, J = 4.8 Hz, CH2O) 3.54-3.68 (m, 

~74H, CH2O). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ  = 158.5, 139.6, 132.5, 131.7, 128.2, 

127.8, 120.7, 115.1, 72.5, 70.8, 70.5, 70.2, 69.6, 67.4, 61.6. MALDI-TOF MS Calcd for 

C52H89BrO21: m/z 1128.58; found: m/z 1153.50 [M+Na]
+ 

;
  
m/z 1169.44 [M+K]

+ 

 

4’-Bromo-[1,1’-biphenyl]-4-O-PEG 600 (2b) was isolated in 52 % yield after reaction under 

the conditions described for 1a and purification by silica gel flash chromatography using 

methylene chloride:methanol (18:1 v/v).
1
H-NMR: (300 MHz, CDCl3, ppm) : δ =7.52-7.37 (m, 

6H, Arom. ), 6.96 (d, 2H, J = 8.3Hz, Arom.), 4.15 (t, 2H, J = 4.5 Hz, CH2O), 3.87 (t, 2H, J = 

4.5 Hz, CH2O), 3.54-3.68 (m, ~48H  -CH2O). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ = 158.6,  

139.7, 132.6, 131.8, 128.3, 127.9, 120.8, 115.0, 72.5, 70.8,  70.5,  70.3,  69.7,  67.5,  61.7. 

MALDI-TOF MS Calcd for  C38H61BrO14: m/z; 820.37, found: m/z  843.3, [M+Na]
+
;
  

  m/z  

859.27,  [M+K]
+
;
 
 ESI  m/z  843.3 et 845.4

 
[M+Na]

+
 

 

Tetra(p-phenylene)-O-PEG 900 (3a). A solution containing 2 (2.6 g, 2.3 mmol) and 4-

biphenyl boronic acid (0.456 g, 2.3 mmol) were dissolved in degassed THF (80 ml). Degassed 

2M aqueous Na2CO3 (55 mL) was added to the solution and then 

tetrakis(triphenylphosphine)palladium(0) (16.5 mg, 0.0135 mmol) was added. The mixture 

was heated at reflux for 60h with vigorous stirring under nitrogen. Cooled to room 

temperature, the layers were separated, and the aqueous layer was then washed twice with 

methylene chloride. The solvent was evaporated under reduced pressure to give a white solid 

product. Pure 3 (1.385 g; 50 %) was isolated after purification by silica gel flash 
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chromatography using methylene chloride:methanol(16:1 v/v). 
1
H-NMR: (300 MHz, CDCl3, 

ppm) : δ = 7.69-7.27 (m, 15H, Arom.), 7.0 (d, 2H, J = 8.8 Hz, Arom.), 4.17 (t, 2H, J = 4.6 Hz, 

CH2O-Ar), 3.87 (t, 2H, J = 4.6 Hz, CH2OH), 3.71-3.55 (m, ~74 H, CH2O). 
13

C NMR: (75 

MHz, CDCl3, ppm) : δ  = 158.5, 140.7, 140.1, 139.8, 139.6, 138.9, 133.3, 131.8, 128.8, 128.3, 

128.0, 127.9, 127.5, 127.3, 127.00, 115.0, 72.5, 70.8, 70.6, 70.3 69.7, 67.5, 61.7. MALDI-

TOF MS Calcd for C64H98O21:  m/z 1202.73; found: m/z 1225.43 [M+Na]
+
;
     

m/z 1241.37 

[M+K]
+
. 

 

Tetra(p-phenylene)-O-PEG 600 (3b) was isolated in 50 % yield after reaction under the 

conditions described for 2a and purification by silica gel flash chromatography using 

methylene chloride:methanol (20:1 v/v). 
1
H-NMR: (300 MHz, CDCl3, ppm): δ = 7.69-7.37 

(m, 15H, Arom.), 6.96 (d, 2H, J = 8.8 Hz, Arom.), 4.14 (t, 2H, J = 4.6 Hz, CH2O), 3.85 (t, 2H, 

J = 4.6 Hz, CH2OH), 3.71-3.56 (m, ~48H, -CH2O). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ = 

158.5, 140.7,  140.1, 139.8, 139.6, 138.9, 133.3, 131.8, 128.8, 128.3, 128.0,  127.9, 127.5,  

127.3, 127.0,  115.0,  72.6, 70.8, 70.6, 70.3, 69.7, 67.5, 61.7. MALDI-TOF MS Calcd for 

C50H70O14:  m/z  894.52,  found: m/z  917.47,  [M+Na]
+
;
      

m/z 933.53,   [M+K]
+
 

 

Tetra(p-phenylene)-O-PEG 900-tosyl (4a). Tosyl chloride (1.9 g; 10 mmol) was added to a 

stirred solution of 3 (1.3 g, 1.08 mmol) and triethylamine (1.38 g, 10  mmol) in anhydrous 

methylene chloride (10 mL). The reaction mixture was stirred overnight at room temperature, 

diluted with 25 ml of dichloromethane and successively washed with dilute HCl, saturated 

NaHCO3, and water. The organic phase was dried over anhydrous magnesium sulfate and 

filtered. The solvent was evaporated under reduced pressure to give a colorless oily product. 

Pure 4 (1.276 g; 87 %) was isolated after purification by silica gel flash chromatography using 

methylene chloride:methanol(15:1 v/v).
1
H-NMR:  (300 MHz, CDCl3, ppm) : δ = 7.91 (d,  2H, 



64 

 

J = 8.3 Hz,  Arom.), 7.79-7.3 (m, 17H, Arom.), 6.98  (d, 2H, J = 8.8 Hz, Arom.), 4.17 (t, 2H , 

CH2O, J = 4.8 Hz),  3.87 (t, 2H,  J = 4.8 Hz, CH2O),  3.72−3.39 (m, ~74 H, CH2O), 2.42(s, 

3H, CH3). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ  = 158.5, 140.7, 140.1, 139.8, 139.7, 138.9, 

133.3, 131.8, 130.2, 129.8, 128.8, 128.3, 128.0, 127.5, 127.3, 127.1, 115.0, 70.9, 70.7, 70.6, 

69.2,  68.7, 67.6, 21.6. MALDI-TOF MS Calcd for C71H104O23S: m/z 1356.74, found: m/z 

1379.67 [M+Na]
+
;
      

m/z 1395.60 [M+K]
+ 

 

Tetra(p-phenylene)-O-PEG 600-tosyl (4b) was isolated in 75 % yield after reaction under 

the conditions described for 4a and purification by silica gel flash chromatography using 

methylene chloride:methanol (15:1 v/v).
1
H-NMR:  (300 MHz, CDCl3, ppm) : δ = 7.91 (d,  

2H, J = 8.3 Hz, , Arom.), 7.78-7.25 (m, 17H, Arom.), 6.96 (d, 2H, J = 8.8 Hz, Arom.), 4.13 (t, 

2H, J = 4.5 Hz, CH2O), 3.85 (t, 2H,  J = 4.5 Hz, CH2O),  3.71−3.55 (m, ~ 48 H, CH2O), 

2.42(s, 3H, CH3). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ = 158.5, 146.7, 141.8, 140.7, 140.1, 

139.8, 139.7, 133.3 131.8, 130.2, 129.8, 128.8, 128.3, 128.0, 127.5, 127.3, 127.1, 115.0,  70.9, 

70.6, 69.7, 69.2, 68.7, 67.6, 21.8.  MALDI-TOF MS Calcd for C57H76O16S:  m/z 1048.53, 

found: m/z  1071.58  [M+Na]
+
:
      

m/z  1087.47,   [M+K]
+ 

 

Tetra(p-phenylene)-O-PEG 900-azide (5a).  A solution of  4 (1.27 g, 0.936 mmol) and 

NaN3, (0.183g, 2.81mmol) in anhydrous DMF (25 mL) was heated at 60°C for 18 hours and 

then concentrated. Pure 5 (0.977g, 85 %) was isolated after purification by silica gel flash 

column chromatography using methylene chloride: methanol (9:1 v/v). 
1
H-NMR: (300 MHz, 

CDCl3, ppm): δ = 7.68-7.36(m, 15H, Arom.), 6.99 (t, 2H, J = 9.3 Hz, Arom.), 4.16 (t, 2H, J = 

4.9 Hz, CH2O), 3.86 (t, 2H, J = 4.9 Hz, CH2O), 3.62-3.55 (m, ~72H, CH2O), 3.36 (t, 2H, J = 

5.4 Hz, CH2N3). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ  = 158.5, 140.7, 140.1, 139.8, 139.6, 

138.9, 133.3, 131.7, 128.8, 128.4, 128.3, 128.0, 127.5, 127.3, 127.03, 115.0, 72.4, 70.8, 70.6, 
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70.0, 69.7, 68.7, 67.5, 50.7. FT-IR spectra (υ, cm
−1

): azide absorbance peak 2100 cm
-1

. 

MALDI-TOF MS Calcd for C64H97N3O20:  m/z 1227,  found: m/z  1250.51,  [M+Na]
+
;
      

m/z 

1266.48, [M+K]
+
 

 

Tetra(p-phenylene)-O-PEG 600-azide (5b) was isolated in 80 % yield after reaction under 

the conditions described for 5a and purification by silica gel flash chromatography using 

methylene chloride:methanol (9:1 v/v) as eluent.
1
H-NMR:  (300 MHz, CDCl3, ppm) : δ = 

7.67-7.35(m, 15H, Arom.), 6.98 (d, 2H, J = 9.3 Hz, Arom.), 4.14 (t, 2H, J = 4.8Hz, CH2O), 

3.84 (t, 2H, CH2O, J = 4.8 Hz) 3.61-3.54 (m, ~46H, CH2O), 3.36 (t, 2H, J = 5.2 Hz, , 

CH2N3). 
13

C NMR: (75 MHz, CDCl3, ppm) : δ = 158.2, 140.5, 139.9,  139.6, 139.5,  138.7, 

133.0,  132.36,  128.8, 128.2, 127.9,  127.8, 127.5, 127.3,  127.0,  120.0,  115.0, 70.8, 70.6, 

70.0, 69.7, 67.6, 50.7. FT-IR spectra (υ, cm
−1

): azide absorbance peak 2100cm
-
1. MALDI-

TOF MS Calcd for C50H69N3O13:  m/z  919.52, found: m/z  958.34,  [M+K]
+
 

 

N-acetyl--D-glucosaminyl-PEG 900-tetra(p-phenylene) (6a). Copper sulfate (51.7mg, 

0.325 mmol) and sodium ascorbate (70.7mg, 0.357 mmol) were added into a stirred solution 

of propargyl-2-acetamido-2-deoxy-β-D-glucopyranoside  (0.109 g, 0.42 mmol) and  5 (0.4 g, 

0.34 mmol) in water/THF (1:1 v/v). The mixture was heated at 40°C and the reaction was 

monitored by TLC. After 24 hours, the solution was concentrated under vacuum. The residue 

was taken up in methylene chloride, filtered and concentrated. Pure 6 (0.290g, 60 %) was 

isolated after silica gel flash column chromatography using methylene chloride: methanol (8:2 

v/v) as eluent.
1
H NMR: (400 MHz, DMSO-d6, ppm) δ   = 7.97 (s, 1H, triazolyl), 7.83-7.47 

(m, 16H, Arom. and NH), 7.06 (d, 2H, J = 8.8 Hz,  Arom.), 5.00-4.48 (m, 8H),   4.14 (t, 2H, J  

= 4.18 Hz, CH2O), 3.80 (t, 2H, J = 4.8 Hz, CH2O), 3.61-3.42 (m, ~74H, CH2O), 3.09 (m, 2H), 

1.77 (3H,  CH3). 
13

C NMR: (100MHz  DMSO-d6, ppm) δ   = 169.05, 158.26, 143.61, 139.60, 
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139.10, 138.88, 138.62, 137.77, 131.93, 131.70, 129.0, 128.22, 127.64, 127.22, 126.97, 

126.66, 126.55, 124.38, 114.98, 100.22, 77.26, 77.09, 74.27, 70.68, 69.95, 69.77, 69.61, 

69.54, 68.95, 68.72, 67.23, 61.26, 61.14, 55.30, 49.32, 23.05. MALDI-TOF MS Calcd for 

C75H114N4O26: m/z 1486.84,  found: m/z  1509.66 [M+Na]
+ 

 

N-acetyl--D-glucosaminyl-PEG 600-tetra(p-phenylene) (6b) was isolated in 53 % yield 

after reaction under the conditions described for 6a and purification by silica gel flash 

chromatography using methylene chloride:methanol (9:1 v/v).
1
H NMR: (400 MHz, DMSO-

d6, ppm) δ   = 7.96  (s, 1H, triazolyl),  7.80-7.37 16H  (m, 16H, Arom. NH), 7.05 (d, 2H, J = 

8.8 Hz, Arom.), 5.0-4.48 (m, 8H), 4.12 (m, 2H, CH2O), 3.78-3.48 (m, ~48H, CH2O), 3.41 (t, 

2H, J = 4.8 Hz, CH2N), 1.78(s, 3H, CH3). 
13

C NMR: 
13

C NMR: (100 MHz,  DMSO, 

ppm) δ   = 168.9, 158.1, 143.5, 139.4, 138.7, 138.4, 131.9, 131.4, 128.7, 127.9, 

127.4, 127.3, 127.2,  126. 9, 126.7, 126.4, 126.3, 123.8, 114.9, 100.1, 76.8, 74.1, 

70.7, 67.8, 69.6, 69.4, 68.7, 68.7, 68.5, 67.2, 61.2, 61.1, 55.3, 49.1, 22.7. MALDI-

TOF MS Calcd for C61H86N4O19:  m/z 1178.52, found: m/z  1201.70 [M+Na]
+ 

 m/z 1217.61 

[M+Na]
+   

 

-Lactosyl-PEG 900-tetra(p-phenylene) (7). Copper sulfate (53.1mg, 0.334 mmol) and 

sodium ascorbate (72.7mg, 0.367 mmol) were added to a stirred solution of propargyl-β-

lactoside  (0.167 g, 0.44 mmol) and 5 (0.410g, 0.334 mmol) in water/THF (1:1 v/v). The 

mixture was heated at 40°C and the reaction was monitored by TLC. After 24 hours, the 

solution was concentrated under vacuum. The residue was taken up in methylene chloride, 

filtered and concentrated. Pure 7 (0.295g 55 %) was isolated after silica gel flash column 

chromatography using methylene chloride:methanol (7:3 v/v) as eluent.
13

C NMR (75 MHz,  

DMSO-d6, ppm) δ = 158.35, 143.45, 138.91 131.61, 131.12, 128.92, 128.14, 127.61, 127.56, 
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127.12, 126.88, 126.56, 126.47, 125.42, 124.43, 119.94, 114.94,  103.78, 101.77,  80.68, 

75.47, 74.91, 73.21, 73.06, 71.58, 70.52, 69.98, 69.91, 69.72, 69.57, 69.50, 68.89, 68.67, 

68.09, 67.87, 67.22, 61.59, 60.55, 60.35, 60.18, 49.31. MALDI-TOF MS Calcd for 

C79H121N3O31: m/z   1607.87 found: m/z  1630.76 [M+Na]
+   

 
Nanoparticles Preparation. The suspension of nanoparticles (aqueous micellar solutions  - 

Cp = 0.2 - 1.0 mg/mL) were prepared by direct dissolution of the amphiphilic systems in 

Milli-Q water or  in phosphate buffered saline solution (PBS, 10mM, pH 7.2,  1 mM CaCl2 ,1 

mM MnCl2) and stirred for 24 hours at 25°C. The solutions were then filtered using 0.45m 

pore size nylon membrane filters in order to remove dust and large aggregates. 

 

Characterization of the Nanoparticles 

Dynamic Light Scattering (DLS). The size and polydispersity of the nanoparticles were 

accessed using DLS measurements. The experiments were performed using an ALV Laser 

Goniometer, which consists of a cylindrical 22 mW HeNe linear polarized laser with = 

632.8 nm and an ALV-5000/ALV Multiple Tau Digital Correlator with a 125 ns initial 

sampling time.
39

 The samples were kept at 25 °C. The accessible scattering angle of the 

equipment ranges from 20° to 150°. All samples were systematically studied at 90° and some 

of them were studied at different scattering angles varying from 40° to 140°. The solutions 

were put in 10 mm diameter glass cells. The minimum sample volume required for an 

experiment was 1 mL. The data were acquired with the ALV-Correlator Control Software and 

the counting time for each sample was in average 300 s. The distributions of relaxation times - 

A(t) - were obtained using the CONTIN analysis  of the auto-correlation function C(q,t).
40

 

where the relaxation frequency, Γ is  equal to 1/τ.
41

 The apparent diffusion coefficient (Dapp) 

of the nanoparticles at a given copolymer concentration (Cp) is calculated from relation 1. 
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where q is the wave vector defined as 

 

  being the wavelength of the incident laser beam (632.8 nm), n the refractive index of the 

sample, and  the scattering angle. The hydrodynamic radius (RH) (or diameter, 2RH) was 

calculated from the Stokes-Einstein relation given in relation 3. 

 

where kB is the Boltzmann constant, T is the temperature of the sample and  is the viscosity 

of the solvent (water in this case).
42

 As for the radius of gyration (Rg), it was calculated from 

the elastic part I(q) of the scattered intensity using the Guinier approximation as follows: 

 

 

 

Where I is the scattering intensity and I0 is the scattering intensity at q = 0. 

 

Transmission Electron Microscopy (TEM). The sample preparation was done as follows:  

4μL of an aqueous micellar solution was dropped onto a glow-discharged carbon-coated 

copper grid. Then 4μL of 2% (w/v) uranyl acetate negative stain was added prior to complete 

drying. After few minutes, the liquid in excess was blotted with a filter paper and the grid was 

allowed to dry. The specimens were observed using a Philips CM200 microscope operated at 
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80kV. Images were recorded on Kodak SO163 films, and the negatives were digitized off-line 

using a Kodak Mega plus CCD camera. 

 

Small-angle X-ray scattering (SAXS). The system was investigated through SAXS at the 

French CRG Beamline D2AM-BM02 of the European Synchrotron Radiation Facility (ESRF) 

and at the Brazilian Synchrotron Light Laboratory (LNLS). The results reported herein were 

obtained at the ESRF. The wavelength () of the incoming beam and the sample-to-detector 

distance was chosen in such way that the q-range, q being equal to (4/sin(/ 2) ( is the 

scattering angle) could be covered from 0.15 to 3.0 nm
-1

. The samples were loaded into sealed 

borosilicate capillaries (~ 2 mm diameter). The collimated beam crossed the samples and was 

scattered to an indirect illumination CCD detector (Princeton Instruments). In all cases the 

2D-images were found to be isotropic and they were corrected by taking into account the 

detector dark noise and normalized by the sample transmission. The I(q) vs. q curves resulting 

from the 360° azimuthal integration of the 2D-patterns were further corrected by the 

subtraction of the scattering of the pure solvent (water). The I(q) vs. q scattering profile of the 

nanoparticles could be fitted by using the spherical copolymer micelle model developed by 

Pedersen and Gerstenberg.
43

 The fitting procedures and other analyses were performed using 

the SASfit software, which makes use of the least-square fitting approach for minimizing the 

squared chi (2) parameter. The SASfit software package was developed by J. Kohlbrecher 

and it is available on-line.
44
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Results and Discussion 

 

Synthesis of the Amphiphiles.  

 

The synthesis of glycosylated rod-coil amphiphiles consisting of tetra(p-phenylene) 

and poly(ethylene oxide) segments is depicted in Scheme 1.  Selective monotosylation of 

PEG (MW 900 and 600) was carried out in presence of silver oxide (Ag2O) and a catalytic 

amount of potassium iodide (KI) as reported by Bouzide et al..
45

 The tetra-(p-phenylene) 

hydrophobic block was then installed in a two step sequence consisting in the nucleophilic 

substitution of the tosyl group by 4’-bromo-(1,1’biphenyl)-4-ol followed by a palladium-

catalyzed Suzuki coupling with 4’-biphenyl boronic acid as described earlier by Kim et al.
23

. 

Azidation of the second extremity of the PEG block was further carried out through a 

tosylated intermediate affording the clickable amphiphiles 5a and 5b. The absorption peak of 

the N3 group at 2100 cm
-1 

observed by infrared spectroscopy and the 
13

C signal of the 

methylene carbon adjacent to the azide group at 50.7 ppm seen by NMR confirmed the 

efficiency of this transformation. Propargyl -glycosides of N-acetyl-glucosamine and lactose 

were introduced at the polar head of the amphiphile by copper-catalyzed Huisgen 

cycloaddition. The reaction was carried out at 40°C with the copper/ascorbate catalytic 

system in a water/THF mixture to ensure a good solubility of the reactants. Glycosylated 

conjugates 4PEG900GLcNAc 6a, 4PEG600GLcNAc 6b and 4PEG900Lac 7 were respectively 

isolated in 60%, 53% and 55% yields after purification by silica gel chromatography.  The IR 

spectra confirmed the coupling efficiency with the disappearance of the signal due to the 

azide group. Finally, the structures of the three glycosylated amphiphiles were unambiguously 

confirmed by NMR spectrometry in DMSO, a good solvent for each part of the molecule and 

by MALDI-TOF-MS. (Figure 1). 
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Scheme 1. Synthetic strategy used in the preparation of 4PEG900GLcNAc 6a, 

4PEG600GLcNAc 6b and 4PEG900Lac 7: a) TsCl , Ag2O , KI , CH2Cl2 (1a: 55%, 1b: 58%);  

b) 4-(4-Bromophenyl)phenol, K2CO3, CH3CN (2a: 52%, 2b: 52%); c) 4-Biphenyl boronic 

acid, (PPh3)4Pd, Na2CO3 , THF (3a: 50%, 3b: 50%);  d) TsCl , C6H15N , CH2Cl2 (4a: 87%, 

4b: 75%), e) NaN3, DMF (5a: 85%, 5b: 80%); f) CuSO4 sodium ascorbate, propargyl-2-N-

acetamido-2-deoxy-β-D-glucopyranoside or propargyl β-lactoside, H2O/THF (6a: 60%, 6b: 

53%, 7: 55%) 
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Both 
1
H and 

13
C NMR spectra displayed characteristic signals of the aromatic groups, 

the ethylenoxide parts and the carbohydrate units as well as the signals of the triazolyl ring. 

Figure 1 depicts as representative example the
 13

C NMR spectra of 4PEG900GlcNAc 6a in 

(DMSO-d6). 

 

 

Figure 1. 
13

C spectra of 4PEG900GlcNAc 6a in DMSO-d6. 

 

 

 

Self-Assembly of the PEG900-Based Amphiphiles 

Dynamic Light Scattering (DLS). Figure 2 shows typical autocorrelation functions C(q,t) 

measured at scattering angle of 90° and the respective distributions of the relaxation times 

A(t) as revealed by CONTIN analysis for  0.5 mg/mL 4PEG900N3  5a solution in water. One 

can clearly notice the formation of monodisperse nanoparticles (2RH = 10.3 nm). Besides the 

intensity contribution related to the presence of well-defined micelles, it can be observed the 
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presence of a light scattering contribution attributed to the formation of large aggregates as 

recently observed by our research group in the study of the self-assembly of different 

carbohydrate-based nanoparticles.
46

 However, as discussed in this previous paper, the light 

scattering intensity is sensitive to the concentration of aggregates multiplied by their molar 

mass (I ~ K1cMw). Consequently, estimating for compact solid particles, the light scattering is 

proportional to R
3
, being R the radius of the scattering object (I ~ K2cR 

3
). If one considers the 

distribution of RH by taking into account the contribution of the total volume of particles, the 

amount of large aggregates is substantially small, almost negligible as it can be noticed in the 

inset of Figure 2a which depicts the distribution of RH (determined from the distribution of  

using the Stokes-Einstein equation) when taking into account the contribution of the volume 

of particles instead of the light scattering contribution. The same rationalization is also valid 

for the others protein-free explored systems.  

The negligible presence of large aggregates in the system can be also evidenced in the 

TEM image (Figure 2b) where one can clearly see the self-assembly of small spherical 

micelles. Such results are a very similar to those obtained by Lee et al when investigating 

similar systems.
22
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 Figura 2. (a)  Typical autocorrelation function C(q,t) measured at  = 90° and the respective 

distribution of relaxation times A(t) as revealed by CONTIN analysis of an aqueous 0.5 

mg/mL solution of 4PEG900N3  5a  in water at 25°C. In the inset it is given the respective 

distribution of RH by considering the contribution of the particles related to their total volume. 

(b) TEM image of self-assembled 4PEG900N3 spherical monodisperse nanoparticles in water. 

Scale bar is 50nm 

 

Figure 3 (a and b) shows typical autocorrelation functions C(q,t) measured at 

scattering angles 50° (□), 90° (●), and 130° (O) and the distributions of the relaxation times 

A(t) at 90° as revealed by CONTIN analysis for (a) 0.5 mg/mL 4PEG900GLcNAc 6a and (b) 

0.5 mg/L  4PEG900Lac 7 in water at 25°C. The insets depict the typical angular variation of 

the frequency Γ = 1/τ measured as a function of q
2
 indicating a diffusive behavior of the 

scattering particles. The hydrodynamic radius of 6a and 7 were calculated using the Stokes-

Einstein relation and they are practically the same as compared to the value obtained before 

the click chemistry reaction (amphiphile 5a). The hydrodynamic size of both sorts of 

nanoparticles was determined as being equal to 2RH = 10.0 nm.  
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Figure 3. Autocorrelation functions C(q,t) measured at scattering angles 50 (□), 90 (●), and 

130° (O), and the distributions of the relaxation times A(t) at 90° as revealed by CONTIN 

analysis for (a) 0.5 mg/mL 4PEG900GLcNAc 6a and (b) 0.5 mg/L  4PEG900Lac 7 in water at 

25°C.  The insets show the dependence of the relaxation frequency ( Γ ) on the square of the 

wave vector (q
2
). 

 

Transmission Electron Microscopy (TEM). Figure 4 illustrates the TEM images of the 

nanoparticles resulting from the self-assembly of 4PEG900GLcNAc 6a or 4PEG900Lac 7 in 

water. The formation of mainly nano-sized spherical structures (DH ~ 10nm) is clearly seen 
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suggesting that even though the dynamic light scattering technique is very sensitive to the 

presence of large aggregates, their real number in the current systems is negligible as 

mentioned before.  

 

 

 

 

 

 

 

Figure 4. TEM observation of the self-assemblies: monodisperse spherical nanoparticles 

formed in water. The structures were visualized after negative staining (a) 4PEG900GLcNAc 

6a and (b) 4PEG900Lac 7. Scale bar is 50 nm. 

 

The morphology, size and structure of nanoparticles are mainly dependent on the 

balance of forces of attraction and repulsion between the different blocks of the amphiphiles. 

The spherical micelles found here are compatible with the volumetric fraction of the 

hydrophobic region (υ) < 1/3.
14, 16, 47

 Indeed, the calculated hydrophobic volume fraction of 

5a, 6a and 7 based on the density of each constituent was equal to 0.29, 0.24 and 0.23 

respectively. Therefore, spherical micelles are expected.
14, 16, 42

 

 

Small-angle X-ray scattering (SAXS). In addition to TEM images, SAXS measurements were 

performed in order to probe the size, shape and internal structure of the scattering particles. 

The scattering intensity I(q) of an isotropic solution of highly regular particles embedded in a 
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matrix with a constant electron density, after normalization with the background scattering of 

the solvent is given by: 

)( )( =)( qSqPnqI       (5) 

Where in n is the number of scattering particles per unit volume, P(q) is the form factor of an 

individual particle, and S(q) is the structure factor arising from long-range correlations 

between scattering centers. For widely separated systems as is the case of solutions with low 

copolymer content, S(q) ~ 1, and I(q) consequently represents the form factor P(q) that 

reflects size and shape of the scattering objects.  

Figure 5 shows the SAXS patterns of PEG900GLcNAc 6a (top) and PEG900Lac 7 

(bottom) in water at 25°C and at c = 40 mg/mL. Such copolymer concentration gives a 

reasonable signal-to-noise statistics without affecting the micellar structure and still with no 

interference of S(q). The presence of association colloids is suggested by the pronounced X-

ray scattering intensity at the low-q range.  
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Figure 5. Experimental SAXS data (symbols) and respective curve fittings using the spherical 

copolymer micelle model (lines) for solutions containing 4PEG900GLcNAc 6a (top) and 

4PEG900Lac 7 (bottom) dissolved in water at c = 40 mg/mL and 25°C.  

 

The high-q range profile for the self-assembled nanoparticles is dominated by the so-

called “blob” scattering. This is due to the fact that the scattering contribution coming from 

the PEG chains dissolved in the micellar corona dominates the X-ray scattering profile at the 

high-q region which is dictated ideally by the Debye function and therefore by a nearly q
-2

 

dependence depending on the conformation of the flexible polymer chains. Indeed, the SAXS 

profiles could be satisfactorily fitted by using the so-called spherical copolymer micelle 

model formerly developed by Pedersen and Gerstenberg.
43

 Such a model describes the 

scattering for micelles consisting of a homogeneous spherical core having corona chains that 

follow Gaussian statistics attached to the surface of the core, as depicted in Figure 6. 

 

 

Figure 6. Schematic representation for the micellar form factor analysis according to the 

spherical copolymer micelle model. It considers a dense spherical core of radius Rc and 

Gaussian chains with radius of gyration RG(chain) attached to the core. 
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This model has a large number of fitting parameters, namely: RG(chain), d, Rc, Nagg and 

the excess scattering length density of the core and corona forming blocks (core and chain). 

Therefore, it is usually not possible to get a single set of fitting parameters if some of the 

parameters are not preset and generally the fittings provide ambiguous results. Hence, during 

the fitting procedures the parameters chain (7.30 x 10
-12

 cm) and d were kept fixed. The 

parameter d was preset as d = 1 which mimics the nonpenetration of the corona chains into 

the core. The value of chain was calculated in the following way: 

 )  -(= solventPEGPEGchain σσNVβ     (6) 

where N is the degree of polymerization of the polymer segment, VPEG is the volume of one 

PEG monomer unit, PEG is the scattering length density of the polymer segment and solv is 

the scattering length density of the solvent. The volume occupied by a single monomer unit 

VPEG was determined by taking into account the homopolymer density (dPEG = 1.08 g/mL) and 

the values of the scattering length densities of the solvent (water = 9.42 x 10
10

 cm
-2

) and 

monomer unit (PEG = 9.99 x 10
10

 cm
-2

) were calculated using the average chemical 

composition of each component and its mass density (dx): 

∑=
i

ii

x

Axe

x zn
M

Ndb
σ

                                                                        
(7)

 

where x accounts for H2O or PEG, NA is the Avogadro’s number, and ni zi is the number of 

electrons in each unit. Finally, be is the Thomson scattering length (the scattering length of an 

electron, be = 2.817×10
-13

 cm).  

The fitting parameters were therefore Nagg, Rc, RG(chain) and core. In Figure 5, the solid 

red lines correspond to the best fittings achieved using the spherical copolymer micelle 

model. The high quality of the fittings can be straightforwardly noticed and indeed attested by 

2-
values which remained below 1.7. The fittings have been performed without taking into 
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agg

c

c N

Rπ
A

24
=

account the polydispersity of the micelles attesting that such parameter is reasonable low as 

demonstrated by previous TEM and DLS results. Besides, we have observed that in some 

cases the very low-q region was not fitted to the same degree of accuracy, which is due to the 

presence of a small number of very large aggregates with loose structure as already evidenced 

by the DLS experiments. The parameters extracted from the SAXS curve fittings are listed in 

Table 1.  

 

Table 1. Physical-chemical properties of scattering nano-objects determined using SAXS 

measurements. 

 

Copolymer 
Rc 

(nm) 

RG 

(nm) 

L
a 

(nm) 

Rmic
b
 

(nm) 
Nagg 

core 

(10
-12

 

cm) 

Ac 

(nm
2
) 

a 

4PEG900GlcNAc 2.5 0.9 1.8 4.3 41 2.6 1.9 
-

1.7 

4PEG900Lac 2.1 1.0 2.0 4.1 30 2.6 1.8 
-

2.0 

a 
L = 2RG (thickness of the micellar corona) ; 

b
 Rmic = Rc + L 

 

The core radius (Rc) was found to be ~ 2.0-2.5 nm and the RG of the PEG corona 

chains is ~ 0.9-1.0 nm. The reduction in the micelar core radius is balanced by the slight 

increase in RG(chain). Since Rc and Nagg were determined, the core surface area available per 

PEG chain in the micellar corona (Ac) can be calculated following relation (9): 

 

                                                                                                                                       (9) 

 



81 

 

The values are also listed in Table 1. The conformation of the PEG chains should 

depend itself on such physical chemical variable: as Ac decreases a larger RG might be 

expected and thus, the smaller the area available on the core surface, the more stretched 

configuration the PEG chains is assumed. In such cases, the q
-a

 slope in the high-q range 

reveals important information about the chains statistics
48

 namely a = -2 for Gaussian chains 

(polymers in a theta solvent), a ~ -1.67 for chains with excluded volume (polymer in a good 

solvent), and a = -1 for rigid rodlike chains. The values of a (Table 1) suggest that the PEG 

chains at the 4PEG900GlcNAc amphiphile are slightly more stretched compared to 

4PEG900LAc. 

The micellar dimension (Rmic) calculated as Rc + 2RG was found to be in the range 4.1-

4.3 nm. One should have in mind that for spherical shape (micellar core-shell) objects the 

structure sensitive parameter  ( = RG/RH) is theoretically equal to 0.774.
49

 Therefore, the 

whole micellar size (Rmic) monitored through SAXS should be slightly smaller than RH 

monitored by DLS (RH ~ 5 nm). 

 

Self-Assembly of the PEG600-Based Amphiphiles 

Besides the PEG900 glycoconjugates, it was synthesized and investigated the self-

assembly of PEG600-based amphiphiles. The motivation was due to the fact that the self-

assembly morphologies are strongly dependent on the hydrophilic and hydrophobic balance of 

the material and an order-to-order transition might be achieved by manipulating such 

property. In the current case, the hydrophobic polyaromatic segment of the amphiphile was 

kept constant while the PEG hydrophilic region was reduced to PEG600.    

Figure 7 shows the autocorrelation functions C(q,t) measured at scattering angles 50° 

(□), 90° (●), and 130° (O), and the distributions of the relaxation times A(t) at 90° as revealed 

by CONTIN analysis for (a) 0.4 mg/mL 4PEG600N3 5b and (b) 0.5 mg/mL 4PEG600GLcNAc  
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6b in water at 25°C. The insets in Figure 5 show the variation of the relaxation frequencies 

(Γ) as a function of the square of the wave vector (q
2
). 

 

 

Figure 7.Autocorrelation functions C(q,t) measured at scattering angles 50° (□), 90° (●), and 

130° (O), and distributions of the relaxation times A(t) at 90° as revealed by CONTIN 

analysis for (a) 0.4mg/mL 4PEG600N3 5b  and (b) 0.5mg/mL 4PEG600GLcNAc 6b in water 

at 25°C. The insets show the variation of the relaxation frequencies (Γ) as a function of the 

square of the wave vector (q
2
). 
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The DLS experiments show that the reduction in the hydrophilic volume fraction of the 

amphiphilic systems led to completely different self-assembly morphologies. The PEG600-

based amphiphiles self-assembled in water into nanoparticles with 2RH ~ 215 nm. They were 

also investigated using static light scattering (SLS) measurements varying the scattering angle 

() from 30° to 150 with a 15 stepwise increase since for large particles (Rg > /20) the 

angular dependence of the scattered light is related to the particle form factor P(q) and 

ultimately for qRg < 1  the form factor is given by: 

 

 

 

Therefore, one can use the Guinier approximation (eq. 4) in order to extract the radius of 

gyration of the scattering objects.  

Figure 8 shows the representative Guinier plot from the elastic light scattering 

intensity of Figure 7a (4PEG600N3 5b in water at 25°C). The profile shows basically a straight 

line suggesting the absence of large aggregates and the main contribution of light scattering 

intensity coming from one single distribution of particles. The Rg value determined from the 

slope was equal to 103 nm. 

The static and hydrodynamic dimensions of the scattering particles are dependent on 

the macromolecular structure and a combination of both may provide qualitative information 

about its architecture. This can be done from the values of the structure-sensitive parameter 

(which is defined by the ratio between Rg and RH.
49

  The predicted value of  Rg / RH for 

a vesicular particle is ~ 1.0.  Once the hydrodynamic radius (RH) for 0.4 mg/mL 4PEG600N3 

was found equal to 105 nm, the experimental value obtained for amphiphile 5b was 0.98 

showing reasonable agreement with the theoretical value for vesicular morphologies. 
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Figure 8. Guinier plot calculated from the elastic light scattering intensity of Figure 5 (a) 

4PEG600N3 5b in water at 25°C. 

 

The vesicular morphology was further confirmed using TEM as illustrated in Figure 9.  

 

 

Figure 9.  TEM image visualized after negative staining of self-assembled 4PEG600N3 5b 

vesicles in water. Scale bar is 200 nm 
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Figure 9 shows the TEM image before the coupling reaction. The result is consistent 

with DLS and SLS measurements. It evidences that by changing the hydrophilic section of the 

amphiphiles from PEG900 to PEG600 it was successfully possible to change the architecture 

from spherical micelles to vesicles. As mentioned before, the spherical micelles are 

compatible with the volume fraction of the hydrophobic region (υ) < 1/3.
14, 16, 47

 The 

calculated hydrophobic volume fraction of  4PEG900N3 5a, 4PEG900GLcNAc 6a, and 

4PEG900Lac 7 were equal to 0.29, 0.24 and 0.23 respectively, thus spherical micelles are 

expected. On the other hand, the calculated hydrophobic volume fraction of 4PEG600N3 5b 

and 4PEG600GLcNAc 6b were equal to 0.38 and 0.31
14, 16, 42

 matching with the theoretical 

values to the formation of vesicular morphologies.  

 

Specific interactions of the nanoparticles with WGA and PNA lectins 

Specific interactions with lectins were further evidenced by DLS confirming the 

bioavailability of the sugar residues on the surface of the micellar nanoparticles.  Figure 10 

shows the autocorrelation functions C(q,t) and the distributions of the relaxation times A(t) at 

a scattering angle of 90° as revealed by CONTIN analysis of 0.5 mg/mL solution of 

4PEG900Lac 7 before and after addition of non-binding or binding proteins. 
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Figure 10. Typical autocorrelation functions C(q,t) and distributions of the relaxation times 

A(t) at scattering angle of 90° as revealed by CONTIN analysis functions of solutions of 

0.5mg/mL 4PEG900Lac in 10mM PBS buffer, pH 7.2 containing 150mM NaCl, 0.1 mM 

CaCl2 and 0.1mM MnCl2 at 25°C, in  absence (○) and in the presence of protein (),(a) WGA 

(4µL, 1.0 mg/mL) , (b)  PNA (4µL, 1.0 mg/mL
-1

). 
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    The addition of WGA, that has no affinity for lactose, does not perturb the system at 

all. The autocorrelation curve as well as the distribution of relaxation times remained as 

before the addition of WGA. On the other hand, as shown in Figure 10b, the interaction of N 

lactosyl-covered spherical micelles with PNA lectin significantly increases the micellar 

hydrodynamic radius RH from 11.8 nm to 17.2 nm. It clearly evidences the specific interaction 

of the protein with lactose units available on the shell of the nanoparticles. 

Additionally, in Figure 11 it is depicted the distributions of relaxation times, A(t)   

from the DLS correlation functions at 1.0 mg/mL 4PEG900GlcNac 6a and 10 mM phosphate 

buffer saline (pH 7.2) and 150 mM NaCl, 0.1mM CaCl2 and 0.1mM MnCl2  at 25°C in the 

absence (○) and in the presence of protein (),(a) PNA (4µL, 1.0 mg/mL) , (b)  WGA (2µL, 

1.0 mg/mL
-1

) and  (c) only lectin WGA (14µL, 1.0 mg/mL
-1

). Figure 11 is divided into three 

parts: the first part (a) shows that the spherical nanoparticles coated with the GlcNAc units are 

not perturbed by the addition of the lectin PNA, keeping the same distribution of relaxation 

times. This observation is in good agreement with the fact that PNA is a galactosyl binding 

protein and having no affinity to GlcNAc residues. In contrast, in the second part of the 

Figure 11 (b), variations in the distribution of relaxation times are observed due to the 

addition of WGA lectin (2µL, 1.0 mg/mL
-1

), highlighting interactions of the spherical 

micelles with the protein. These modifications can unambiguously be attributed to specific 

binding of the nanoparticules with the lectin and not only to the sole presence of the protein in 

the solution as shown by the totally different distribution profile (Figure 11 (c)) of the WGA 

lectin alone at higher concentration WGA (18µL, 1.0 mg/mL
-1

). This result attests the 

presence the GlcNAc residues on the surface of the self-assembled particles and their ability 

to specifically interact with the specific carbohydrate lectin.  
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Figure 11. Respective distribution of the relaxation times, A(t) from the DLS correlation 

functions for 1.0 mg/mL 4PEG900GlcNac 6a  at 10 mM phosphate buffer saline (pH 7.2) and 

150 mM NaCl, 0.1mM CaCl2 and 0.1mM MnCl2  at 25°C in the absence (○) and in the 

presence of protein (),(a) PNA (4µL, 1.0 mg/mL) , (b)  WGA (2µL, 1.0 mg/mL
-1

) and  (c) 
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(c) WGA (18µL, 1.0 mg/mL
-1

)lectin solution obtained in 10mM phosphate buffer, pH 7.2 

containing 150mM NaCl, 0.1mM CaCl2 and 0.1mM MnCl2 at 25°C.   

  Similar DLS measurements confirmed a pronounced change in the micellar 

hydrodynamic radius and a significant increase in the size of the micellar aggregates for 

4PEG900Lac 7 in presence of PNA lectin while the addition of the WGA did not modify the 

system at all (data not shown). These experiments clearly demonstrate that PNA and WGA 

lectins specifically interact with N-acetyl-glucosamine and lactose particles, respectively, thus 

supporting the assumption that the carbohydrates are exposed at the surface of the micelles 

and could provide specific labeling nanoparticulate systems. 

 

Conclusions 

 

In conclusion, new glycosylated rod-coil amphiphilic systems have been prepared by 

click coupling of sugar residues onto azido-terminated PEG-tetra(p-phenylene) precursors. 

These block copolymer systems have been shown to self-assemble in water into well-defined 

nanoparticles whose size and morphology were intimately related to the hydrophobic volume 

fraction of the amphiphile. Vesicles were obtained with a PEG600 corona while highly regular 

spherical micelles with a mean diameter of 10 nm were observed for the PEG900 

glycoconjugates as indicated by DLS, TEM and SAXS characterization. The ability of the 

self-assembled nanoparticles to interact with specific carbohydrate lectin was also 

demonstrated by DLS confirming the potentiality of such micelles in medical applications 

such as diagnosis or drug delivery systems.  
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CHAPTER 5 

CONCLUSION  

In conclusion, new glycosylated amphiphilic systems have been prepared by click 

coupling of sugar residues onto azido-terminated PEG-tetra(p-phenylene) and azido-

terminated PEG-aliphatic esters.  DLS, TEM and SAXS techniques have been used to probe 

the self-assembling properties of the amphiphiles. These new block copolymer systems have 

been shown to self-assemble in water into well-defined nanoparticles whose size and 

morphology were intimately related to the hydrophobic volume fraction of the amphiphile. In 

particular, highly regular spherical micelles with a mean diameter of 10 nm were observed for 

the PEG900 glycoconjugates. The ability of the self-assembled nanoparticles to interact with 

specific carbohydrate lectin was also demonstrated by DLS confirming the potentiality of 

such micelles in medical applications such as diagnosis or drug delivery systems.  

The results presented in the thesis are promising and further investigations will focus 

on the encapsulation properties of these amphiphilic systems as well as their biocompatibility 

and their ability to interact with cells.  
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